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Spintronics focuses on exploiting both the spin and charge freedom of electrons.

Tremendous of practical spintronics devices have emerged with the advance of spintronics. Among them, magnetic tunnel junction is the cornerstone since it is a promising candidate as next-generation non-volatile memories. Therefore, one central research subject of spintronics is to enhance the electrical reading and writing performance of magnetic tunnel junctions. This study concerns both sides and carries out a series of researches on current-induced perpendicular magnetization switching and tunnel magnetoresistance effect in magnetic tunnel junctions. Details are listed below:

(1) Generation of spin currents in ferromagnets has been studied. And switching of perpendicular magnetization driven by two spin currents originated from the spin Hall effect and the anomalous Hall effect in a ferromagnet has been realized.

A macrospin model concerns the heterostructure with both an in-plane magnetization layer and a perpendicular magnetization layer, i.e., a Type-T magnetic multilayer, is established. Suppose two spin currents are generated through the spin Hall effect and the anomalous Hall effect when a current is applied. Consequently, the absorption of these two spin currents by the perpendicular magnetization leads to its switching. The switching polarity is co-determined by the spin current polarization and the in-plane effective magnetic field direction. And by which the spin Hall effect contribution and the anomalous Hall effect contribution can be differentiated. Thus, the existence of these two spin current generation mechanisms in ferromagnets is confirmed. Next, experiments are carried out to obtain a well-designed Type-T magnetic multilayer. The existence of these two spin currents is validated by the current-induced perpendicular Spin-orbit torque and spin dependent transport in magneitc nano-heterostructures VIII magnetization switching measurements. This part of work paves ways for the development of heavy-metal free, low cost spintronics devices.

(2) An effective perpendicular magnetic field is obtained in a Type-T magnetic multilayer, which leads to an efficient spin-orbit torque induced perpendicular magnetization switching. Firstly, a Type-T macrospin model is established, in which we found that the in-plane magnetization titles toward the perpendicular direction under the spin-orbit torque when a current is applied. With the interlayer coupling between the in-plane magnetization and the perpendicular magnetization, the perpendicular magnetization experiences an additional effective perpendicular field, which facilitates (hampers) the switching of perpendicular magnetization and reduces (increases) the critical current density when two layers experience spin currents with same (opposite) polarity. Next, experiments are carried out to obtain a well-designed Type-T magnetic multilayer. And the effective perpendicular magnetic field is confirmed through perpendicular field-driven perpendicular magnetization switching experiments. This part of work contributes to the realization of efficient perpendicular magnetization switching in T-type multilayers.

(3) Realization of voltage-controllable tunnel magnetoresistance in Fe4N magnetic tunnel junctions. High-quality Fe/MgAlOx/Fe/MgAlOx/Fe4N magnetic tunnel junctions are grown on a single crystal MgO(001) substrate via molecular beam epitaxy.

And a bias-dependent tunnel magnetoresistance is experimentally obtained. When a positive (negative) bias voltage is applied, the electrons tunneling from the Fe (Fe4N) electrode to the Fe4N (Fe) electrode, the resistance of antiparallel state is lower (higher) than that of parallel state, which leads to a negative (positive) TMR ratio. Through an ab initio calculation, it is demonstrated that this effect is caused by the change of tunneling channels, which related to the band structure of Fe4N near the Fermi level.

I

Ré sumé é largi

La spintronique est le mariage de l'électronique qui utilise la charge électrique des électrons pour transmettre de l'information, et du spin, une autre propriété intrinsèque des électrons. De nombreux dispositifs pratiques de spintronique ont émergé grâce aux avancées réalisées dans ce domaine. Parmi eux, la jonction tunnel magnétique est un élément clé, car elle est considérée comme un candidat prometteur pour les mémoires non volatiles de prochaine génération. Par conséquent, l'un des sujets de recherche central en spintronique consiste à améliorer les performances de lecture et d'écriture électriques des jonctions tunnel magnétiques. Cette étude examine les deux aspects et mène une série de recherches sur la commutation de l'aimantation perpendiculaire induite par le courant et l'effet de magnétorésistance tunnel dans les jonctions tunnel magnétiques. Les détails sont énumérés ci-dessous:

(1) La génération de courants de spin dans les ferromagnétiques a été étudiée et la commutation de l'aimantation perpendiculaire induite par deux courants de spin provenant de l'effet Hall de spin et de l'effet Hall anormal dans un ferromagnétique a été réalisée. Un modèle de macrospin concerne l'hétérostructure avec une couche d'aimantation dans le plan et une couche d'aimantation perpendiculaire, c'est-à-dire une multicouche magnétique de type T. Supposons que deux courants de spin sont générés par l'effet Hall de spin et l'effet Hall anormal lorsqu'un courant est appliqué, l'absorption de ces deux courants de spin par l'aimantation perpendiculaire entraîne alors sa commutation. La polarité de commutation est codéterminée par la polarisation du courant de spin et la direction du champ magnétique effectif dans le plan et cela permet de différencier la contribution de l'effet Hall de spin de celle de l'effet Hall anormal.

Ainsi, l'existence de ces deux mécanismes de génération de courant de spin dans les II ferromagnétiques est confirmée.

La figure R1 illustre la commutation de l'aimantation perpendiculaire induite par les couples de spin-orbite générés dans un ferromagnétique NiFe. Dans la figure R1(a), les électrons circulent dans la direction y, parallèle à l'aimantation de NiFe. Seul l'effet Hall de spin peut générer des courants de spin, et grâce au champ de couplage brisant la symétrie, une commutation déterministe de l'aimantation perpendiculaire induite par l'effet Hall de spin est obtenue. Pendant ce temps, dans les figures R1(b-c), un champ magnétique externe dirigé selon l'axe x est appliqué, ce qui incline l'aimantation de NiFe vers la direction x. Maintenant, à la fois l'effet Hall de spin et l'effet Hall anormal peuvent générer des courants de spin. Avec l'aide du champ magnétique dirigé selon l'axe x, une commutation déterministe de l'aimantation perpendiculaire induite par l'effet Hall anormal peut également être obtenue. Il est important de noter que la figure R1(f) démontre qu'avec la présence du couple de l'effet Hall anormal, la polarité de commutation est déterminée par le champ dirigé selon l'axe

x. Ce changement de polarité de commutation devient le critère de validation expérimentale de cette idée.

Ensuite, des expériences ont été menées pour concevoir une multicouche magnétique de type T. L'existence de ces deux courants de spin est validée par des mesures de commutation de l'aimantation perpendiculaire induite par le courant. Cette partie du travail ouvre la voie au développement de dispositifs de spintronique exempts de métaux lourds et à faible coût. (2) Un champ magnétique perpendiculaire efficace est obtenu dans une multicouche magnétique de type T, ce qui permet une commutation efficace de l'aimantation perpendiculaire induite par le couple spin-orbite. Tout d'abord, un modèle de macrospin de type T est établi, dans lequel nous avons constaté que l'aimantation dans le plan s'oriente vers la direction perpendiculaire sous l'effet du couple spin-orbite lorsqu'un courant est appliqué. La figure R2 illustre que, grâce au couplage intercouche entre l'aimantation dans le plan et l'aimantation perpendiculaire, l'aimantation perpendiculaire subit un champ perpendiculaire effectif supplémentaire, ce qui facilite (entrave) la commutation de l'aimantation perpendiculaire et réduit (augmente) la densité de courant critique lorsque deux couches subissent des courants de spin de même (opposée) polarité. La présence d'un champ magnétique perpendiculaire effectif est confirmé grâce à des expériences de commutation de l'aimantation perpendiculaire induite par un champ perpendiculaire. Cette partie du travail contribue à la réalisation d'une commutation efficace de la magnétisation perpendiculaire dans les multicouches de type T.

(3) Réalisation d'une magnétorésistance tunnel contrôlable par tension dans les jonctions tunnel magnétiques Fe4N. Des jonctions tunnel magnétiques de haute V qualité Fe/MgAlOx/Fe/MgAlOx/Fe4N ont été fabriquées sur un substrat monocristallin MgO(001) par épitaxie par jets moléculaires. Une magnétorésistance tunnel dépendante de la polarisation a été obtenue expérimentalement. Comme illustré dans la figure R3, lorsqu'une tension de polarisation positive (négative) est appliquée, les électrons se trouvant dans l'électrode Fe (Fe4N) se déplacent par effet tunnel vers l'électrode Fe4N (Fe), la résistance de l'état antiparallèle est inférieure (supérieure) à celle de l'état parallèle, ce qui entraîne un rapport de magnétorésistance tunnel négatif (positif). À l'aide d'un calcul ab initio, il est démontré que cet effet est causé par le changement des canaux de « tunnellisation », qui est lié à la structure de bande de Fe4N près du niveau de Fermi. Cette partie du travail ouvre la voie au développement de nouveaux dispositifs logiques à spin. (4) Étude de l'influence du désordre interfacial sur l'amplitude des oscillations résonantes dans les jonctions tunnel magnétiques à double barrière et puits quantiques. These achievements vividly illustrate the immense computational power harnessed.
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However, it is important to acknowledge that both Deep Blue and AlphaGo exhibit larger footprints and demand greater power compared to their human counterparts. To further propel the advancements in general computing, it is imperative to pursue enhanced efficiency and reduced power consumption.

In classical von Neumann architecture, computing units and storage units exist as separate entities, necessitating constant information exchange between them, as depicted in Figure 1-1. However, this process incurs significant energy and time consumption. Storage units typically operate at a slower speed compared to computing units, exacerbating the efficiency challenges. Consequently, the prevailing approach is to focus on the development of faster and more efficient storage units or explore the integration of computing units and storage units into cohesive entities, such as inmemory computing [1,2]. Today, with the maturation of techniques such as spin transfer torque (STT) and spin-orbit torque (SOT), it is now possible to directly manipulate the magnetization orientation using electrical currents, eliminating the need for magnetic fields. This advancement has greatly accelerated the evolution of magnetic random-access memories (MRAMs). STT-MRAM and SOT-MRAM exhibit ultralow standby power consumption, high endurance, rapid operating speeds, high density, and compatibility with the back end of line (BEOL) process of complementary metal oxide semiconductor (CMOS) technology. These exceptional characteristics position STT-MRAM and SOT-MRAM as promising candidates for the next generation of non-volatile storage [2,[START_REF] Dieny | Opportunities and Challenges for Spintronics in the Microelectronics Industry[END_REF].

In
The core building blocks of MRAM are magnetic tunnel junctions (MTJs). The resistance of an MTJ is determined by the tunnel magnetoresistance (TMR) effect, whereby the resistance is lower (higher) when the two layers within the MTJ are aligned in a parallel (antiparallel) configuration. The TMR ratio is commonly defined as (𝑅 AP -𝑅 P )/𝑅 P × 100%. MTJs can be classified into two main types based on their magnetic anisotropy: in-plane MTJs [START_REF] Huai | Observation of Spin-Transfer Switching in Deep Submicron-Sized and Low-Resistance Magnetic Tunnel Junctions[END_REF][START_REF] Hayakawa | Current-Induced Magnetization Switching in MgO Barrier Based Magnetic Tunnel Junctions with CoFeB/Ru/CoFeB Synthetic Ferrimagnetic Free Layer[END_REF][START_REF] Zhao | Type-Y Magnetic Tunnel Junctions with CoFeB Doped Tungsten as Spin Current Source[END_REF] and perpendicular MTJs [START_REF] Mangin | Current-Induced Magnetization Reversal in Nanopillars with Perpendicular Anisotropy[END_REF][START_REF] Nakayama | Spin Transfer Switching in TbCoFe/CoFeB/MgO/CoFeB/TbCoFe Magnetic Tunnel Junctions with Perpendicular Magnetic Anisotropy[END_REF][START_REF] Ikeda | A Perpendicular-Anisotropy CoFeB-MgO Magnetic Tunnel Junction[END_REF][START_REF] Nishimura | Magnetic Tunnel Junction Device with Perpendicular Magnetization Films for High-Density Magnetic Random Access Memory[END_REF].

The evolution of MRAM is illustrated in Figure 1-2. During the initial stages, such as the Asteroid-MRAM and Toggle-MRAM era, the magnetization in MTJ is switched by the Oersted field generated by currents. However, this approach poses a significant drawback when it comes to downsizing and integration. Subsequently, the discovery of the STT effect allowed for magnetization switching by applying currents through two magnetic layers, eliminating the need for an external magnetic field. This breakthrough simplified the device structure and facilitated the development of smaller devices and larger-scale integration. However, the utilization of STT effect in MRAM introduces a significant challenge as currents inevitably flow through the insulating layer positioned between the two magnetic layers. This leads the risk of voltage breakdown when large writing currents are employed, resulting in endurance issues for STT-MTJ. This dilemma is addressed through the discovery of SOT effect, wherein a transverse spin current is generated by passing electrons through heavy metals. The absorption of this spin current enables the magnetization switching of adjust layer, effectively separating the writing currents from the reading current and eliminating the needs of passing large currents through the insulating layer. Thus, the endurance of SOT-MTJ is significantly enhanced.

Furthermore, the time required for SOT switching falls within the subnanosecond to sub-picosecond range, making it highly suitable for the development of The industry also plays a huge role in the development of MRAM [START_REF] Chun | A Scaling Roadmap and Performance Evaluation of In-Plane and Perpendicular MTJ Based STT-MRAMs for High-Density Cache Memory[END_REF][START_REF] Ohsawa | A 1 Mb Nonvolatile Embedded Memory Using 4T2MTJ Cell With 32 b Fine-Grained Power Gating Scheme[END_REF][START_REF] Shih | Reliability Study of Perpendicular STT-MRAM as Emerging Embedded Memory Qualified for Reflow Soldering at 260 Degrees C[END_REF][START_REF] Song | Highly Functional and Reliable 8Mb STT-MRAM Embedded in 28nm Logic[END_REF][START_REF] Saida | 1x-to 2x-Nm Perpendicular MTJ Switching at Sub-3-Ns Pulses Below 100 Mu A for High-Performance Embedded STT-MRAM for Sub-20-Nm CMOS[END_REF][START_REF] Wang | STT-MRAM for Embedded Memory Applications from ENVM to Last Level Cache[END_REF][START_REF] Golonzka | MRAM as Embedded Non-Volatile Memory Solution for 22FFL FinFET Technology[END_REF][START_REF] Dong | A 1-Mb 28-Nm 1T1MTJ STT-MRAM With Single-Cap Offset-Cancelled Sense Amplifier and In Situ Self-Write-Termination[END_REF][START_REF] Ikegawa | Magnetoresistive Random Access Memory: Present and Future[END_REF]. As shown in Figure 1-3, the leading companies such as IBM and Motorola have been investing MRAM since early 2000s. Over time, there has been a shift in focus from Toggle-MRAM to STT-MRAM, alongside with the increasing of integration scale.

Nowadays, to further enhance the storage density and the operating speed, the mainstream research is shifting towards the developments of perpendicular STT-MRAM and even SOT-MRAM. This phenomenon is referred as the TMR effect. The TMR effect is directly linked with density of states (DOS) of magnetic electrodes near the Fermi level, as depicted in Figure 1-4. When a bias voltage is applied, electrons in the left magnetic electrode (FM1) have higher energy, can tunnel into the right magnetic electrode (FM2). DOS with the opposite spin polarization is different near the Fermi level due to the band splitting effect in magnetic metals. We note spin-up (spin-down) DOS↑ (DOS↓) in FM1 as a1

(1-a1), and DOS↑ (DOS↓) in FM2 as a2 (1-a2). Therefore, the spin polarization of FM1

𝑃 1 = (DOS ↑ -DOS ↓ )/(DOS ↑ + DOS ↓ ) = 2𝑎 1 -1.
Similarly, the spin polarization of FM2 𝑃 2 = 2𝑎 2 -1. The TMR ratio can be expressed as (GAP-GP)/GAP, in which 𝐺 P = 𝑎 1 𝑎 2 + (1 -𝑎 1 )(1 -𝑎 2 ), and 𝐺 AP = 𝑎 1 (1 -𝑎 2 ) + 𝑎 2 (1 -𝑎 1 ), respectively. Finally, we obtain the TMR ratio as 2P1P2/(1-P1P2), which is determined by the DOS polarization of electrodes near the Fermi level. Electrodes with higher spin polarization leads to higher TMR ratio. This simple model is known as the Jullière model [START_REF] Julliere | Tunneling Between Ferromagnetic-Films[END_REF], while a more precise model is proposed by Slonczewski in 1989 [START_REF] Slonczewski | Conductance and Exchange Coupling of 2 Ferromagnets Separated by a Tunneling Barrier[END_REF]. The energy dispersion depends on the symmetry of electrons for both the Bloch and evanescent states which coupled at the interface.

The Δ1 electrons are all spin majority in Fe at the Γ point near the Fermi level.

Therefore, the spin polarization of Fe is 100% if only consider Δ1 electrons, which indicates a very high TMR ratio. As shown in Figure 1-6, ab initio calculations reveal that the decay length of Δ1 electrons in single crystalline MgO is significantly longer compared to Δ2, Δ2′, and Δ5 electrons. In the case of coherent tunneling, where the momentum of electrons remains unchanged during the tunneling process, the Δ1 electrons dominate the tunneling process. Complemented with band structures of Fe, a remarkably high TMR ratio can be achieved. Notice that the quality of interface has a substantial impact on the TMR ratio. Defects [START_REF] Bonell | Influence of Misfit Dislocations on the Magnetoresistance of MgO-Based Epitaxial Magnetic Tunnel Junctions[END_REF], impurities [START_REF] Duluard | Enhanced Magnetoresistance by Monoatomic Roughness in Epitaxial Fe/MgO/Fe Tunnel Junctions[END_REF], oxidation [START_REF] Zhang | Effects of the Iron-Oxide Layer in Fe-FeO-MgO-Fe Tunneling Junctions[END_REF][START_REF] Meyerheim | Surface X-Ray Diffraction Analysis of the MgO/Fe(001) Interface: Evidence for an FeO Layer[END_REF] and other factors can lead to incoherent tunneling of electrons, thereby reducing the TMR ratio. Therefore, one must improve the crystal quality to obtain higher TMR ratio [START_REF] Butler | Spin-Dependent Tunneling Conductance of Fe Vertical Bar MgO Vertical Bar Fe Sandwiches[END_REF][START_REF] Mathon | Theory of Tunneling Magnetoresistance of an Epitaxial Fe/MgO/Fe(001) Junction[END_REF][START_REF] Ma | Temperature Dependence of Resistance in Epitaxial Fe/MgO/Fe Magnetic Tunnel Junctions[END_REF]. As shown in Figure 1-7, the excellent crystal quality and interfaces between the electrode and MgO played a crucial role in achieving these high TMR ratios.

It is worth noting that the utilization of FeCo alloy as electrodes usually yields higher TMR ratios comparing to pure Fe in experiments. As illustrated in Figure 1-8, the TMR ratio exhibits an initial increase followed by a decrease as the Co proportion in the FeCo alloy is increased. The maximum TMR ratio is achieved at approximately 25% Co proportion. This phenomenon can be attributed to the shifting of the Fermi level resulting from the increasing Co proportion and the consequent alterations in tunneling channels. Moreover, the contribution of non-Δ tunneling, Δ5 electrons tunneling and interfacial minority states are should be noticed [START_REF] Bonell | Spin-Polarized Electron Tunneling in Bcc FeCo/MgO/FeCo(001) Magnetic Tunnel Junctions[END_REF][START_REF] Andrieu | Spectroscopic and Transport Studies of CoxFe1-x/MgO(001)-Based Magnetic Tunnel Junctions[END_REF]. The lattice mismatch between bulk MgO and bcc Fe is 3.8% [START_REF] Scheike | Enhanced Tunnel Magnetoresistance in Fe/Mg4Al-O-x/Fe(001) Magnetic Tunnel Junctions[END_REF]. In contrast, the mismatch between bulk MgAl2O4 (MAO) and bcc Fe is less than 1% [START_REF] Miura | First-Principles Study of Tunneling Magnetoresistance in Fe/MgAl2O4/Fe(001) Magnetic Tunnel Junctions[END_REF]. Figure 1-9 illustrates the remarkable achievements in interface engineering by optimizing the MAO barrier in Fe/Mg4AlOx/Fe MTJ. At room temperature, a TMR ratio up to 429%, and an impressive 1034% at 10 K is achieved [START_REF] Scheike | Enhanced Tunnel Magnetoresistance in Fe/Mg4Al-O-x/Fe(001) Magnetic Tunnel Junctions[END_REF].

The presence of this ultra-flat interface also enables the formation of quantum wells (QWs), where resonant tunneling effects can be observed [START_REF] Xiang | Realizing Room-Temperature Resonant Tunnel Magnetoresistance in Cr/Fe/MgAl2O4 Quasi-Quantum Well Structures[END_REF][START_REF] Iovan | Spin Diode Based on Fe/MgO Double Tunnel Junction[END_REF][START_REF] Lu | Spin-Dependent Resonant Tunneling through Quantum-Well States in Magnetic Metallic Thin Films[END_REF][START_REF] Nozaki | Quantum Oscillation of the Tunneling Conductance in Fully Epitaxial Double Barrier Magnetic Tunnel Junctions[END_REF][START_REF] Niizeki | Enhanced Tunnel Magnetoresistance Due to Spin Dependent Quantum Well Resonance in Specific Symmetry States of an Ultrathin Ferromagnetic Electrode[END_REF][START_REF] Liu | CoFe Alloy as Middle Layer for Strong Spin Dependent Quantum Well Resonant Tunneling in MgO Double Barrier Magnetic Tunnel Junctions[END_REF]. In Figure 1 Due to the significantly high TMR ratios observed in MTJs, various non-volatile MRAM have been developed based on this technology. In earlier generations of MRAM, magnetization switching was achieved through the Oersted field induced by currents [START_REF] Schwee | Proposal on Cross-Tie Wall and Bloch Line Propagation in Thin Magnetic-Films[END_REF][START_REF] Wang | Spin Tunneling Random Access Memory (STram)[END_REF][START_REF] Daughton | Magnetic Tunneling Applied to Memory[END_REF][START_REF] Scheuerlein | A 10 Ns Read and Write Non-Volatile Memory Array Using a Magnetic Tunnel Junction and FET Switch in Each Cell[END_REF][START_REF] Durlam | Nonvolatile RAM Based on Magnetic Tunnel Junction Elements[END_REF][START_REF] Durlam | A 0.18 /Spl Mu/m 4Mb Toggling MRAM[END_REF][START_REF] Engel | A 4-Mb Toggle MRAM Based on a Novel Bit and Switching Method[END_REF][START_REF] Iwata | A 16Mb MRAM with FORK Wiring Scheme and Burst Modes[END_REF][START_REF] Debrosse | A High-Speed 128-Kb MRAM Core for Future Universal Memory Applications[END_REF]. However, this approach posed challenges on devices intergradation and called for a pure electrical method of writing data. At the same time, extensive research efforts have been devoted to developing perpendicular MTJ to achieve higher storage density. Perpendicular magnetic anisotropy is commonly induced by interfaces between magnetic and oxide materials [START_REF] Dieny | Perpendicular Magnetic Anisotropy at Transition Metal/Oxide Interfaces and Applications[END_REF], such as Ta/CoFeB/MgO [START_REF] Ikeda | A Perpendicular-Anisotropy CoFeB-MgO Magnetic Tunnel Junction[END_REF][START_REF] Worledge | Spin Torque Switching of Perpendicular Ta Vertical Bar CoFeB Vertical Bar MgO-Based Magnetic Tunnel Junctions[END_REF][START_REF] Worledge | Development of Perpendicularly Magnetized Ta Vertical Bar CoFeB Vertical Bar MgO-Based Tunnel Junctions at IBM (Invited)[END_REF][START_REF] Zhang | Tunable Spin-Orbit Torque Switching in Antiferromagnetically Coupled CoFeB/Ta/CoFeB[END_REF],

Fe/MgO [START_REF] Lee | Perpendicular Magnetization of CoFeB on Single-Crystal MgO[END_REF][START_REF] Koo | Large Perpendicular Magnetic Anisotropy at Fe/MgO Interface[END_REF][START_REF] Lambert | Quantifying Perpendicular Magnetic Anisotropy at the Fe-MgO(001) Interface[END_REF][START_REF] Koziol-Rachwal | Tunable Magnetic Properties of Monoatomic Metal-Oxide Fe/MgO Multilayers[END_REF], Co/AlOx [START_REF] Manchon | Analysis of Oxygen Induced Anisotropy Crossover in Pt/Co/MOx Trilayers[END_REF], CoFe/AlOx [START_REF] Monso | Crossover from In-Plane to Perpendicular Anisotropy in Pt/CoFe/AlOx Sandwiches as a Function of Al Oxidation: A Very Accurate Control of the Oxidation of Tunnel Barriers[END_REF]. It also arises from interfaces between magnetic materials and heavy metals, such as Co/Pt [START_REF] Carvello | Sizable Room-Temperature Magnetoresistance in Cobalt Based Magnetic Tunnel Junctions with out-of-Plane Anisotropy[END_REF][START_REF] Park | Co/Pt Multilayer Based Magnetic Tunnel Junctions Using Perpendicular Magnetic Anisotropy[END_REF], CoFe/Pd [START_REF] Mizunuma | MgO Barrier-Perpendicular Magnetic Tunnel Junctions with CoFe/Pd Multilayers and Ferromagnetic Insertion Layers[END_REF]. Notice that for the CoFeB electrode, additional annealing process is indispensable to obtain the perpendicular magnetic anisotropy, where B atoms are driven away from CoFeB and accumulate in the heavy metal [START_REF] Dieny | Perpendicular Magnetic Anisotropy at Transition Metal/Oxide Interfaces and Applications[END_REF]. Alghamdi et al. [START_REF] Wang | Current-Driven Magnetization Switching in a van Der Waals Ferromagnet Fe3GeTe2[END_REF][START_REF] Alghamdi | Highly Efficient Spin-Orbit Torque and Switching of Layered Ferromagnet Fe3GeTe2[END_REF]successfully switched magnetization of Fe3GeTe2 by SOT. In the same year, Song et al. [START_REF] Song | Voltage Control of a van Der Waals Spin-Filter Magnetic Tunnel Junction[END_REF] reported an astonishingly high TMR ratio up to 57000% in the graphene/CrI3/graphene heterostructure. Additionally, multiferroic tunnel junctions (MFTJs) have garnered significant attention [START_REF] Wei | Magneto-Ionic Control of Spin Polarization in Multiferroic Tunnel Junctions[END_REF][START_REF] Wei | Magnetic Tunnel Junctions Based on Ferroelectric Hf0.5Zr0.5O2 Tunnel Barriers[END_REF]. In 2012, Pantel et al. [START_REF] Pantel | Reversible Electrical Switching of Spin Polarization in Multiferroic Tunnel Junctions[END_REF] observed the coupling of ferromagnetic and ferroelectric interactions in a Co/PbZr0.2Ti0.8O3(PZT)/LSMO MFTJ, achieving four stable states in this system.

Moreover, the sign of TMR ratio is modified by a presetting bias voltage. These researches lay the foundation for MTJs with versatile functionality.

Spin transfer torque

In 1996, Slonczewski [START_REF] Slonczewski | Current-Driven Excitation of Magnetic Multilayers[END_REF] and Berger [START_REF] Berger | Emission of Spin Waves by a Magnetic Multilayer Traversed by a Current[END_REF] predicted that a spin polarized current passing through a magnetic multilayer would transfer angular momentum, exerting torques on the magnetization. This phenomenon is known as the STT effect.

In 1999, Myers et al. [START_REF] Myers | Current-Induced Switching of Domains in Magnetic Multilayer Devices[END_REF] experimentally demonstrated magnetization switching induced by STT in a Co/Cu/Co spin valve. Subsequently, in 2004, Huai et al. [START_REF] Huai | Observation of Spin-Transfer Switching in Deep Submicron-Sized and Low-Resistance Magnetic Tunnel Junctions[END_REF] reported the magnetization switching induced by STT in a CoFe/Al2O3/CoFe MTJ. The discovery of STT opened up a new realm of research of current-induced magnetization switching and significantly accelerated the development of MRAM.

Figure 1-11 illustrates the effect of STT on the free layer magnetization when a current passes through the magnetic multilayer. The STT experienced by the free and reference layer can be described by 𝛕 1,2 ∝ 𝐼𝐬 1,2 × (𝐬 1 × 𝐬 2 ) based on theoretically calculations. Here, I, s1 and s2 represent the current, the free layer unit magnetization vector and the reference layer unit magnetization vector, respectively. The STT tilts the direction of free layer magnetization parallel (antiparallel) to reference layer magnetization when electrons inject from the reference (free) layer into the free (reference) layer [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][START_REF] Myers | Current-Induced Switching of Domains in Magnetic Multilayer Devices[END_REF]. The discovery of STT effect has revolutionized the MRAM technology by eliminating the need for magnetic fields. It enables the switching of magnetization in MTJ using only a current. This breakthrough has made the large-scale integration of STT-MTJ possible, marking the ear of STT-MRAM [START_REF] Nakayama | Spin Transfer Switching in TbCoFe/CoFeB/MgO/CoFeB/TbCoFe Magnetic Tunnel Junctions with Perpendicular Magnetic Anisotropy[END_REF][START_REF] Hosomi | A Novel Nonvolatile Memory with Spin Torque Transfer Magnetization Switching: Spin-RAM[END_REF][START_REF] Schmidt | Fundamental Obstacle for Electrical Spin Injection from a Ferromagnetic Metal into a Diffusive Semiconductor[END_REF][START_REF] Nagamine | Ultralow Resistance-Area Product of 0.4 Omega(Mu m)(2) and High Magnetoresistance above 50% in CoFeB/MgO/CoFeB Magnetic Tunnel Junctions[END_REF][START_REF] Watanabe | Shape Anisotropy Revisited in Single-Digit Nanometer Magnetic Tunnel Junctions[END_REF][START_REF] Perrissin | A Highly Thermally Stable Sub-20 Nm Magnetic Random-Access Memory Based on Perpendicular Shape Anisotropy[END_REF][START_REF] Cacoilo | Spin-Torque-Triggered Magnetization Reversal in Magnetic Tunnel Junctions with Perpendicular Shape Anisotropy[END_REF]. However, the STT scheme presents some challenges. Firstly, the relatively large writing currents have to pass through the insulating barrier, which raises endurance concerns. Additionally, STTinduced magnetization switching is realized by directly overcoming the damping torque, leading to a relatively long precession process during switching. This, in turn, slows down the operating speed [START_REF] Lee | Threshold Current for Switching of a Perpendicular Magnetic Layer Induced by Spin Hall Effect[END_REF].

Spin-orbit torque

The angular and orbital momentum of electrons in the lattice are coupled. When an electron moves relative to the nucleus, an equivalent relative motion of the nucleus with respect to the electron occurs. This motion of the nucleus, which possesses charges, generates an effective magnetic field. This effective magnetic field interacts with the electron's spin, leading to the coupling of the electron's motion (or orbital momentum)

with its own spin momentum. This phenomenon is referred to as spin-orbit coupling.

When electrons passing through heavy metals with strong spin-orbit coupling or magnetic multilayers, transverse spin currents can be generated through the spin Hall effect (SHE) [START_REF] Liu | Current-Induced Switching of Perpendicularly Magnetized Magnetic Layers Using Spin Torque from the Spin Hall Effect[END_REF][START_REF] Liu | Spin-Torque Ferromagnetic Resonance Induced by the Spin Hall Effect[END_REF][START_REF] Liu | Spin-Torque Switching with the Giant Spin Hall Effect of Tantalum[END_REF] or interfacial Rashba effect [START_REF] Mihai Miron | Current-Driven Spin Torque Induced by the Rashba Effect in a Ferromagnetic Metal Layer[END_REF][START_REF] Mihai Miron | Perpendicular Switching of a Single Ferromagnetic Layer Induced by In-Plane Current Injection[END_REF][START_REF] Pi | Tilting of the Spin Orientation Induced by Rashba Effect in Ferromagnetic Metal Layer[END_REF][START_REF] Miron | Fast Current-Induced Domain-Wall Motion Controlled by the Rashba Effect[END_REF][START_REF] Wang | Diffusive Spin Dynamics in Ferromagnetic Thin Films with a Rashba Interaction[END_REF][START_REF] Pesin | Quantum Kinetic Theory of Current-Induced Torques in Rashba Ferromagnets[END_REF][START_REF] Haney | Current Induced Torques and Interfacial Spin-Orbit Coupling: Semiclassical Modeling[END_REF][START_REF] Kim | Magnetization Dynamics Induced by In-Plane Currents in Ultrathin Magnetic Nanostructures with Rashba Spin-Orbit Coupling[END_REF][START_REF] Chernyshov | Evidence for Reversible Control of Magnetization in a Ferromagnetic Material by Means of Spin-Orbit Magnetic Field[END_REF][START_REF] Du | Spin Current Related Magnetoresistance in Epitaxial Pt/Co Bilayers in the Presence of Spin Hall Effect and Rashba-Edelstein Effect[END_REF]. By absorbing these spin currents, magnetization of the adjust layer experiences a torque, i.e., the SOT. SOT offers a means of a high speed, low power consumption and insulator-protected magnetization switching [START_REF] Liu | Current-Induced Switching of Perpendicularly Magnetized Magnetic Layers Using Spin Torque from the Spin Hall Effect[END_REF][START_REF] Liu | Spin-Torque Switching with the Giant Spin Hall Effect of Tantalum[END_REF][START_REF] Mihai Miron | Perpendicular Switching of a Single Ferromagnetic Layer Induced by In-Plane Current Injection[END_REF]. Therefore, it is now widely applied in the development of MRAM and spin logic devices [START_REF] Mihai Miron | Perpendicular Switching of a Single Ferromagnetic Layer Induced by In-Plane Current Injection[END_REF][START_REF] Garello | SOT-MRAM 300mm Integration for Low Power and Ultrafast Embedded Memories[END_REF][START_REF] Shiota | Induction of Coherent Magnetization Switching in a Few Atomic Layers of FeCo Using Voltage Pulses[END_REF][START_REF] Yoda | Voltage-Control Spintronics Memory (VoCSM) Having Potentials of Ultra-Low Energy-Consumption and High-Density[END_REF][START_REF] Chiba | Electrical Control of the Ferromagnetic Phase Transition in Cobalt at Room Temperature[END_REF][START_REF] Wan | Programmable Spin Logic Based on Spin Hall Effect in a Single Device[END_REF][START_REF] Wang | Field-Free Programmable Spin Logics via Chirality-Reversible Spin-Orbit Torque Switching[END_REF][START_REF] Kong | Spin-Orbit Torque Switching in a T-Type Magnetic Configuration with Current Orthogonal to Easy Axes[END_REF][START_REF] Lim | Programmable Spin-Orbit-Torque Logic Device with Integrated Bipolar Bias Field for Chirality Control[END_REF]. representing the efficiency of the spin current convention. This phenomenon is known as SHE; Similarly, when a current passing through magnetic materials, a spin current is generated. And the magnetization orientation leads to a difference in spin accumulation along the edge, resulting in an observable voltage difference. This effect is referred as AHE; Furthermore, injecting a spin current into non-magnetic materials induces an electric current transvers to the spin current, which is known as ISHE [START_REF] Sinova | Spin Hall Effects[END_REF]. The origins of SHE and AHE share similar mechanisms, as depicted in Figure 1-13, which involve three mechanisms: the intrinsic mechanism [START_REF] Murakami | Dissipationless Quantum Spin Current at Room Temperature[END_REF][START_REF] Sinova | Universal Intrinsic Spin Hall Effect[END_REF], the side jump mechanism [START_REF] Berger | Side-Jump Mechanism for the Hall Effect of Ferromagnets[END_REF] and the skew scattering mechanism [START_REF] Hirsch | Spin Hall Effect[END_REF][START_REF] Zhang | Spin Hall Effect in the Presence of Spin Diffusion[END_REF]. From an experimental perspective, the primary objective is to identify material systems with larger SOT since the ultimate goal of utilizing of SHE and AHE is to manipulate and probe magnetization.

Spin Hall effect and anomalous Hall effect

Commonly used spin-source materials include heavy metals such as Pt [START_REF] Liu | Current-Induced Switching of Perpendicularly Magnetized Magnetic Layers Using Spin Torque from the Spin Hall Effect[END_REF][START_REF] Zhang | Electrical Control over Perpendicular Magnetization Switching Driven by Spin-Orbit Torques[END_REF][START_REF] Zhang | Role of Transparency of Platinum-Ferromagnet Interfaces in Determining the Intrinsic Magnitude of the Spin Hall Effect[END_REF][START_REF] Zhou | Current-Induced In-Plane Magnetization Switching in a Biaxial Ferrimagnetic Insulator[END_REF][START_REF] Yang | All-Linear Multistate Magnetic Switching Induced by Electrical Current[END_REF], Pt alloy [START_REF] Zhu | Variation of the Giant Intrinsic Spin Hall Conductivity of Pt with Carrier Lifetime[END_REF][START_REF] Hu | Benchmarking of Spin-Orbit Torque Switching Efficiency in Pt Alloys[END_REF][START_REF] Zhu | Highly Efficient Spin-Current Generation by the Spin Hall Effect in Au1-XPtx[END_REF][START_REF] Zhu | Enhancing Spin-Orbit Torque by Strong Interfacial Scattering From Ultrathin Insertion Layers[END_REF], Ta [START_REF] Liu | Spin-Torque Switching with the Giant Spin Hall Effect of Tantalum[END_REF][START_REF] Zhang | Electrical Control over Perpendicular Magnetization Switching Driven by Spin-Orbit Torques[END_REF], W [START_REF] Pai | Spin Transfer Torque Devices Utilizing the Giant Spin Hall Effect of Tungsten[END_REF][START_REF] Yu | Switching of Perpendicular Magnetization by Spin-Orbit Torques in the Absence of External Magnetic Fields[END_REF][START_REF] Zhang | Critical Role of W Deposition Condition on Spin-Orbit Torque Induced Magnetization Switching in Nanoscale W/CoFeB/MgO[END_REF][START_REF] Chen | Temperature Study of the Giant Spin Hall Effect in the Bulk Limit of Beta-W[END_REF][START_REF] Sethu | Optimization of Tungsten Beta-Phase Window for Spin-Orbit-Torque Magnetic Random-Access Memory[END_REF], Pd [START_REF] Zhu | Strong Damping-Like Spin-Orbit Torque and Tunable Dzyaloshinskii-Moriya Interaction Generated by Low-Resistivity Pd1-XPtx Alloys[END_REF], Hf [START_REF] Ramaswamy | Hf Thickness Dependence of Spin-Orbit Torques in Hf/CoFeB/MgO Heterostructures[END_REF],

Rh [START_REF] Cao | Spin-Orbit Torque and Dzyaloshinskii-Moriya Interaction in 4d Metal Rh-Based Magnetic Heterostructures[END_REF], Ir [START_REF] Dutta | Interfacial and Bulk Spin Hall Contributions to Fieldlike Spin-Orbit Torque Generated by Iridium[END_REF]. Antiferromagnet materials such as PtMn [START_REF] Fukami | Magnetization Switching by Spin-Orbit Torque in an Antiferromagnet-Ferromagnet Bilayer System[END_REF], IrMn [START_REF] Oh | Field-Free Switching of Perpendicular Magnetization through Spin-Orbit Torque in Antiferromagnet/Ferromagnet/Oxide Structures[END_REF][START_REF] Kong | Field-Free Spin Hall Effect Driven Magnetization Switching in Pd/Co/IrMn Exchange Coupling System[END_REF]. Van der Waals materials such as WTe2 [START_REF] Macneill | Control of Spin-Orbit Torques through Crystal Symmetry in WTe2/Ferromagnet Bilayers[END_REF][START_REF] Shi | All-Electric Magnetization Switching and Dzyaloshinskii-Moriya Interaction in WTe2/Ferromagnet Heterostructures[END_REF],

PtTe2 [150], MoS2 [151], NbSe2 [152],
MoTe2 [START_REF] Stiehl | Layer-Dependent Spin-Orbit Torques Generated by the Centrosymmetric Transition Metal Dichalcogenide Beta-MoTe2[END_REF]. And topological materials such as Bi2Se3 [START_REF] Wang | Surface-State-Dominated Spin-Charge Current Conversion in Topological-Insulator-Ferromagnetic-Insulator Heterostructures[END_REF][START_REF] Wu | Magnetic Memory Driven by Topological Insulators[END_REF][START_REF] Mahendra | Room-Temperature High Spin-Orbit Torque Due to Quantum Confinement in Sputtered BixSe(1-x) Films[END_REF][START_REF] Rahaman | Size-Dependent Switching Properties of Spin-Orbit Torque MRAM With Manufacturing-Friendly 8-Inch Wafer-Level Uniformity[END_REF][START_REF] Han | Room-Temperature Spin-Orbit Torque Switching Induced by a Topological Insulator[END_REF][START_REF] Li | Magnetization Switching Using Topological Surface States[END_REF][START_REF] Mellnik | Spin-Transfer Torque Generated by a Topological Insulator[END_REF][START_REF] Wu | Spin-Orbit Torque Switching of a Nearly Compensated Ferrimagnet by Topological Surface States[END_REF]. In terms of heavy metal and antiferromagnets, the magnitudes of their θSH are approximately 0.1, with β-W exhibiting the highest value of -0.5 [START_REF] Zhang | Critical Role of W Deposition Condition on Spin-Orbit Torque Induced Magnetization Switching in Nanoscale W/CoFeB/MgO[END_REF][START_REF] Demasius | Enhanced Spin-Orbit Torques by Oxygen Incorporation in Tungsten Films[END_REF]. Meanwhile, the magnitudes of θSH of van der Waals materials are also range from 0.01 to 0.1. Notably, with spin-momentum locking surface states in the topological insulators, their magnitudes of θSH are up to 10 even 100. For instance, (Bi0.5Sb0.5)2Te3 has a θSH of 450 [START_REF] Fan | Magnetization Switching through Giant Spin-Orbit Torque in a Magnetically Doped Topological Insulator Heterostructure[END_REF]. However, topological insulators usually function at low temperature, and have much higher resistance comparing with magnetic metals, which can lead to large shutting currents in the ferromagnet/topological insulator heterostructure. For the later problem, one solution is to utilize magnetic insulators with similarly high resistance [START_REF] Fan | Magnetization Switching through Giant Spin-Orbit Torque in a Magnetically Doped Topological Insulator Heterostructure[END_REF]. Another approach involves fabricating conducting topological materials, such as Bi0.9Sb0.1 [START_REF] Khang | A Conductive Topological Insulator with Large Spin Hall Effect for Ultralow Power Spin-Orbit Torque Switching[END_REF]. Notice that, SOT in heavy metals and antiferromagnets arises from SHE, where the polarization is predetermined by the geometry. In contrast, the AHE, planar Hall effect (PHE) [START_REF] Taniguchi | Spin-Transfer Torques Generated by the Anomalous Hall Effect and Anisotropic Magnetoresistance[END_REF][START_REF] Iihama | Spin-Transfer Torque Induced by the Spin Anomalous Hall Effect[END_REF] and interfacial spin-processional scattering can generate spin currents with flexible polarizations [START_REF] Amin | Spin Transport at Interfaces with Spin-Orbit Coupling: Formalism[END_REF]. Specifically, the polarization of spin currents generated by AHE is parallel to the magnetization, while the direction of spin currents is determined by m×JC. These mechanisms offer means to alter the polarization of spin currents and enable more flexible manipulation of magnetization [START_REF] Das | Efficient Injection and Detection of Out-of-Plane Spins via the Anomalous Spin Hall Effect in Permalloy Nanowires[END_REF][START_REF] Safranski | Spin-Orbit Torque Driven by a Planar Hall Current[END_REF][START_REF] Baek | Spin Currents and Spin-Orbit Torques in Ferromagnetic Trilayers[END_REF][START_REF] Wu | Spin-Orbit Torque from a Ferromagnetic Metal[END_REF][START_REF] Seki | Large Spin Anomalous Hall Effect in L1(0)-FePt: Symmetry and Magnetization Switching[END_REF][START_REF] Gibbons | Reorientable Spin Direction for Spin Current Produced by the Anomalous Hall Effect[END_REF].

To achieve more efficient magnetization switching, it is crucial to characterize SOT in various material systems. Several commonly employed methods for this purpose include loop-shift measurements, second harmonic measurements, spin torqueferromagnetic resonance (ST-FMR) measurements, and spin pumping measurements.

These techniques offer valuable insights into the generation of SOTs, enabling a better understanding and optimization of magnetization switching processes.

Loop-shift measurement is a direct mean of quantifying the effective perpendicular field induced by SOT through measure the horizontal shifts of Rxy-Hz loops. During the measurements, both an in-plane magnetic field and a perpendicular magnetic field are usually required simultaneously. Meanwhile, such method cannot be applied to measure SOTs in systems with in-plane magnetization since it is based on AHE of perpendicular magnetization [START_REF] Wang | Current-Driven Magnetization Switching in a van Der Waals Ferromagnet Fe3GeTe2[END_REF][START_REF] Pai | Determination of Spin Torque Efficiencies in Heterostructures with Perpendicular Magnetic Anisotropy[END_REF][START_REF] Lee | Central Role of Domain Wall Depinning for Perpendicular Magnetization Switching Driven by Spin Torque from the Spin Hall Effect[END_REF][START_REF] Pai | Dependence of the Efficiency of Spin Hall Torque on the Transparency of Pt/Ferromagnetic Layer Interfaces[END_REF].

Second-harmonic measurement involves utilizing a small AC to generates an AC SOT at the same frequency. As a result, the magnetization undergoes oscillations at the same frequency, leading to variations in AHE resistance and PHE resistance. One advantage of this method is that it has no requirement for magnetic orientations, making it applicable to wider range of systems [START_REF] Zhu | Lack of Simple Correlation between Switching Current Density and Spin-Orbit-Torque Efficiency of Perpendicularly Magnetized Spin-Current-Generator-Ferromagnet Heterostructures[END_REF]. However, this method is based on the first and second harmonic voltage signal and a lock-in amplifier is needed. Additionally, during the measurement, the application and rotation of an external magnetic field are necessary [START_REF] Wang | Current-Driven Magnetization Switching in a van Der Waals Ferromagnet Fe3GeTe2[END_REF][START_REF] Kim | Layer Thickness Dependence of the Current-Induced Effective Field Vector in Ta Vertical Bar CoFeB Vertical Bar MgO[END_REF][START_REF] Hayashi | Quantitative Characterization of the Spin-Orbit Torque Using Harmonic Hall Voltage Measurements[END_REF][START_REF] Shao | Strong Rashba-Edelstein Effect-Induced Spin-Orbit Torques in Monolayer Transition Metal Dichalcogenide/Ferromagnet Bilayers[END_REF].

Similarly, the ST-FMR method quantifies the variations in anisotropy magnetoresistance to observe SOTs-induced magnetization processions [START_REF] Liu | Spin-Torque Ferromagnetic Resonance Induced by the Spin Hall Effect[END_REF][START_REF] Harder | Analysis of the Line Shape of Electrically Detected Ferromagnetic Resonance[END_REF][START_REF] Wang | FMR-Related Phenomena in Spintronic Devices[END_REF][START_REF] Sklenar | Driving and Detecting Ferromagnetic Resonance in Insulators with the Spin Hall Effect[END_REF][START_REF] Okada | Spin-Pumping-Free Determination of Spin-Orbit Torque Efficiency from Spin-Torque Ferromagnetic Resonance[END_REF][START_REF] Sklenar | Unidirectional Spin-Torque Driven Magnetization Dynamics[END_REF];

while spin pumping involves the induction of magnetization procession by an oscillating magnetic field, followed by the measurement of electric signals converted from the spin current through ISHE. This process allows for the interpretation of the SHE efficiency [START_REF] Bai | Distinguishing Spin Pumping from Spin Rectification in a Pt/Py Bilayer through Angle Dependent Line Shape Analysis[END_REF][START_REF] Du | Y3Fe5O12 Spin Pumping for Quantitative Understanding of Pure Spin Transport and Spin Hall Effect in a Broad Range of Materials[END_REF][START_REF] Zhou | Spatial Symmetry of Spin Pumping and Inverse Spin Hall Effect in the Pt/Y3Fe5O12 System[END_REF]. For a comprehensive understanding of the evolutions of SHE and AHE and the relevant material systems, please refer to the following references [START_REF] Sinova | Spin Hall Effects[END_REF][START_REF] Nagaosa | Anomalous Hall Effect[END_REF].

In contrast to STT, the spin currents induced by SHE and AHE is transverse to the direction of electric fields, allowing for the separation of the read-line and writeline, which provides MTJ with significantly enhanced endurance. As shown in Figure 1-14, an in-plane CoFeB/MgO/CoFeB MTJ is grown on Ta. When a current is portrait applied, a spin current perpendicular to films is generated, with its polarization along the transverse direction. Upon absorption by top CoFeB layer, its magnetization is switched, which can be observed through TMR measurements. Thus, both electrical switching and probing of magnetization are achieved, marking a true milestone in the development of SOT-MRAM [START_REF] Liu | Spin-Torque Switching with the Giant Spin Hall Effect of Tantalum[END_REF]. 

Field-free perpendicular magnetization switching induced by SOTs

In the realm of hard disk drive development, it has been discovered that perpendicular magnetic domains offer significant improvements in storage density while maintaining thermal stability, surpassing their in-plane counterparts. Similar considerations have guided the evolution of MRAM, transitioning from utilizing inplane magnetization to employing perpendicular magnetization. The STT mechanism functions equally effectively for both in-plane and perpendicular magnetization systems.

Therefore, the primary challenge in developing perpendicular STT-MRAM lies in inducing perpendicular magnetic anisotropy. After conducting a series of explorations, it is successfully achieved at the CoFeB/MgO interface. Additionally, the MgO barrier exhibits a high TMR ratio, further enhancing its appeal. Consequently, CoFeB/MgO/CoFeB and its derivative structures have become the predominant design choice for perpendicular STT-MRAM [2]. Nevertheless, unlike the STT mechanism, switching perpendicular magnetization via SOT requires an additional symmetrybreaking in-plane magnetic field, posing integration challenges. For the sake of convenience in subsequent discussions, we present a brief introduction to the dynamic equations governing magnetization under magnetic fields and current-induced torques.

The dynamic equation governing the behavior of magnetization in the presence of magnetic fields is described by the Landau-Lifshitz-Gilbert (LLG) equation [START_REF] Gilbert | A Phenomenological Theory of Damping in Ferromagnetic Materials[END_REF] 

𝜕𝐌 𝜕𝑡 = -𝛾𝐌 × 𝐇 - 𝛼 𝑀 𝐌 × 𝜕𝐌 𝜕𝑡 . (1-1)
Here, γ represents the gyromagnetic ratio while α is the Gilbert damping factor.

This equation describes the rotational motion of magnetization M when subjected to an external magnetic field H. The M rotates around H and eventually aligns parallel to H, taking into account the dissipation of energy into the lattice. To incorporate the influence of currents, the LLG equation is further modified by introducing the STT term, leading to the Landau-Lifshitz-Gilbert-Slonczewski (LLGS) equation

𝜕𝐦 𝜕𝑡 = -𝛾𝐦 × 𝐇 + 𝛼𝐦 × 𝜕𝐦 𝜕𝑡 + 𝜆 D 𝐦 × 𝛔 × 𝐦 + 𝜆 F 𝛔 × 𝐦. (1-2)
Here, the first term represents the field term, which induces the rotation of m around H. The second term corresponds to the damping term, causing m to gradually align with H. The third term, m×σ×m, known as the Slonczewski term or damping-like term, emerges when currents are applied. As depicted in Figure 1-15, if the spin polarization vector σ is antiparallel to H, the damping-like term will be antiparallel to the damping term. This configuration allows the current to provide additional energy to m, enabling it to sustain precession around H and even undergo a magnetic switching.

The term σ×m is the field-like term, while λD and λF are coefficients proportional to the spin current density. It is important to note that, for the sake of derivation convenience, we employ the normalized magnetization, 𝐦 = 𝐌/𝑀, in the equation. an anisotropy field Ban, exerting a torque of 𝛕 an = -𝐦 × 𝐁 an . It should be noted that when the SOT is small, Ban lies in the yz plane, and its y component is opposite to the y component of m. Additionally, the magnitude of Ban should be zero when m aligns with its easy axis and reaches its maximum when m is perpendicular to the easy axis.

Therefore, we can represent the anisotropy field as 𝐁 an = -𝐵 an 0 𝑚 𝑦 𝐲. Substituting this into the torque equation, we obtain 𝛕 an = -𝐦 × [-𝐵 an 0 (𝐦 -𝑚 𝑧 𝐳)] = -𝐦 × (𝐵 an 0 𝑚 𝑧 𝐳). The m is also influenced by the external magnetic field Bext, resulting in a torque of 𝛕 ext = -𝐦 × 𝐁 ext . It is important to note that the dominant torque driving SOT switching is the Slonczewski-like term, while the field-like term is often neglected (including this dissertation). However, the field-like term does exist and impacts the switching process. Its presence can be characterized through second harmonic measurements [START_REF] Kim | Layer Thickness Dependence of the Current-Induced Effective Field Vector in Ta Vertical Bar CoFeB Vertical Bar MgO[END_REF].

In the scenario where the external magnetic field lies in the yz plane and the SOT is small, the three torques exerted on m align along the x-direction and balance each other, resulting in a stable m position. This equilibrium can be expressed as 𝜏 tot = 𝜏 ST 0 + 𝐵 ext sin(𝜃 -𝛽) -𝐵 an 0 sin 𝜃 cos 𝜃 = 0, where θ and β are defined as depicted in Figure 1-16. However, when the current reaches the threshold and the SOT becomes strong enough, the m can be switched from one stable state to another. The polarity of this switching, either from 𝐦 > 0 to 𝐦 < 0 or vice versa, is determined by the direction of the in-plane magnetic field. It is important to note that, unlike in STTinduced perpendicular magnetization switching, the presence of a symmetry-breaking in-plane magnetic field is indispensable in SOT-induced perpendicular magnetization switching. Without this magnetic field, deterministic perpendicular magnetization switching cannot be achieved. for SOT-induced magnetization switching, identifying three distinct types [START_REF] Fukami | A Spin-Orbit Torque Switching Scheme with Collinear Magnetic Easy Axis and Current Configuration[END_REF]. As illustrated in Figure 1-17, when electrons are injected into a heavy metal in the +x direction, SHE generates a spin current in the +z direction with polarization along the -y direction. Consequently, when the magnetic easy axis is along the z direction, deterministic perpendicular magnetization switching can be achieved by applying an auxiliary magnetic field in the x direction, known as Type-Z switching. In contrast, when the easy axis is along the y direction, in-plane magnetization switching can be accomplished without the need for an external magnetic field, referred to as Type-Y switching. Lastly, when the easy axis lies in the x direction, deterministic in-plane magnetization switching requires the application of an auxiliary magnetic field in the z direction, termed Type-X switching. It is worth noting that Type-Z and Type-X switching belong to the same category in terms of symmetry. In both cases, the spin polarization is perpendicular to the magnetization, necessitating an auxiliary magnetic field perpendicular to both the magnetization and the spin polarization direction for switching. Only Type-Y differs, as the spin polarization is parallel to the magnetization, allowing for deterministic switching similar to the STT mechanism without the need for an additional magnetic field. However, this parallel configuration leads to a direct competition between the damping term and the SOT in the LLGS equation, resulting in prolonged precession at the onset of the switching process [START_REF] Lee | Threshold Current for Switching of a Perpendicular Magnetic Layer Induced by Spin Hall Effect[END_REF]. Consequently, Type-Y switching is typically slower in terms of switching speed [START_REF] Lourembam | Multi-State Magnetic Tunnel Junction Programmable by Nanosecond Spin-Orbit Torque Pulse Sequence[END_REF], while Type-X and Type-Z switching exhibit similar and faster dynamics [START_REF] Liu | Anatomy of Type-x Spin-Orbit-Torque Switching[END_REF].

In 2014, Yu et al. conducted an analysis on the necessity of an additional magnetic field in Type-Z and Type-X switching from a symmetry perspective, and proposed a method to achieve field-free Type-Z switching [START_REF] Yu | Switching of Perpendicular Magnetization by Spin-Orbit Torques in the Absence of External Magnetic Fields[END_REF]. As depicted in Figure 1-18, the magnetization m, is oriented along the z direction, while the current J, flows in the x direction. Due to the SHE, the m experiences a field-like torque and a Slonczewski-like torque. For the sake of convenience in discussions, these two torques can be considered equivalent to field-like effective magnetic fields, namely 𝐇 𝑦 FL = 𝐻 𝑦 FL 𝐲 and Slonczewski-like effective magnetic field, 𝐇 𝑦 DL = 𝐻 𝑦 DL 𝐦 × 𝐲, respectively.

Firstly, in the absence of magnetic fields, we performed a mirror operation along the xz plane on the multilayer system. The multilayer material possesses inherent symmetry to the xz plane, thus remaining unchanged. The J aligned with the +x direction, also remains unaffected. However, the pseudovector m, initially oriented along the +z direction, is inverted towards -z. Similarly, the effective magnetic fields, being pseudovectors, exhibit a reversal in 𝐇 𝑦 DL while 𝐇 𝑦 FL remains unaltered. Due to the symmetric nature of the multilayer with respect to the xz mirror, both states are equivalent. Consequently, the direction of m, whether up or down, does not exhibit a preference with respect to J or the induced torques. Thus, the attainment of deterministic Type-Z switching is unattainable.

However, the introduction of an in-plane magnetic field Hap along the +x direction alters the scenario. Upon performing the xz mirror operation, the direction of Hap changes to -x. If we consider the state where the m is aligned with the +z direction and Hap is along the +x direction, the equivalent state after the xz mirror operation would feature m′ directed towards -z and 𝐇′ ap along -x. Given that we can directly control the direction of the applied magnetic field Hap, we can simultaneously determine the direction of m. This leads to the realization of field-assisted deterministic perpendicular magnetization switching. Alternatively, by modifying the structure of the multilayer to intentionally break its xz mirror symmetry, the direction of m can be determined by J. In this case, an effective field 𝐇 𝑧 FL along the +z direction, may be generated to facilitate magnetization switching. This additional field may arise from the presence of a built-in electric field within the wedge film.

Essentially, achieving Type-Z switching necessitates the breaking of xz mirror symmetry, which is parallel to the current flow. This symmetry breaking enables the generation of torques or effective fields along the z direction. However, the mass production of homogeneous wedge films poses a significant challenge for the industry.

As a result, researchers have investigated numerous methods to break the symmetry and accomplish field-free Type-Z switching [START_REF] Razavi | Deterministic Spin-Orbit Torque Switching by a Light-Metal Insertion[END_REF][START_REF] Razavi | Deterministic Spin-Orbit Torque Switching by a Light-Metal Insertion[END_REF][START_REF] You | Switching of Perpendicularly Polarized Nanomagnets with Spin Orbit Torque without an External Magnetic Field by Engineering a Tilted Anisotropy[END_REF][START_REF] Cao | Deterministic Magnetization Switching Using Lateral Spin-Orbit Torque[END_REF][START_REF] Cai | Electric Field Control of Deterministic Current-Induced Magnetization Switching in a Hybrid Ferromagnetic/Ferroelectric Structure[END_REF][START_REF] Tang | Bulk Spin Torque-Driven Perpendicular Magnetization Switching in L1(0) FePt Single Layer[END_REF][START_REF] Wu | Chiral Symmetry Breaking for Deterministic Switching of Perpendicular Magnetization by Spin-Orbit Torque[END_REF][START_REF] Zheng | Field-Free Spin-Orbit Torque-Induced Switching of Perpendicular Magnetization in a Ferrimagnetic Layer with a Vertical Composition Gradient[END_REF]. In the following sections,

we will discuss several classical mechanisms in detail.

In 2016, MacNeill et al. conducted an investigation on the WTe2/Permalloy bilayer and observed the emergence of a perpendicular damping-like torque in the material with reduced symmetry [START_REF] Macneill | Control of Spin-Orbit Torques through Crystal Symmetry in WTe2/Ferromagnet Bilayers[END_REF]. The mirror symmetry along the ac plane in WTe2 is naturally broken, allowing for the generation of a damping-like torque along the c-axis when a current is injected along the a-axis. This phenomenon was experimentally detected through ST-FMR measurements. Similarly, in 2021, Liu et al.

achieved field-free perpendicular magnetization switching by utilizing an perpendicular damping-like torque in an epitaxial CuPt/CoPt bilayer [START_REF] Liu | Symmetry-Dependent Field-Free Switching of Perpendicular Magnetization[END_REF]. As illustrated in Figure 1-19, while the mirror symmetry is preserved along three planes, it is broken along the other three. By altering the angle of the injected current, it becomes possible to generate and control the perpendicular damping torque.

In 2016, Fukami et al. demonstrated field-free perpendicular magnetization switching in an antiferromagnetic/ferromagnetic bilayer by leveraging the exchange bias effect originating from the antiferromagnetic layer [START_REF] Fukami | Magnetization Switching by Spin-Orbit Torque in an Antiferromagnet-Ferromagnet Bilayer System[END_REF]. As depicted in Figure 1-20, when the PtMn antiferromagnetic layer reaches a sufficient thickness, the perpendicular magnetization becomes tilted towards the in-plane direction due to the presence of the exchange bias. Subsequently, when a current is applied, an effective perpendicular field is generated, with its direction determined by the current flow. By employing a sufficiently large current, the perpendicular magnetization can be switched.

Remarkably, the antiferromagnetic layer serves a dual role as both a symmetry-breaking agent and a spin source, thereby simplifying the design of MTJ in this context. Similarly, in 2016, van den Brink et al. [START_REF] Van Den Brink | Field-Free Magnetization Reversal by Spin-Hall Effect and Exchange Bias[END_REF] and W. J. Kong et al. [START_REF] Kong | Field-Free Spin Hall Effect Driven Magnetization Switching in Pd/Co/IrMn Exchange Coupling System[END_REF] also employed an antiferromagnetic IrMn layer, to provide an exchange bias field, leading to field-free switching of the perpendicular Co layer. In 2020, Hibino et al. also observed a similar perpendicular SOT term induced by spin precessional scatting at the Pt/Co interface in the NiFe/Pt/Co system, highlighting the influence of the nonmagnetic material [START_REF] Hibino | Spin-Orbit Torque Generated by Spin-Orbit Precession Effect in Py/Pt/Co Tri-Layer Structure[END_REF]. For more detailed theoretical insights into interface spin filtering and spin precessional scatting, refer to the articles by Amin et al. [START_REF] Amin | Spin Transport at Interfaces with Spin-Orbit Coupling: Formalism[END_REF][START_REF] Amin | Spin Transport at Interfaces with Spin-Orbit Coupling: Phenomenology[END_REF]. However, it is important to note that there is still
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ongoing debate regarding the mechanisms underlying spin generation at interfaces. In 2021, Zhu et al. reported a strong interface spin-orbit coupling in the Ti/CoFeB bilayer, confirmed by the presence of perpendicular magnetic anisotropy in CoFeB. However, no spin current generated by spin filtering or the Rashba effect was observed [START_REF] Zhu | Absence of Significant Spin-Current Generation in Ti/Fe-Co-B Bilayers with Strong Interfacial Spin-Orbit Coupling[END_REF].

Further research is necessary to elucidate the underlying mechanism of interfacial spin currents. Conversely, when a current is injected in the x-direction, the perpendicular Co magnetization experiences an SOT in the y-direction, while the in-plane effective field also aligns with the y-direction. Thus, Type-Z switching of the perpendicular Co magnetization cannot be achieved. Simultaneously, the in-plane Co magnetization experiences an SOT in the y-direction from the top Pt layer, enabling its Type-Y switching when the SOT is sufficiently large. As a result, the orientation of the in-plane

Co magnetization and the polarity of perpendicular magnetization switching can be determined by the x-directional current. Based on this concept, a multifunctional logic gate can be constructed by defining the y-directional current as the input and utilizing the AHE resistance as the output. Moreover, the functionality of the logic gate can be altered by applying an x-directional current. In addition to the RKKY coupling, the Dzyaloshinskii-Moriya interaction (DMI)

between magnetic moments plays a crucial role in breaking mirror symmetry and enabling field-free perpendicular magnetization switching [START_REF] Wu | Chiral Symmetry Breaking for Deterministic Switching of Perpendicular Magnetization by Spin-Orbit Torque[END_REF][START_REF] He | Field-Free Spin-Orbit Torque Switching Enabled by the Interlayer Dzyaloshinskii-Moriya Interaction[END_REF][START_REF] Chen | Reducing Dzyaloshinskii-Moriya Interaction and Field-Free Spin-Orbit Torque Switching in Synthetic Antiferromagnets[END_REF]. In materials or interfaces with broken spatial inversion symmetry, neighboring spins have a tendency to be mutually orthogonal due to the presence of DMI [START_REF] Fert | Role of Anisotropic Exchange Interactions in Determining the Properties of Spin-Glasses[END_REF][START_REF] Dzyaloshinsky | A Thermodynamic Theory of Weak Ferromagnetism of Antiferromagnetics[END_REF][START_REF] Xia | Noncollinear Interlayer Exchange Coupling Caused by Interface Spin-Orbit Interaction[END_REF][START_REF] Crepieux | Dzyaloshinsky-Moriya Interactions Induced by Symmetry Breaking at a Surface[END_REF][START_REF] Kim | Ruderman-Kittel-Kasuya-Yosida-Type Interfacial Dzyaloshinskii-Moriya Interaction in Heavy Metal/Ferromagnet Heterostructures[END_REF][START_REF] Zhang | Quantifying the Dzyaloshinskii-Moriya Interaction Induced by the Bulk Magnetic Asymmetry[END_REF]. This effect can even give rise to the formation of topological structures such as skyrmions [START_REF] Yu | Room-Temperature Skyrmions in an Antiferromagnet-Based Heterostructure[END_REF][START_REF] Jiang | Blowing Magnetic Skyrmion Bubbles[END_REF][START_REF] Sapozhnikov | Direct Observation of Topological Hall Effect in Co/Pt Nanostructured Films[END_REF], which have been extensively studied for their potential applications in spin logic devices [START_REF] Zhang | Stochastic Computing Implemented by Skyrmionic Logic Devices[END_REF][START_REF] Song | Logic Device Based on Skyrmion Annihilation[END_REF][START_REF] Luo | Reconfigurable Skyrmion Logic Gates[END_REF]. More recently, researchers have discovered that DMI can also exist between two ferromagnetic layers separated by an intermediate layer, known as interlayer Dzyaloshinskii-Moriya interaction (iDMI) [START_REF] Fernandez-Pacheco | Symmetry-Breaking Interlayer Dzyaloshinskii-Moriya Interactions in Synthetic Antiferromagnets[END_REF][START_REF] Vedmedenko | Interlayer Dzyaloshinskii-Moriya Interactions[END_REF][START_REF] Han | Long-Range Chiral Exchange Interaction in Synthetic Antiferromagnets[END_REF][START_REF] Avci | Chiral Coupling between Magnetic Layers with Orthogonal Magnetization[END_REF][START_REF] Wang | Spin-Orbit Torque Switching of Chiral Magnetization across a Synthetic Antiferromagnet[END_REF]. This phenomenon has opened up new possibilities for designing chiral spintronic devices with unique functionalities and characteristics, offering new avenues for the development of advanced spintronic devices.

In These advancements not only contribute to improving the performance and functionality of SOT-MRAM but also pave the way for the development of innovative spintronic devices with enhanced capabilities and novel functionalities.

In the industry, multiple technical approaches are being pursued simultaneously to achieve field-free switching in SOT-MTJ. These include: (1) Type-Y switching of inplane SOT-MTJ: This approach offers a simple structure and inherent field-free switching but is associated with slower switching speeds [START_REF] Fukami | A Sub-Ns Three-Terminal Spin-Orbit Torque Induced Switching Device[END_REF][START_REF] Honjo | First Demonstration of Field-Free SOT-MRAM with 0.35 Ns Write Speed and 70 Thermal Stability under 400 Degrees C Thermal Tolerance by Canted SOT Structure and Its Advanced Patterning/SOT Channel Technology[END_REF][START_REF] Natsui | Dual-Port Field-Free SOT-MRAM Achieving 90-MHz Read and 60-MHz Write Operations under 55[END_REF]. 

Spintronics devices in advanced computing

The development of spintronics has not only contributed to fundamental scientific understanding but has also led to the emergence of numerous practical devices [START_REF] Dieny | Opportunities and Challenges for Spintronics in the Microelectronics Industry[END_REF]. For instance, the discovery of GMR and TMR has greatly advanced the development of hard disk drives and magnetic sensors, enabling higher storage capacities and improved sensing capabilities Furthermore, spintronics has found applications beyond traditional memory and computing devices. It has been successfully integrated into the construction of neural networks, opening up new possibilities for neuromorphic computing and artificial intelligence [START_REF] Borders | Analogue Spin-Orbit Torque Device for Artificial-Neural-Network-Based Associative Memory Operation[END_REF][START_REF] Borders | Integer Factorization Using Stochastic Magnetic Tunnel Junctions[END_REF][START_REF] Grollier | Neuromorphic Spintronics[END_REF]. Spin logic circuits have also been explored, aiming to develop alternative computing architectures based on spintronic principles [START_REF] Lu | Nonvolatile Magnetic Half Adder Combined with Memory Writing[END_REF][START_REF] Ji | Logical Devices Based on the Antiferromagnetic-Antimeron in a Ferromagnet Nanodot with Gain[END_REF].

The continuous advancement of spintronics research not only expands our understanding of fundamental physics but also drives the development of practical devices and extends the boundaries of its applications, creating exciting possibilities at the intersection of spintronics with other scientific disciplines such as superconductivity [START_REF] Wakamura | Spin-Orbit-Enhanced Robustness of Supercurrent in Graphene/WS2 Josephson Junctions[END_REF][START_REF] Johnson | Quantum Annealing with Manufactured Spins[END_REF][START_REF] Linder | Superconducting Spintronics[END_REF][START_REF] Petrovic | Skyrmion-(Anti)Vortex Coupling in a Chiral Magnet-Superconductor Heterostructure[END_REF][START_REF] Li | Superconducting Spin Switch with Infinite Magnetoresistance Induced by an Internal Exchange Field[END_REF] and optics [START_REF] Wornle | Coexistence of Bloch and Neel Walls in a Collinear Antiferromagnet[END_REF][START_REF] Liang | Large and Robust Electrical Spin Injection into GaAs at Zero Magnetic Field Using an Ultrathin CoFeB/MgO Injector[END_REF].

In The input currents IA and IB alone should not generate sufficient Oersted field to switch M1. Only when IA and IB are applied together, creating a combined field, will switch M1 but not M2. Only when IA, IB, and IC are all applied, M2 can be switched.

The current flowing in the positive (negative) direction is defined as input 1 (0). The output is the TMR of MTJ, with low-resistance (high-resistance) state defined as 1 (0).

The functionality is changeable by presetting the magnetic orientations. Before performing logic operations, if the system is first preset to keep M1 towards the left and M2 to the right using IA, IB, and IC. Thus, the input-output relationship of MTJ satisfies the AND logic. Similarly, when the system is preset to keep both M1 and M2 to the right (left), now the input-output relationship satisfies the OR (NAND) logic.

Hence, the pure electrical programmable logic gate is realized in a single MTJ.

Future integration of STT or SOT techniques to switch the magnetization of the MTJ makes it more promising for device integration.

In The SOT-induced domain-wall motion is as follow. First, an external magnetic field is applied to induce +z domain on the left side of the nanowire, resulting in the formation of a domain wall between +z and -z domains. Then when a current is applied, the +z domain keeps expanding while the -z domain keeps contracting under SOT. Until the +z domain reaching the in-plane region, which causes switching of in-plane magnetization, and forming a -z domain on the other side. Thus, the perpendicular regions on either side of the in-plane region are always in opposite directions. This process works as a NOT gate, by defining +z and -z magnetization as 0 and 1, respectively, 99.6% accuracy rate in spoken-digit recognition [START_REF] Torrejon | Neuromorphic Computing with Nanoscale Spintronic Oscillators[END_REF]. The average output voltage of the spin nano-oscillator is stable under the input current, but its response to the history of the input current is nonlinear, which is a necessary feature of neurons in the reservoir computing [START_REF] Torrejon | Neuromorphic Computing with Nanoscale Spintronic Oscillators[END_REF][START_REF] Riou | Temporal Pattern Recognition with Delayed-Feedback Spin-Torque Nano-Oscillators[END_REF][START_REF] Welbourne | Voltage-Controlled Superparamagnetic Ensembles for Low-Power Reservoir Computing[END_REF].

The process of spoken-digit recognition is shown in Figure 1-29. First, a spoken-digit audio file, for example, "1," is taken from the dataset and divided into Nτ small sections with a duration of τ. Each section is then filtered into Nf frequency channels, to obtain Nf amplitude-time functions. These functions are multiplied by a randomly generated binary 𝑁 𝑓 × 𝑁 𝜃 mask matrix, resulting in a single discrete and recombined amplitude-time function with Nθ points, which correspond to the number of neurons. Notice the duration of each point is θ, so that 𝜏 = 𝑁 𝜃 𝜃 is maintained. The voltage corresponding to each recombined function is the input of the spin nanooscillator, resulting in Nθ envelope output voltages V for each section. Finally, the computer is employed to constructs 10 sets of specific linear combination parameters ωi,θ of V, by which each section corresponding to 10 outputs. The 10 outputs of each section are then averaged, resulting in 10 outputs for each spoken-digit audio file, with only the correct output being 1 and the rest being 0. Here, i represents the 10 digits from 0 to 9. The memory-effect of spin nano-oscillator plays a crucial role in this network.

Its output is not only nonlinear dependent on the applied currents, but also determined by the previous inputs. This process allows the transformation of the complex speech recognition problem a simple linear classification problem in a high-dimensional space.

Without this process, it is impossible to realize speech recognition based on random 0/1 numbers which introduced in this recognition procedure. As shown in Figure 1 The oscillation frequency of a spin nano-oscillator is not only depended on the amplitude of the input current, but also modulated by the external oscillating magnetic field. This characteristic can also be utilized to construct networks for speech recognition. In 2018, Romera et al. realized vowel recognition by using a network consisting of four serially connected spin nano-oscillators [START_REF] Romera | Vowel Recognition with Four Coupled Spin-Torque Nano-Oscillators[END_REF], as shown in Figure 1-30. Firstly, vowel utterances are decomposed by frequency and linearly recombined.

As a result, each vowel utterance is represented by a combination of two frequencies, which forms the input of the network. The network itself comprises four serially connected spin nano-oscillators (labeled 1, 2, 3 and 4), with each of the output current of one oscillator is fed as input to the next one, and also has independent circuit to control their oscillation frequency. Additional circuits are placed above the four oscillators, which generate two oscillating magnetic fields (labeled A and B) of various frequencies. When the oscillation frequency of one oscillator is close to that of one magnetic field, its frequency is modulated to synchronize with the field. As a result, the system can achieve various resonance states, for instance, oscillator 1 synchronize with magnetic field A, oscillator 2 synchronize with magnetic field A, or oscillator 1 synchronize with magnetic field A while oscillator 2 synchronize with magnetic field B simultaneously. By continuously adjusting input currents, the resonance states of the system can be tunned till and each vowel corresponds to a specific resonance state, thereby achieving vowel recognition. Experiments show that stronger mutual coupling between the spin nano-oscillators leads to wider resonance locking range and higher recognition rate. Comparing to traditional neural networks, the construction of spin nano-oscillator network is structurally simpler, and the number of parameters that needs for optimizing is greatly reduced, owing to the complex dynamical behavior of the spin nano-oscillators themselves.

In the development of MRAMs, achieving long-term data retention, necessitates the stability of MTJ to remain its state, such that there exists a sufficiently high energy barrier between the two states to prevent unexpected magnetization switching induced by thermal disturbance. On the other hand, if the energy barrier is lowered sufficiently, the MTJ will rapidly switch between the parallel and antiparallel states under thermal disturbance, and the probability of being in each state can be modulated by applying an external STT or VCMA, allowing the random MTJ to be used as a probabilistic-bit (pbit). Building upon this concept, probability computing has been proposed as a potential avenue for further advancements. It should be noted that in experiments, the p-bits are binary, so the decimal numbers need to be expanded in binary to obtain the practical update conditions. Here, the number to be factorized is 35, so each factor requires four p-bits to be expanded.

Because the energy barrier is so low in these p-bits, they traverse the 0/1 states continuously, which is equivalent to randomly selecting all the numbers between 0-15.

The probability of a p-bit being in the 1 state increases with the increase of the external voltage, so by applying a voltage to the p-bit as the aforementioned update condition, the probability of the p-bit being in the 1 state can be updated, leading to the system naturally evolve toward the direction of energy reduction, eventually stabilizing in the state of minimum energy, i.e., 𝐴 ⋅ 𝐵 = 𝐹, achieving factorization. This design cleverly set the conditions of system evolution, achieved complex logic functionality without the need for complex external circuits, laying the foundation for future probability computing. It should be noted that the speed of system evolution depends on the speed of stochastic MTJ switching between the parallel and antiparallel states. To achieve faster computation, the energy barrier of the MTJ needs to be further reduced to increase its switching speed. In the same year, Cai et al. constructed artificial neurons based on p-bits to and used VCMA to update the probability, successfully achieved handwritten digit recognition by construction such artificial neural network [START_REF] Cai | Voltage-Controlled Spintronic Stochastic Neuron Based on a Magnetic Tunnel Junction[END_REF]. These works demonstrate the broad application prospects of MTJbased p-bits in future advanced computing schemes [START_REF] Camsari | From Charge to Spin and Spin to Charge: Stochastic Magnets for Probabilistic Switching[END_REF].

Structure of this dissertation

This dissertation primarily explores two closely related fields in spintronics:

SOT effect and TMR effect. By utilizing SOT, the magnetization direction of the free layer in MTJ can be electrically controlled, while TMR effect enable the electrical detection of the relative orientation of the free layer's magnetization. By combining SOT with TMR effect, the core unit of next generation of MRAM is constructed. In order to develop high-speed and high-density perpendicular SOT-MRAM, an additional in-plane ferromagnetic layer is introduced to assist field-free perpendicular magnetization switching. Additionally, it has been discovered that the spin current generated by the in-plane ferromagnetic layer can drive the perpendicular magnetization switching itself, providing a foundation for developing low-cost, heavymetal free spintronics devices. However, the clarification of spin currents origin in the ferromagnetic layer is still needed, which lay the groundwork for improving SOT efficiency and developing novel spin logic devices.

This dissertation first investigates the mechanism of spin current generation in the ferromagnetic material NiFe, achieving perpendicular magnetization switching driven by both SHE and AHE torques in NiFe. The AHE-generated spin current, which is polarized parallel to the magnetization direction, significantly increases the degrees of freedom in SOTs, providing a basis for developing efficient spintronics devices without heavy metals. Subsequently, the dissertation continues to study the perpendicular magnetization switching in Type-T magnetic multilayers with both an inplane magnetic layer and a perpendicular magnetic layer, where the presence of the inplane layer breaks the mirror symmetry of the system, resulting in field-free perpendicular magnetization switching. Moreover, due to the coupling between the inplane and perpendicular layers, the perpendicular layer experiences an additional perpendicular effective field provided by the in-plane layer when a current is passed through it, thereby reducing the critical current density required for magnetization switching and further improving the switching efficiency. Next, the TMR effect in epitaxial Fe/MgAlOx/Fe4N MTJs is investigated, revealing that the TMR ratio can be 

Methods

The primary research focuses of this dissertation encompass magnetization switching propelled by SOT in Hall-bar devices and TMR effects in MTJs, all employing magnetic multilayers as the material systems. This chapter serves as an introduction to the experimental instruments and methodologies employed for the growth, fabrication, and measurement of the magnetic multilayers investigated in this study.

Growth techniques of magnetic multilayers

Magnetron sputtering

Magnetron sputtering is a widely employed technique in industry for large-scale fabrication of thin films due to its notable advantages, including rapid growth rate and high film quality. The underlying principle of magnetron sputtering is illustrated in Figure 2-1. Initially, a noble gas, such as Argon (Ar), is introduced into a vacuum chamber, while a high voltage is applied between the substrate and the target material, leading to the generation of plasma near the target region. The bombardment of ions facilitates the ejection of target atoms, which subsequently deposit onto the substrate, forming a thin layer. Simultaneously, the presence of magnetic fields confines secondary electrons to the target surface. These secondary electrons, in turn, undergo collisions with the noble gas, generating additional ions. This cascade of electron-ion interactions enhances the plasma density, reduces the required gas pressure and voltage for sustaining the plasma, and ultimately improves the sputtering efficiency [START_REF] Braeuer | Magnetron Sputtering -Milestones of 30 Years[END_REF][START_REF] Kelly | Magnetron Sputtering: A Review of Recent Developments and Applications[END_REF]. The MPS-4000-HC7 system operates at a base pressure below 10 -6 Pa and features multiple target positions specifically designed for the growth of magnetic multilayers. Notably, it incorporates a permanent magnet capable of generating a magnetic field of 300 Oe during the deposition process, thereby inducing in-plane magnetic anisotropy.

On the other hand, the MB06-9305 system operates at a base pressure of approximately 5×10 -6 Pa and is primarily employed for the growth of insulating layers and metal electrodes. Essentially, MBE comprises a comprehensive system that integrates ultra-high vacuum thermal evaporation, electron beam evaporation, in-situ annealing, and reflection highenergy electron diffraction (RHEED). Both thermal evaporation and electron beam evaporation in MBE operate at extremely low energies and beam currents, facilitating 53 the deposition of atomically precise layers onto the substrate in a layer-by-layer growth mode. This precise control ensures the high quality of the deposited thin films.

Following the growth process, RHEED is utilized as a direct means to observe the surface roughness of the sample. Additionally, in-situ annealing can be performed when necessary to further enhance the crystal quality of the deposited films. By iteratively executing these steps, it is possible to obtain multilayer samples characterized by exceptional quality and uniformity.

The setup, principles, and results of the RHEED measurement are illustrated in and Kittel [START_REF] Kittel | Introduction to Solid State Physics[END_REF]. ). The MBE system operates at a base pressure of 10 -8 Pa, and further pressure reduction can be achieved by injecting liquid nitrogen into the chamber walls.

The chamber is equipped with several metal and oxide targets, enabling the epitaxial growth of high-quality MTJ. Moreover, the introduction of nitrogen gas into the chamber facilitates the growth of metal nitrides, such as Fe4N. As depicted in Figure 2-4, this MBE system is interconnected with other growth and characterization equipment via a vacuum tube spanning a length of 70 meters.

Fabrication of magnetic devices

After the growth of magnetic multilayers, additional processing steps are frequently required to fabricate micro-or nano-sized devices for subsequent electrical transport measurements. These steps encompass ultraviolet (UV) lithography, argonion etching, photoresist removal, and the deposition of electrode or insulation layers.

Each step will be systematically introduced in the subsequent sections, and a comprehensive processing flow for a MTJ will be presented at the conclusion.

Ultraviolet lithography

UV lithography is a crucial process employed to transfer micro-scale patterns from a mask to a photoresist, utilizing UV light. The photoresist, an organic material, can be categorized into positive and negative types based on its reaction to UV light.

Positive photoresists exhibit a photochemical reaction upon exposure to UV light, causing the exposed areas to dissolve in the developer during the developing phase. Notably, the minimal achievable exposure line width using this system is approximately 2 μm. 

Argon-ion etching

Following UV lithography, the transferred patterns on the photoresist need to be further transferred onto the sample through an etching process. Etching processes can 57 be broadly categorized as physical or chemical etching. Physical etching exhibits a lower etching rate, limited element selectivity, but superior verticality in pattern transfer.

On the other hand, chemical etching demonstrates a faster reaction rate, high element selectivity, but inferior verticality. Therefore, in the fabrication of Hall-bar devices and MTJs, physical etching, specifically argon-ion etching, is the preferred and commonly employed method.

The principle underlying argon-ion etching closely resembles that of magnetron sputtering, as both methods employ argon ions to bombard the material. In argon-ion etching, the sample is subjected to a stream of accelerated argon ions, resulting in the removal of the exposed regions while preserving the parts protected by the photoresist.

Care must be taken to avoid excessive etching duration, as prolonged exposure can lead to carbonization of the photoresist due to overheating. Carbonized photoresist poses challenges during the subsequent removal process. Furthermore, during the etching process, some of the etched atoms may redeposit onto the sample surface, potentially causing short circuits between the magnetic layers on either side of the insulating layer in MTJ fabrication. Therefore, it is crucial to prevent such occurrences.

To mitigate the risk of redeposition and address the potential short circuit issue, it is common practice to tilt the sample normal with respect to the ion beam at the end of the etching process. This tilting aids in the cleanup of the sidewalls of the junction pillar, minimizing the likelihood of unwanted secondary deposition in MTJ fabrication.

The equipment employed in this study comprises an argon-ion etching machine in IOP, CAS, manufactured by Beijing Advanced Company (Figure 2 

Photoresist removal and lift-off

After the etching process, the remaining photoresist on the sample surface necessitates removal. One approach is to immerse the sample in a sequence of acetone, alcohol, and deionized water for ultrasonic cleaning, followed by drying with nitrogen gas. However, in cases where an insulator (e.g., SiO2) or metal is present on the residual photoresist during the lift-off process, it becomes essential to eliminate the attached insulator or metal while removing the photoresist.

Lifting off metal is relatively straightforward and can be achieved by prolonging the soaking and ultrasonic time in acetone. On the other hand, lifting off insulator is more challenging. To address this, a method provided by CC Minalor, IJL involving several steps can be employed. Initially, the sample is soaked in Remover 1165 at 80℃ 59 for 30 minutes. Subsequently, it undergoes ultrasonic cleaning, followed by rinsing with deionized water and drying with nitrogen gas. The successful lift-off of the insulator is contingent upon the quality of the coated photoresist. With a well-established notch of bilayer resist, the insulator lift-off can generally be accomplished successfully. (2) Place the sample on a hot plate and bake it.

(3) Expose the sample to UV light with an UV lithography system.

(4) Develop the sample in MF319 developer solution with agitation.

(5) Rinse the sample in deionized water with agitation and dry it with nitrogen gas.

(6) Etch the sample with an argon-ion etching machine. At the same time record the variation of secondary electron elements, especially Mg, with time for the next etching process which define the junction region.

(7) Immerse and ultrasonicate the sample in acetone, rinse it with alcohol, and dry it with nitrogen gas.

Define junction regions

(1) Clean the sample and spin coat it with LOR3A positive photoresist by a spin coater.

(2) Place the sample on a hot plate and bake it.

(3) Spin coat the sample again with S1813 positive photoresist with a spin coater.

(4) Place the sample on a hot plate and bake it again.

(5) Expose the sample to UV light with an UV lithography system.

(6) Develop the sample in MF319 developer solution with agitation.

(7) Rinse the sample in deionized water with agitation and dry it with nitrogen gas. (2) Place the sample on a hot plate and bake it.

(3) Expose the sample to UV light with an UV lithography system.

(4) Develop the sample in MF319 developer solution with agitation.
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(5) Rinse the sample in deionized water with agitation and dry it with nitrogen gas.

(6) Deposit Ta/Pt electrodes on the sample by magnetron sputtering.

(7) Immerse and ultrasonicate the sample in acetone, rinse it with alcohol, and dry it with nitrogen gas.

(8) Inspect the sample under a microscope to confirm the presence of clean and complete MTJs.

Characterization of magnetic and electrical properties.

In spintronics research, our focus lies in studying the magnetic properties of magnetic multilayers, including magnetic anisotropy, coercivity, and exchange bias.

Additionally, we investigate their magneto-transport properties under the influence of electric fields, such as SHE, AHE, and TMR effects. In this segment, we will to present the measurement instruments and characterization techniques commonly employed in these investigations.

Vibrating sample magnetometry

In 1995, Foner invented the vibrating sample magnetometer (VSM) as a crucial tool for quantifying the magnetic moment of thin films under varying magnetic fields [START_REF] Foner | Versatile and Sensitive Vibrating-Sample Magnetometer[END_REF]. 

Physical property measurement system

The Physical Property Measurement System (PPMS), an experimental platform developed by Quantum Design, offers a high-magnetic-field and low-temperature measurement environment. It is designed with superconducting coils to generate the magnetic field, while the superconducting state is maintained through the use of liquid helium, which is also used for sample cooling. The sample, positioned on a sample rod, is connected to external instruments to facilitate electrical measurements. In our study,
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we primarily utilize the PPMS located at IOP, CAS. This particular PPMS model features a maximum magnetic field capability of ±9 T, ensuring a magnetic field accuracy of 2 Oe. It enables temperature-dependent measurements within the range of 1.9 K to 400 K. Notably, the system includes an automated sample rotation mechanism, allowing for precise angle measurements. In recent theoretical research by Amin et al. [START_REF] Amin | Intrinsic Spin Currents in Ferromagnets[END_REF] , it was proposed that spin currents could be induced in ferromagnetic metals. Figure 3-1 illustrates the presence of spin currents originating from both SHE and AHE. The SHE-induced spin current exhibits a polarization direction orthogonal to both the spin current direction and the electric field direction, which is similar to heavy metal scenario. In contrast, the AHEinduced spin current exhibit a polarization direction parallel to the magnetization.

Three-dimensional magnetic field probe station

Notably, the polarization of the AHE-induced spin current can be easily controlled due to the adjustable magnetization in ferromagnets, rendering it a convenient parameter to manipulate. This chapter presents a novel experimental approach utilizing an in-plane NiFe/Ru/perpendicular ferromagnetic trilayer structure with a carefully designed geometric configuration, and successfully demonstrates the generation of both SHEand AHE-induced SOTs in NiFe. In this configuration, the current flows parallel to the pinned NiFe magnetization, while the applied magnetic field is transverse to it. The experimental results highlight that NiFe can simultaneously produce SHE-and AHE-SOTs, with the AHE torque exhibiting significant strength, thereby dominating the SOT switching process and leading to a reversal in the switching polarity. This investigation serves as a crucial stepping stone for advancing SOT devices, eliminating the reliance on heavy metals. The primary findings of this chapter have been published in Physical

Review B [START_REF] Ma | Evidence of Magnetization Switching by Anomalous Spin Hall Torque in NiFe[END_REF].

3.2 Experimental and simulate methods

Fabrication and measurement of samples

Type-T magnetic multilayers comprising both in-plane and perpendicular layers are fabricated using magnetron sputtering (ULVAC MPS-4000-HC7). The film structure of the main sample is SiO2||Ta(2)/IrMn(8)/NiFe(3)/Ru(2)/Pt(1)/Co(1)/Pt(1 nm). In its as-grown state, the film exhibited an in-plane easy axis along the y-direction.

To induce perpendicular magnetic anisotropy, Co is inserted between two Pt layers during the deposition process. As a control sample, a SiO2||Ru(2)/Pt(1)/Co(1)/Pt(1 nm) film is grown. The magnetic anisotropy of the samples is characterized using a VSM. To provide the magnetic field during testing, a PPMS and a three-dimensional magnetic field probe station are utilized. All measurements are performed at room temperature. To elucidate the contrasting impact of SHE and AHE on magnetization switching, a macrospin model is employed in our simulation [START_REF] Sun | Spin-Current Interaction with a Monodomain Magnetic Body: A Model Study[END_REF]. 

Construction and analyses of the macrospin model

𝐦 Co × 𝐇 eff + 𝐦 Co × 𝛔 SHE × 𝐦 Co = 0. (3-1)
Here, Heff is determined by the perpendicular magnetic anisotropy energy EK, the coupling field HC, and the externally magnetic field Hx (if present). The Type-Z switching indicates that when mCo, σSHE and HC are mutually orthogonal, the perpendicular mCo can be switched [START_REF] Fukami | A Spin-Orbit Torque Switching Scheme with Collinear Magnetic Easy Axis and Current Configuration[END_REF]. By setting 𝐻 𝑥 = 0 , the torque balance equation can be simplified to

𝐻 K sin 𝜃 cos 𝜃 + 𝐻 C cos 𝜃 -𝜎 SHE = 0, (3-2) 
which bears resemblance to the equation presented in [START_REF] Liu | Current-Induced Switching of Perpendicularly Magnetized Magnetic Layers Using Spin Torque from the Spin Hall Effect[END_REF]. The left-hand side terms of the equation represent the torques induced by the anisotropy field HK, the coupling field HC, and the SHE torque, respectively. In particular,

𝐻 K = 2𝐸 K /𝑀 S ,
where MS is the saturated magnetization of Co. Through calculations, we obtain the SOT-induced magnetization switching, as shown in Figure 3-3(d)

When Hx is applied, mNiFe deviates from the y direction, i.e., 𝜑 NiFe ≠ 270°.

Thus, 𝐦 NiFe × 𝐉 C ≠ 0, and the AHE mechanism induces a spin current σAHE whose polarization is parallel to mNiFe. Therefore, the torque balance equation becomes 

⁄ ) = 0. (3-5)
The impact of the AHE torque on the switching process becomes evident. The second and third terms of Equation 3-5 depict the influence of the SHE and AHE torque, respectively. While 𝐇 eff = 𝐻 𝜃 𝛉 + 𝐻 𝜑 𝛗, therefore, Once the initial state of the system is defined, the application of a small current (dσ) enables the determination of the new equilibrium position of the system (dθ and dφ), as described by Equation 3-26. By iteratively running Equation 3-26, we are allowed to obtain the state (θ, φ) of the system as a function of the current σ once the initial state at zero current is preset Subsequently, the switching hysteresis under all the applied current can be obtained accordingly, as shown in Figure 3-3(d,e).

𝐻 𝜃 = - 𝜕𝐸 Co 𝜕𝜃 = -

Experimental results and discussions

To achieve Type-T magnetic multilayers with both in-plane and perpendicular anisotropy, it is crucial to optimize the spacer thickness. As depicted in Figure 34, when only a 1 nm Pt spacer is present between the in-plane NiFe layer and the perpendicular Co layer, the coupling between these two magnetizations is overly strong, which suppresses the perpendicular anisotropy of Co. Conversely, the insertion of an additional 4 nm Ru layer between the in-plane NiFe layer and the perpendicular Co layer effectively preserves the perpendicular anisotropy of Co. However, this configuration results in weakened coupling between the two layers, which is unfavorable for the following experimental measurements. Eventually, we selected SiO2//Ta(2)/IrMn(8)/NiFe(3)/Ru(2)/Pt(1)/Co(1)/Pt(1 nm) as the main sample, wherein the 2 nm Ru spacer successfully preserves both the in-plane and perpendicular anisotropy well, while also ensures a significant perpendicular magnetization switching. c,d) reveal that when 𝐻 𝑦 = 0, the polarity of the hysteresis loop is consistently opposite to that observed when 𝐻 𝑦 > 0 and same as 𝐻 𝑦 < 0. Notably, when the magnetic field is swept from negative to positive, the amplitude of field-free switching is larger. In other words, the polarity of field-free switching is independent of the magnetization history, whereas the amplitude of field-free switching is determined by the magnetization history. These phenomena are attributed to the pinning of NiFe by IrMn in the -y direction. When Hy decreases from a positive (negative) value to 0, the remanent magnetization of NiFe becomes very small (relatively large).

Consequently, the effective field exerted by NiFe on Co becomes correspondingly small (relatively large), resulting in a small (large) amplitude of perpendicular magnetization switching. This phenomenon is consistent across a wider range of sweeping experiments, as depicted in Figure 3 Same measurements are conducted on the control sample Ru/Pt/Co/Pt, wherein no SOT-induced switching is observed. This observation suggests that the spin current responsible for magnetization switching originates from IrMn/NiFe rather than Pt.

Considering the much higher resistivity of IrMn compared to NiFe, along with the known spin diffusion length of NiFe being 2.5 nm [START_REF] Tshitoyan | Electrical Manipulation of Ferromagnetic NiFe by Antiferromagnetic IrMn[END_REF][START_REF] Dubois | Evidence for a Short Spin Diffusion Length in Permalloy from the Giant Magnetoresistance of Multilayered Nanowires[END_REF][START_REF] Das | Spin Injection and Detection via the Anomalous Spin Hall Effect of a Ferromagnetic Metal[END_REF], it further supports the conclusion that NiFe serves as the spin source. Recent experiments have also reported a considerable spin Hall angle in NiFe [START_REF] Das | Efficient Injection and Detection of Out-of-Plane Spins via the Anomalous Spin Hall Effect in Permalloy Nanowires[END_REF][START_REF] Baek | Spin Currents and Spin-Orbit Torques in Ferromagnetic Trilayers[END_REF][START_REF] Wu | Observation of Pure Inverse Spin Hall Effect in Ferromagnetic Metals via Ferromagnetic/Antiferromagnetic Exchange-Bias Structures[END_REF][START_REF] Yang | Determining Spin-Torque Efficiency in Ferromagnetic Metals via Spin-Torque Ferromagnetic Resonance[END_REF], providing additional evidence in supporting this conclusion. In Figure 3-9, it is important to note that both AHE and SHE induce partial Assuming that the switching is coherent and macrospin-like, the relative spinconvention efficiency between AHE and SHE of NiFe can be estimated by using the critical current density. In this chapter, the average current required in SHE-induced magnetization switching is 27.4 mA, while the average current required in AHEinduced magnetization switching is 26.0 mA, resulting in a relative efficiency value of

𝜃 AHE NiFe 𝜃 SHE NiFe ⁄ = 1.
05. This is close to the value of 1.28 reported in the literature [START_REF] Das | Spin Injection and Detection via the Anomalous Spin Hall Effect of a Ferromagnetic Metal[END_REF].

However, it should be notice that this estimation is based on the macrospin model, and the more reliable and accurate measurement of AHE efficiency in ferromagnetic materials is still needed.

Varying the thickness of NiFe with the same structure, similar phenomena can be observed with 5 nm NiFe sample (Figure 3 Consequently, the measured curves are not as smooth as those obtained under Hy. The thinner 1 nm in-plane NiFe layer also provide a sufficiently large effective field enabling the field-free switching, but it is excessively well pinned by IrMn. In Figure 3-13, it is clear now NiFe always provides a large effective field along the -y direction. Consequently, the polarization of field-free switching is always same to the ones with 𝐻 𝑦 < 0. ΔRxy increases as Hy increasing along the -y direction; while ΔRxy decreases as Hy increasing along the +y direction. This behavior arises because a larger +y-direction magnetic field is required for changing the switching polarization, which inevitably titles the perpendicular magnetization towards in-plane direction and leads to smaller ΔRxy. Figure 3-14 illustrates that, with the strong pinning of NiFe, the Hx fails to sufficiently title the magnetization of NiFe away from the -y direction. As a result, the switching is always dominated by the SHE since the AHE torque is not sufficient.

It is worth reiterating that Figure 3 (1) A Type-T macrospin model containing in-plane and perpendicular magnetization is derived. Considering the coexistence of the SHE and AHE mechanisms within the in-plane magnetic layer, a method is proposed to verify the existence of the AHE spin current.

(2) Ta/IrMn/NiFe/Ru/Pt/Co/Pt Type-T multilayers are grown by magnetron sputtering, followed by the fabrication of Hall-bar devices through standard UV lithography and argon ion etching. The coexistence of perpendicular and in-plane magnetic anisotropy in the multilayers is vitrificated through VSM measurements.

(3) The SHE-driven perpendicular magnetization switching is achieved when the applied magnetic field is aligned with the in-plane magnetization. With the symmetry-breaking effective field from the in-plane layer acting on the perpendicular magnetization, the field-free switching is achieved.

(4) The perpendicular magnetization switching is also achieved when the applied magnetic field is perpendicular to the in-plane magnetization. When the field is small, the switching is dominated by the SHE mechanism, while when the field is large enough, the switching is now governed by the AHE mechanism.

This chapter of work is conducted with several colleges and their contributions are as follows: I grew the stacks, fabricated the devices, conducted magneto transport measurements, constructed the macrospin model and analyzed all the results. Xiao In common heavy metal/ferromagnet bilayers, the generation of SOT stems from the spin current generated in the heavy metal layer through the SHE mechanism. Due to symmetry constraints, the polarization direction of the spin current lies in the film plane, thus enabling only deterministic in-plane magnetization switching. However, to achieve the desired perpendicular magnetization switching for high-density storage, it is necessary to introduce fields that break the in-plane symmetry, such as the Oersted field, exchange bias, or interlayer coupling.

Meanwhile, effective perpendicular fields allow more efficient and convenient perpendicular magnetization switching. Numerous efforts have been devoted to utilizing SOT to create effective perpendicular fields. For instance, SOT can generate effective perpendicular fields on Néel-type domain walls (as shown in Figure 4-1) [START_REF] Pai | Determination of Spin Torque Efficiencies in Heterostructures with Perpendicular Magnetic Anisotropy[END_REF];

Interfacial spin-precessional scattering can generate perpendicular polarized spin currents and effective perpendicular fields [START_REF] Baek | Spin Currents and Spin-Orbit Torques in Ferromagnetic Trilayers[END_REF]. Materials with low in-plane symmetry, such as WTe2 [START_REF] Macneill | Control of Spin-Orbit Torques through Crystal Symmetry in WTe2/Ferromagnet Bilayers[END_REF] and Cu-Pt/Co-Pt [START_REF] Liu | Symmetry-Dependent Field-Free Switching of Perpendicular Magnetization[END_REF], can also generate effective perpendicular fields when subjected to current injection. However, these mechanisms are limited to confined systems (such as domain walls or interfaces) or have strict substrate and crystal structure requirements.

89 𝐾 1 , the torque balance equation for M1 at steady state is given by Equation 4-1. The detailed derivation of this equation is provided at the end of this section. The derivation of the macrospin model is presented below.

𝐻 𝑧1 eff = -𝐴 cos 𝜃 2 = 𝐴(𝜎 0 2𝐾 2 ⁄ ), (4-1a) 𝐾 1 sin 2𝜃 1 + 𝐴 cos 𝜃 1 + 𝐴𝜎 0 2𝐾 2 sin 𝜃 1 ⁄ -𝜎 0 = 0. ( 4 
Let χ represent the efficiency of generating an effective perpendicular field during the SOT-induced M1 switching. To better understand the generation of 𝐻 𝑧1 eff , we introduce a macrospin model that supposes M1 and M2 experience the same or the opposite directions of SOTs. In Pt/Co multilayer systems, the field-like torque can be neglected [START_REF] Liu | Current-Induced Switching of Perpendicularly Magnetized Magnetic Layers Using Spin Torque from the Spin Hall Effect[END_REF]. At the same time, the current flows in the y direction, the in-plane magnetization M2 is oriented along the y direction, and magnetic fields are only applied in the y and z directions. Therefore, when SOT is small, the final states of this twomagnetization system are always confined in the yz plane, and the directions of M1 and M2 can be described by two variables, θ1 and θ2.

𝐌 𝑖 = 𝑀 𝑖 (sin 𝜃 𝑖 𝐲 + cos 𝜃 𝑖 𝐳). (4-2)

The total energy of the system is given by: 𝐸 = 𝐾 1 sin Where K1 and K2 represent the magnetic anisotropy energy of the perpendicular Co and in-plane Co, respectively. θ1 and θ2 correspond to their polar angles. A and β denote the coupling energy between the two Co layers and the angle between them. μ0 denotes the vacuum permeability. Hy and Hz denote the applied magnetic field along the y and z directions, respectively. M1 and M2 represent the saturation magnetization of the corresponding Co layers. The LLGS equation can be written as [START_REF] Liu | Spin-Torque Ferromagnetic Resonance Induced by the Spin Hall Effect[END_REF]:

1 |𝛾| d𝐌 d𝑡 = 𝛕 tot + 𝛼 |𝛾| 𝐌 × d𝐌 d𝑡 . (4-5)
When the system is stable, d𝐌 d𝑡 ⁄ = 0. And 𝛼 > 0. Therefore, for each layer:

𝛕 tot = -𝐌 𝑖 × 𝐇 𝑖 eff + 𝜎 0𝑖 (𝐌 𝑖 × 𝛔 𝑖 × 𝐌 𝑖 ) = 0, (4-6) 𝐇 𝑖 eff = - 𝜕𝐸 𝑀 𝑖 𝜕𝜃 𝑖 𝛉 ≡ 𝐻 𝑖 𝛉. (4-7)
Here, we first derive M1 and M2 experience SOT of equal magnitude and in the same direction, namely:

𝛔 1 = 𝛔 2 = 𝜎 0 𝐱. (4-8)
Therefore, Note that, for the sake of simplifying calculations, the reduced values of K and A are used in Equations 4-14 and 4-16. Furthermore, to gain a clearer understanding of its physics, we assume that the in-plane magnetic anisotropy is significantly larger than the out-of-plane magnetic anisotropy, i.e., 𝐾 2 ≫ 𝐾 1 . Consequently, the perpendicular component of the M2 can be treated as a small one, denoted as:

𝐻 1 = - 1 𝑀 1 (𝐾 1 sin 2𝜃
𝜃 2 = 𝜋 2 ⁄ + Δ𝜃 2 ~𝜋 2 ⁄ , (4-17) sin 𝜃 2 = sin(𝜋 2 ⁄ + Δ𝜃 2 ) = cos Δ𝜃 2 = 1. (4-18)
If the perpendicular component of the M2 is minimally affected by the coupling field induced by M1 and no external magnetic field is applied, Equation 4-14b can be simplified as:

2(𝐾 2 + 𝜇 0 𝑀 2 2 ) cos 𝜃 2 = -𝜎 0 (4-19)
By letting 𝐾 2 ′ = 𝐾 2 + 𝜇 0 𝑀 2 2 , we obtain Equation 4-1a, which can be simplified as:

-𝐾 1 sin 2𝜃 1 + 𝐴(sin 𝜃 1 cos 𝜃 2 -cos 𝜃 1 sin 𝜃 2 ) = -𝜎 0 . (4-20) -𝐾 1 sin 2𝜃 1 -𝐴 sin 𝜃 1 𝜎 0 2𝐾 2 ′ ⁄ -𝐴 cos 𝜃 1 = -𝜎 0 . (4-21)
This is Equation 4-1b.

To calculate magnetization switching driven by the magnetic field while applying currents, we need to revisit Equations 4-14 and 4-16 and take differentials.

Thus, we have:

[ -1 -1 ] d𝜎 = [ -2𝐾 1 cos 2𝜃 1 + 𝐴 cos(𝜃 1 -𝜃 2 ) -𝐻 𝑦 𝑀 1 sin 𝜃 1 -𝐻 𝑧 𝑀 1 cos 𝜃 1 -𝐴 cos(𝜃 1 -𝜃 2 )
] d𝜃 

Sample fabrication and measurements

The Type-T magnetic multilayers used in the study are as follows: Subsequently, the in-plane anisotropy segment Ir/Co/W is transformed into W/Co/Ir to change the direction of SOT experienced by the in-plane layer. In this case, it is also necessary to optimize the thickness of W to enhance interlayer coupling while maintaining the Type-T magnetic anisotropy. All multilayer films are fabricated into crossbar devices with a width of 20 μm and a length of 200 μm for SOT-induced perpendicular magnetization switching experiments. As shown in Figure 456, when an y-direction magnetic field, Hy is applied.

A 50 ms pulse current, Iy, is swept between ±35 mA, following by the application of a small current of 1 mA to measure the AHE resistance, Rxy. The magnitude of Rxy is proportional to the z-component of M1. This process is repeated while varying Hy between ±340 Oe. For ease of analysis, the hysteresis loops corresponding to 𝐻 𝑦 = 0 and ±300 Oe are extracted from Figure 456, and the dependence of ΔRxy on Hy at 𝐼 𝑦 = 0 is plotted in Figure 4567. The positive and negative signs represent counterclockwise and clockwise magnetization switching, respectively.

As shown in Figure 4567, both samples A and B achieved field-free switching. This is due to the in-plane M2 providing an in-plane effective field for the perpendicular M1, fulfilling the requirements for Type-Z switching. The coupling type between M1 and M2 can be determined by analyzing the dependence of the field-free switching polarity on history.

When a sufficiently large in-plane magnetic field is applied (e.g., ±300 Oe), the in-plane M2 aligns parallel to the field direction, and the switching polarity is determined by the applied magnetic field. As the field decreases from the large-field regime to zero, the in-plane M2 maintains its orientation. Now, the switching polarity is determined by the in-plane effective field provided by the in-plane M2. In Figure 4-7(a), the polarity of the field-free hysteresis loop for sample A is the same as that of the previous loop, indicating that the in-plane effective field has the same direction as the previous applied magnetic field. This suggests ferromagnetic coupling between M1 and M2. On the other hand, in Figure 4-7(b), the polarity of the field-free hysteresis loop for sample B is opposite to that of the previous large-field regime, indicating that the in-plane effective field is opposite to the previous applied magnetic field. This suggests antiferromagnetic coupling between M1 and M2.

Interlayer coupling in metallic systems is generally attributed to the RKKY mechanism, which is highly sensitive to the interlayer spacing. Different thicknesses of intermediate layers, Pt(0.6)/Ir(2) for sample A and Pt(0.6)/W(0.6) for sample B, result in ferromagnetic and antiferromagnetic couplings, respectively.

As shown in Figure 4567d), by observing the intersection of the hysteresis 101 loops and the Δ𝑅 𝑥𝑦 = 0 line, the in-plane effective fields for samples A and B are determined to be 10 Oe and 50 Oe, respectively. Although the hysteresis loops of samples A and B are not as steep as that of sample C, the switching is still deterministic.

The smoothness of the hysteresis loops may be attributed to the non-uniform distribution of the perpendicular magnetic anisotropy across different parts of the device. To enhance the magnitude and speed of the switching, larger write currents can be applied. On the other hand, the smoothness of the hysteresis loops demonstrates the presence of many intermediate states, which can be utilized as artificial synapses for storing weight values in neuromorphic computing. Next, the measurement of the effective perpendicular field in samples A, B, and the control sample C is conducted in the experiment of perpendicular magnetic fielddriven perpendicular magnetization switching. Firstly, the applied field Hy is fixed (for example, +300 Oe as shown in Figure 4-8(a)), and then Hz is swept back and forth between ±340 Oe while applying a larger current (for example, ±20 mA) Iy to measure Rxy. The current-induced effective perpendicular field is manifested as a horizontal shift of the hysteresis loop, denoted as 𝐻 𝑧 eff ≡ (𝐻 c1 + 𝐻 c2 ) 2 ⁄ , where Hc1 and Hc2 are the coercive fields of the hysteresis loop. In Figure 4-8(a), it appears that under large current, only one side of the hysteresis loop is decreasing while the other side remains nearly unchanged. This characteristic is also observed in the macrospin model simulation. This phenomenon arises from the influence of SOT on the horizontal shift of the loop, 𝐻 𝑧 eff , and the average coercive field, Hc. 𝐻 𝑧 eff linearly depends on the applied torque, while Hc exhibits a parabolic dependence on the applied torque. The latter is partly due to the torque reducing the coercive field, Hc, of the 𝑅 𝑥𝑦 -𝐻 𝑧 loop and partly due to heating effects. For the control sample C, as Hy increases, χ initially increases and saturates

when Hy approaches 300 Oe. Considering previous work [START_REF] Pai | Determination of Spin Torque Efficiencies in Heterostructures with Perpendicular Magnetic Anisotropy[END_REF], under the influence of DMI, Néel-type domain walls are formed in this system, and SOT acting on the Néeltype domain walls generates 𝐻 𝑧 eff . When 𝐻 𝑦 ≥ 𝐻 DMI , the domain wall uniform into the same form (↑→↓ or ↓←↑), and the efficiency, χ, saturates. However, when 𝐻 𝑦 = 0, both forms of domain walls (↑→↓ and ↓←↑) coexist in the system, and SOT applies 𝐻 𝑧 eff with equal magnitude but opposite directions on these two types of domain walls, resulting in 𝜒 = 0. These typical features can all be observed in sample C. It is worth noting that in this experiment, the HDMI of Pt/Co/Pt is approximately 300 Oe, while in the literature, the HDMI of Pt/Co/MgO is about 5000 Oe [START_REF] Pai | Determination of Spin Torque Efficiencies in Heterostructures with Perpendicular Magnetic Anisotropy[END_REF]. Consequently, the HDMI in our case is significantly reduced, and the χ generated by the in-plane magnetic coupling is not completely overshadowed by the DMI mechanism. However, the total χ at 𝐻 𝑦 = 0 in sample B is 𝜒 = -0.56 and 0.54 Oe 10 10 ⁄ Am -2 .

Therefore, 𝜒 𝑧 = 𝜒 -𝜒 DMI = 0.15 and -0.12 Oe 10 10 ⁄ Am -2 , with the opposite sign to χDMI. This demonstrates that when the two magnetic layers in sample B experience SOTs in opposite directions, the two mechanisms counteract each other, leading to a higher critical current. as those mentioned above and even larger than some of them. It is worth noting that in previous literature reports, 𝐻 𝑧 eff significantly increases only when the current exceeds a certain critical value. However, in this work, 𝐻 𝑧 eff linearly depends on the current, which not only indicates a different physical origin of the effective perpendicular field in this system compared to previous reports but also reveals the potential to achieve high SOT efficiency with small currents. Due to the completely different physical origins, it is challenging to directly compare the numerical values of these χ. The reason for obtaining high χ in this work is that, in addition to the conventional mechanism of SOT generating 𝐻 𝑧 eff (such as the DMI mechanism in the control sample), the in-plane layer is driven by SOT to tilt along the perpendicular direction, providing additional 𝐻 𝑧 eff for the perpendicular layer under interlayer coupling. In sample A, the two mechanisms synergistically enhance χ, while in sample B, the two mechanisms counteract each other, reducing χ, as shown in Figure 45678).

In this study, to simplify and clarify the physical picture, the two metallic layers, HMi (Pt and W), on both sides of the magnetic layers are used to provide SOTs in the same direction to the two magnetic layers. To apply this mechanism in MTJs, we propose another structure of perpendicular layer/HM1/HM2/in-plane layer, where the two metallic layers, HMi (e.g., Pt and W), are used to provide SOTs in the same direction to the two magnetic layers, while utilizing exchange or dipole interaction to provide interlayer coupling. In this structure, the upper surface of the magnetic layers is freed, allowing it to be combined with MgO barriers and another magnetic electrode.

Recently, Type-T magnetic multilayers with a structure of perpendicular layer/HM/inplane layer have been employed in field-free SOT-MRAM [START_REF] Kong | All-Electrical Manipulation of Magnetization in Magnetic Tunnel Junction via Spin-Orbit Torque[END_REF]. However, in that work, the two magnetic layers experience SOTs in opposite directions, which is not favorable to reduce the critical current density. This drawback can be overcome by utilizing the proposed dual-metal structure. Furthermore, in the Type-T magnetic multilayer, the ferromagnetic layer can also provide spin current, and several works have demonstrated its feasibility [START_REF] Baek | Spin Currents and Spin-Orbit Torques in Ferromagnetic Trilayers[END_REF][START_REF] Wu | Spin-Orbit Torque from a Ferromagnetic Metal[END_REF][START_REF] Ma | Evidence of Magnetization Switching by Anomalous Spin Hall Torque in NiFe[END_REF]. In this case, an intermediate layer such as Ru or Ir can only provide intermediate coupling, while the ferromagnetic layer is utilized to provide the spin current. In conclusion, the ideal scenario of both magnetic layers experiencing spin current with the same polarization direction is feasible through structural design and 107 material optimization.

Chapter summary

In this chapter, we mainly explore the generation of effective perpendicular field using SOT in Type-T magnetic trilayers. We achieve efficient SOT-driven field-free perpendicular magnetization switching in SiO2||Pt/Co/Pt/Ir/Co/W/Pt Type-T magnetic crossbars. The in-plane magnetic layer not only provides in-plane coupling field to assist field-free perpendicular magnetization switching but also contributes additional effective perpendicular field to facilitate efficient switching. By comparing with the control sample, which without any in-plane magnetic layer, we clearly observe the contribution of the effective perpendicular field. Our work demonstrates the tilting of in-plane magnetization driven by SOT under interlayer coupling, helps the perpendicular magnetization switching. This provides a foundation for the development of novel and efficient perpendicular SOT-MRAM and spin logic devices. The specific experimental procedure in this chapter is as follows:

(1) We construct a macrospin model for the Type-T magnetic anisotropy system, which clarify the deviation of the in-plane magnetization towards the perpendicular direction under SOT. With the interlayer coupling, the perpendicular magnetization experiences an additional effective perpendicular field, which dependents on the direction of SOT experienced by the in-plane layer. When both the in-plane layer and the perpendicular layer experience SOTs in the same direction, the effective perpendicular field assists the perpendicular magnetization switching, thereby reducing the critical current density.

(2) The samples, namely Sample A: SiO2||Pt/Co/Pt/Ir/Co/W/Pt, Sample B:

SiO2||Pt/Co/Pt/W/Co/Ir/Pt, and control sample C: SiO2||Pt/Co/Pt/Ir/W/Pt, are grown using magnetron sputtering deposition. The fabrication process involves standard UV lithography and argon ion etching to create micron-sized Hall bars. The magnetic anisotropy of the thin films is confirmed using a VSM.

(3) Due to the presence of the in-plane magnetic layer, the perpendicular magnetization experiences an in-plane effective field, which enables the SOT-driven filed-free perpendicular magnetization switching.

(4) The total effective perpendicular field induced by SOT in the system is obtained by measuring the horizontal loop shift of the field-driven perpendicular magnetization switching hysteresis while applying currents. By varying the magnitude of the in-plane magnetic field, the dependence of the efficiency of SOT-induced effective perpendicular field on the in-plane magnetic field is determined. By The TMR effect in MTJs is one of the cornerstones of spintronics, supporting extensive applications in MRAMs, magnetic sensors, spin logic devices, and neuromorphic computing. In 2003, Ney et al. [START_REF] Ney | Programmable Computing with a Single Magnetoresistive Element[END_REF] pioneered the use of single MTJ to create programmable logic gates, significantly advancing the development of spin logic devices. However, the implementation of logic functionality in this design requires specific magnetization configuration of both the free layer and the reference layer in the MTJ. Switching the reference layer not only consumes additional energy but also reduces the device's thermal stability. It is reported that the multifunctional logic gate can also be realized in magnetic heterostructures where the perpendicular magnetization of the free layer is switched by the spin-orbit torque and controlled by an effective in-plane filed [START_REF] Wan | Programmable Spin Logic Based on Spin Hall Effect in a Single Device[END_REF][START_REF] Wang | Field-Free Programmable Spin Logics via Chirality-Reversible Spin-Orbit Torque Switching[END_REF]. However, the readout of such gates relies on AHE and is less sensitive compared to TMR.

Recently, a novel proposal [START_REF] Thomas | Inverted Spin Polarization of Heusler Alloys for Spintronic Devices[END_REF] emerges to build such spin logic devices by utilizing MTJs with voltage-controllable and sign-reversible TMR effect. Combining two of these MTJs and one current comparator, a real-time reprogrammable logic gate can be built, in which all four functions: AND, OR, NAND and NOR can be realized and switchable by initializing only the free-layer magnetization of the two MTJs [START_REF] Thomas | Inverted Spin Polarization of Heusler Alloys for Spintronic Devices[END_REF].

To realize such spin logic function, a MTJ system with large sign-reversable TMR at RT is indispensable.

The sign-reversed TMR phenomena have been reported in several systems due to various mechanisms. For instance, the TMR ratio of the NiFe/composite Ta2O5/Al2O3/NiFe MTJs varies from +1% to -4% with different bias at RT [START_REF] Sharma | Inversion of Spin Polarization and Tunneling Magnetoresistance in Spin-Dependent Tunneling Junctions[END_REF]. Its sign inversion is resulted from different densities of states (DOS) at two electrode/barrier interfaces. In Ni/NiO/Co nanowires, the TMR ratio can be inverted by voltage due to the matching of the energy of localized states in NiO, which is sensitive to the quality of the barrier, with the Fermi energy of ferromagnetic electrodes [START_REF] Tsymbal | Resonant Inversion of Tunneling Magnetoresistance[END_REF].

In La0.67Sr0.33MnO3(LSMO)/SrTiO3(STO)/SrO/Co MTJs, their TMR ratio varies from +8% to -15% with applied voltage at 85 K [START_REF] Vera Marun | Tunneling Magnetoresistance with Positive and Negative Sign in La0.67Sr0.33MnO3/SrTiO3/Co Junctions[END_REF]. The sign of TMR ratio is found to be very sensitive to the interface spin polarization at SrTiO3/Co interface with one atomic insertion layer of TiO2 or SrO as well as the oxygen content in the barrier. In addition, MTJs with Fe3O4 electrode and MgO barrier also show a reversal TMR sign effect.

Depending on the materials used for the second electrode (Co [START_REF] Greullet | Large Inverse Magnetoresistance in Fully Epitaxial Fe/Fe3O4/MgO/Co Magnetic Tunnel Junctions[END_REF], CoFeB [START_REF] Marnitz | Sign Change in the Tunnel Magnetoresistance of Fe3O4/MgO/Co-Fe-B Magnetic Tunnel Junctions Depending on the Annealing Temperature and the Interface Treatment[END_REF] and Fe [START_REF] Yasui | Large Inverse Tunnel Magnetoresistance in Magnetic Tunnel Junctions with an Fe3O4 Electrode[END_REF]), the maximum negative TMR have been demonstrated to be -8.5%, -12% and -9.6% at RT, respectively. Recently, the multiferroic tunnel junctions (MFTJs) combining the ferroelectric tunnel barrier with ferromagnetic electrodes attract intensive interests. In such systems, TMR and tunneling electroresistance (TER) coexist and the sign of TMR can be modulated by changing the ferroelectric polarization of ferroelectric tunnel barrier. In Co/PbZr0.2Ti0.8O3(PZT)/LSMO MFTJ, the TMR ratio varies from +4% to -3% with a ±3 V polarizing voltage pulse at 50 K (Figure 5-1) [START_REF] Pantel | Reversible Electrical Switching of Spin Polarization in Multiferroic Tunnel Junctions[END_REF].

In LSMO/ Polyvinylidene fluoride(PVDF) or P(VDF-TrFE)/Co MFTJs, the TMR ratio varies from +8.3% to -12.5% with a ±1.5 V polarizing voltage pulse at 10 K [START_REF] Liang | Ferroelectric Control of Organic/Ferromagnetic Spinterface[END_REF][START_REF] Liang | Quenching of Spin Polarization Switching in Organic Multiferroic Tunnel Junctions by Ferroelectric "Ailing-Channel" in Organic Barrier[END_REF].

Note that LSMO is usually chosen as the ferromagnetic electrode to obtain high spin polarization and well-defined ferromagnetic/ferroelectric interfaces. However, the low Curie temperature of LSMO hampers its room-temperature applications. Another issue for the MFTJ is that the TMR will be suppressed if the ferroelectric barrier is too thick, since the transport mechanisms are different from direct tunnelling [START_REF] Lu | Spin-Polarized Inelastic Tunneling through Insulating Barriers[END_REF]. Thus, a trade-
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off relating to an optimized thickness of the ferroelectric barrier must be taken into account to keep both effects sizable [START_REF] Liang | Quenching of Spin Polarization Switching in Organic Multiferroic Tunnel Junctions by Ferroelectric "Ailing-Channel" in Organic Barrier[END_REF]. Although many systems have been demonstrated for the sign-reversal TMR effect, the amplitude of TMR is small and the operation temperature is low. Recently, Fe4N has been demonstrated to have high negative spin-polarization [START_REF] Kokado | Theoretical Analysis of Highly Spin-Polarized Transport in the Iron Nitride Fe4N[END_REF][START_REF] Li | High Spin Polarization in Epitaxial Fe4N Thin Films Using Cr and Ag as Buffer Layers[END_REF][START_REF] Yang | Ultrahigh Tunneling-Magnetoresistance Ratios in Nitride-Based Perpendicular Magnetic Tunnel Junctions from First Principles[END_REF], unique magnetic structure and low critical switching current density [START_REF] Li | Spin-Orbit Torque-Induced Magnetization Switching in Epitaxial Au/Fe4N Bilayer Films[END_REF][START_REF] Li | Field-Free Deterministic Magnetization Switching with Ultralow Current Density in Epitaxial Au/Fe4N Bilayer Films[END_REF]. These merits co-make Fe4N MTJs suitable for spintronic applications and also a potential candidate to achieve the sign-reversible TMR effect. In this chapter we have epitaxially grown Fe/MgAlOx/Fe4N MTJ by molecular beam epitaxy (MBE). We have observed a voltage-dependent TMR ratio which can be modulated from +3.15% to -26.7% at RT, showing a superior performance than previous reported results. From first principal calculation, the sign-reversible TMR phenomenon is found to be relevant to the symmetry-dependent tunneling process between Fe and Fe4N electrodes. The voltage-controllable TMR signs and relatively large TMR ratios, especially at RT will contribute to develop the real-time reprogrammable spin logic gates for different spintronic applications. The main results of this chapter are now submitted and under review in ACS Appl. Electron. Mater.

Experimental and simulate results

Growth of high-quality multilayers

The MTJ stack consisting of MgO( 001 [START_REF] Yuasa | Giant Room-Temperature Magnetoresistance in Single-Crystal Fe/MgO/Fe Magnetic Tunnel Junctions[END_REF] V and 𝑉 = -0.6 V, respectively. It is interesting to find that the TMR sign can be reversed with different voltage. At RT, the TMR can be modulated from -26% to +3%. At 10K, the TMR sign reversal effect is quite enhanced from -40% to +5%. Here, both positive and negative TMR has been calculated by the definition of TMR ratio = (𝑅 AP -𝑅 P )/𝑅 P × 100% , which limits the negative TMR ratio up to 100%. Our maximum negative TMR is approaching the reported highest negative TMR ratio (-36.5% at RT with the same TMR definition as ours) in CoFeB/MgO/Fe4N MTJ [START_REF] Sunaga | Inverse Tunnel Magnetoresistance in Magnetic Tunnel Junctions with an Fe4N Electrode[END_REF][START_REF] Komasaki | 75% Inverse Magnetoresistance at Room Temperature in Fe4N/MgO/CoFeB Magnetic Tunnel Junctions Fabricated on Cu Underlayer[END_REF]. However, no TMR sign change has been observed in that system. In the TMR curves at 10K, it is found that the AP plateaus are not well established with an asymmetric form at positive and negative magnetic field. This could be due to the complex magnetic structure in Fe4N, which has a partial out-of-plane magnetic component [START_REF] Li | Field-Free Deterministic Magnetization Switching with Ultralow Current Density in Epitaxial Au/Fe4N Bilayer Films[END_REF]. It is found that the resistance of junction gradually reduces with increase of temperature. However, the variation of resistance is lower than 25% for the largest case, which is an important signature to exclude either pinhole dominated tunneling for thin barrier (increased resistance with T) [START_REF] Åkerman | Criteria for Ferromagnetic-Insulator-Ferromagnetic Tunneling[END_REF] or hopping dominated tunneling for thick barrier (reduced resistance with increasing T) [START_REF] Lu | Spin-Polarized Inelastic Tunneling through Insulating Barriers[END_REF]. Therefore, our TMR is dominated by coherent direct tunneling.

To have more insight on the TMR sign change for the Fe/MgAlOx/Fe4N MTJ,

we measured TMR values at different bias at 10K, as shown in To further understand the bias-dependent TMR, we set the MTJ into P and AP states respectively by applying appropriate in-plane field, and measured the bias dependence of differential conductance dI/dV at different temperatures (Figure 5-9(ab)). All dI/dV curves in both states have been normalized by Gp(V=0, T=10K). Figure 5-9(c) shows the normalized differential conductance for both states at 10K. When 𝑉 < -0.1 V, GP is always higher than GAP, resulting a positive TMR. However, when 0 V < 𝑉 < 0.3 V GAP increases much faster than GP, resulting in a large negative TMR. At 𝑉 > 0.3 V , the increase of GP becomes more important than GAP, which effectively reduces the negative TMR. The large attenuation of negative TMR with temperature can be found, which is mainly due to the large increase of GP while GAP almost keeps constant with the temperature, as shown in It is noticed that there are some small conductance oscillations appearing when 𝑉 < 0 V in Figure 5-9(a-c) in both P and AP states. These oscillations could be explained by the electron tunneling in the QW states formed in the MgAlOx/Fe/MgAlOx structure. However, the main origin of TMR sign change should not be related to the QW states since similar variation of conductance in P and AP states can also be evidenced in MgO based MTJ where there is no QW structure (Figure 5 
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Ab initio calculations

To understand the origin of the V dependence of TMR ratio, ab initio calculations have been performed to investigate the coherent tunneling in MTJ closely linked with the spin and symmetry of the electrons in both electrodes. The firstprinciples calculations in this chapter were conducted by Yu ZHU from Jilin University using the projector-augmented-wave (PAW) method [START_REF] Blochl | Projector Augmented-Wave Method[END_REF] as implemented in the Vienna ab initio simulation package (VASP) [START_REF] Kresse | Ab Initio Molecular Dynamics for Liquid Metals[END_REF][START_REF] Kresse | Efficiency of Ab-Initio Total Energy Calculations for Metals and Semiconductors Using a Plane-Wave Basis Set[END_REF][START_REF] Kresse | Efficient Iterative Schemes for Ab Initio Total-Energy Calculations Using a Plane-Wave Basis Set[END_REF]. An energy cutoff of 500 eV and Perdew-Burke-Ernzerhof generalized-gradient approximation (GGA-PBE) [START_REF] Perdew | Generalized Gradient Approximation Made Simple[END_REF] for the exchange-correlation functional were used throughout. A 21×21×21 k-point mesh were performed for structural relaxations and self-consistent calculations for Fe4N until the force on each atom is smaller than 0.01 eV/ Å and the total energy converged to less than 1×10 -5 eV. The bulk Fe4N has a cubic antiperovskite structure and the experimental lattice constant is 3.795 Å. We also calculated the bcc Fe to analyze the tunneling between these two electrodes.

Figure 5-11(a) shows the symmetry and spin-resolved band structures along transport direction (Γ-X) for bulk Fe and Fe4N. For bcc Fe, the majority-spin Δ1 band crosses the Fermi level while minority-spin Δ1 band situates well above EF, which reveals a half-metal nature in terms of Δ1 state along the transport direction [START_REF] Kisker | Spin-Polarized Angle-Resolved Photoemission Study of the Electronic Structure of Fe(100) as a Function of Temperature[END_REF]. For Fe4N, the minority Δ1 and Δ5 bands cross the Fermi level, while no majority bands cross the Fermi level along the transport direction, which is in a good agreement with the calculation reported by Yang et al. [START_REF] Yang | Ultrahigh Tunneling-Magnetoresistance Ratios in Nitride-Based Perpendicular Magnetic Tunnel Junctions from First Principles[END_REF] This indicates that Fe4N also reveals a halfmetal nature in terms of both Δ1 and Δ5 states. Since in single crystal Fe(001)/MgO/Fe [START_REF] Lu | Spin-Orbit Coupling Effect by Minority Interface Resonance States in Single-Crystal Magnetic Tunnel Junctions[END_REF] or Fe(001)/MgAl2O4/Fe [START_REF] Miura | First-Principles Study of Tunneling Magnetoresistance in Fe/MgAl2O4/Fe(001) Magnetic Tunnel Junctions[END_REF] MTJs, MgO and MgAl2O4 tunneling barriers can efficiently filter electrons with other symmetries than Δ1 and Δ5 bands, it is reasonable to consider only the Δ1 and Δ5 bands are mainly involved in the tunneling process. Previous theoretical work in Fe4N/MgO/Fe4N also reveals that not only the Δ1 but also Δ5 band electrons play an important role for the symmetry dependent coherent transmission [START_REF] Yang | Ultrahigh Tunneling-Magnetoresistance Ratios in Nitride-Based Perpendicular Magnetic Tunnel Junctions from First Principles[END_REF].

To make the analysis clear, the symmetry and spin-resolved DOS of Fe and Fe4N as a function of the energy is plotted in Figure 5-11(b-e). Generally, the conductance is 123 created by the electrons tunneling from an occupied band of one electrode to the unoccupied band of the other electrode. Therefore, the conductance of the P state is determined by: Majority (↑) to Majority (↑) and Minority (↓) to Minority (↓) while the conductance of the AP state is determined by: Majority (↑) to Minority (↓) and Minority (↓) to Majority (↑). 
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(3) Fe Δ5↑ to Fe4N Δ5↓ for AP conductance and (3) Fe Δ5↓ to Fe4N Δ5↓ for P conductance.

Discussions

From Figure 5-9(c), we know that the normalized dI/dV in the AP state increases fast first when 0 < 𝑉 < 0.2 V , then slows down when 0.2 V < 𝑉 < 0.4 V , and finally increase fast again when 𝑉 > 0.4 V. This fast-slow-fast increase of conductance is well attributed to the strong Fe4N Δ1↓ peak around 0.2V in the AP tunneling channel (1), as shown in Figure 5-11(b). Notice that the channel (2) is less important since the DOS of Fe4N Δ5↓ near EF is much smaller than that of Fe4N Δ1↓. The low DOS intensity in Fe4N Δ5↓ also limit the P conductance channel (3). This can well explain the observed large negative TMR ratio. In Figure 5-9(a-b), the temperature dependence of conductance shows that AP conductance almost keeps constant, while P conductance increases with temperature at positive bias. This results in the rapid decrease of negative TMR, which can be understood as following. Since the thermal effect induces the phonon scattering, the distribution of DOS as a function of the energy will be smeared.

Therefore, the conductance in channel (1) reduces while that in channel (2) increases, so that they compensate together resulting in a small variation of AP conductance.

When 𝑉 < 0, the tunneling channels are mainly from: (4) Fe4N Δ1↓ to Fe Δ1↑ and (5) Fe4N Δ5↓ to Fe Δ5↑ for AP conductance and (6) Fe4N Δ5↓ to Fe Δ5↓ for P conductance. From Figure 5-9(c), the changes of the normalized dI/dV are similar in the AP state and P state, and the normalized dI/dV in the P state is slightly higher than that in the AP state. From Figure 567891011), the AP conductance is mainly determined by the channel (5) since the DOS of Fe Δ1↑ in channel (4) decreases rapidly with higher 125 energy. By comparison of channel ( 5) and ( 6) for AP and P conductance, the DOS of the Fe Δ5↑ (Fe Δ5↓) keeps decreasing (increasing) with higher energy. This can explain the higher P conductance observed in normalized dI/dV curves in Figure 5-9(c), which results in the positive TMR ratio. However, since there is no distinguished DOS peak in Fe Δ5↓, the positive TMR ratio is less pronounced than the negative TMR ratio. Here, we can qualitatively explain the experimental observation by the simple analyses based on the band structure of bulk Fe4N and Fe. A more rigorous model should take into account the electrode, barrier and the interfaces together, which will give more insight of the transport process.

Chapter summary

This chapter primarily investigates the phenomenon of the sign-changeable TMR effect in Fe4N MTJs. The voltage-controlled and sign-reversible TMR effect is demonstrated from 10 K to 300 K. The positive TMR ratio = +3.15% at 𝑉 = -0.6 V can be changed to the negative TMR ratio = -26.7% (-36.5% under the optimistic definition) at 𝑉 = +0.45 V at RT. The voltage-dependence of TMR ratio can be well explained by a simple model taking account of the symmetry and spinresolved band structures of Fe and Fe4N. This new freedom of TMR turnability paves a way for new spintronics devices, especially for real-time reprogrammable spin logic gates. The main contents of this chapter include:

(1) High-quality MgAlOx-barrier Fe4N MTJs and MgO-barrier Fe4N MTJs are grown using MBE. Real-time monitoring of the growth process is conducted with RHEED, and in-situ annealing is employed to improve crystal quality.

(2) From bias dependent TMR measurements, we have demonstrated the signchangeable TMR effect. MgAlOx barrier can significantly block the N atoms from diffusion, which leads to higher crystal quality and TMR ratios compared to MTJ with MgO barrier. In previous works, both metallic barrier (Cr) with desired symmetry dependent band structure [START_REF] Niizeki | Enhanced Tunnel Magnetoresistance Due to Spin Dependent Quantum Well Resonance in Specific Symmetry States of an Ultrathin Ferromagnetic Electrode[END_REF][START_REF] Yuasa | Spin-Polarized Resonant Tunneling in Magnetic Tunnel Junctions[END_REF][START_REF] Nagahama | Quantum Size Effect in Magnetic Tunnel Junctions with Ultrathin Fe(001) Electrodes[END_REF][START_REF] Greullet | Evidence of a Symmetry-Dependent Metallic Barrier in Fully Epitaxial MgO Based Magnetic Tunnel Junctions[END_REF][START_REF] Sheng | Detailed Analysis of Spin-Dependent Quantum Interference Effects in Magnetic Tunnel Junctions with Fe Quantum Wells[END_REF][START_REF] Teixeira | Observation of Spin-Dependent Quantum Well Resonant Tunneling in Textured CoFeB Layers[END_REF] and insulating barrier (Al2O3 or MgO) with much higher barrier height [START_REF] Iovan | Spin Diode Based on Fe/MgO Double Tunnel Junction[END_REF][START_REF] Nozaki | Quantum Oscillation of the Tunneling Conductance in Fully Epitaxial Double Barrier Magnetic Tunnel Junctions[END_REF][START_REF] Liu | CoFe Alloy as Middle Layer for Strong Spin Dependent Quantum Well Resonant Tunneling in MgO Double Barrier Magnetic Tunnel Junctions[END_REF] have been studied to achieve the resonant tunneling. However, the QW thickness are limited to 1-2 nm to avoid electron dephasing in the QW. By replacing MgO barrier with MgAlOx barrier, the lattice mismatch between the barrier and the Fe electrode has been minimized (<1%), which allows to observe clear resonant oscillation of conductance in a 12 nm thick Fe metallic QW even at room temperature [START_REF] Tao | Long-Range Phase Coherence in Double-Barrier Magnetic Tunnel Junctions with a Large Thick Metallic Quantum Well[END_REF][START_REF] Tao | Coherent Resonant Tunneling through Double Metallic Quantum Well States[END_REF]. In order to achieve higher conductance quantum oscillation, it is important to keep a good phase coherence at the two metal/insulator interfaces inside the QW to minimize the dephasing mechanisms due to the interface chemical and structure disorders. It is reported that the interface Co insertion can lead to a large enhancement of TMR up to 410% at RT in epitaxial Co/MgO/Co MTJs [START_REF] Yuasa | Giant Tunneling Magnetoresistance up to 410% at Room Temperature in Fully Epitaxial Co/MgO/Co Magnetic Tunnel Junctions with Bcc Co(001) Electrodes[END_REF] and 300% at RT in FeCox/MgO/FeCox MTJs [START_REF] Bonell | Spin-Polarized Electron Tunneling in Bcc FeCo/MgO/FeCo(001) Magnetic Tunnel Junctions[END_REF][START_REF] Andrieu | Spectroscopic and Transport Studies of CoxFe1-x/MgO(001)-Based Magnetic Tunnel Junctions[END_REF]. The reason revealed by ab initio calculations is that Co only possesses majority-spin Δ1 states near the Fermi level [START_REF] Zhang | Large Magnetoresistance in Bcc Co/MgO/Co and FeCo/MgO/FeCo Tunnel Junctions[END_REF], which quite significantly increases the interface spin polarization. It will be quite interesting to know if the interface Co insertion could also enhance the QW MTJ TMR as well as the conductance oscillation. However, the structural and chemical disorders introduced by Co insertion could also cause a significant dephasing of electrons, which makes obtaining high oscillation amplitude challenging. Therefore, it requires a systematically investigation on the interfacial optimization to study the impact of chemical disorder on the QW resonant oscillation.

In this chapter, we experimentally show the impact of interfacial chemical and structural disorders on the resonant oscillation by introducing Co and Fe monolayers at the QW/barrier interface. It is found that the insertion of Co outside of QW doesn't influence on the conductance oscillation, however the Co insertion inside QW generates chemical disorder at interface leading to a significant reduction of oscillation amplitude by half. In contrast, the structural disorder introduced by Fe monolayers completely suppresses all resonant oscillation. Our finding highlights the critical role of interface structural and chemical disorder on QW phase coherence and the physical understanding of it will greatly promote the development of spin-dependent quantum Take the growth process of Sample D as an example. Firstly, the substrate was annealed at 650°C for 30 mins and 10 nm MgO seed layer was deposited. Then the first Fe layer was deposited at RT by e-beam evaporation and annealed in situ at 500°C for 30 mins to smooth the surface. The first MgAlOx barrier was grown at about 80°C and the growth process was monitored by RHEED. Two-dimensional layer-by layer growth mode of MgAlOx is observed by the oscillation of RHEED intensity, The second Fe layer was deposited at about 70°C and annealed in situ at 400°C for 20 mins followed by the deposition of 4 MLs thick Co insertion at about 80°C and then the deposition of second thick MgAlOx barrier at about 80°C. Sequentially, a second deposition of 4 MLs Co layer at about 70°C is performed, followed by a third deposition of 10 nm thick Fe at about 70°C and an annealing in situ at 250°C for 30 mins (except at 400°C for Sample A). Finally, 20 nm Co layer is deposited above the Fe layer to enhance the coercivity and 15 nm Au is used to prevent the films from oxidation. To check the chemical disorder at the interface, the element distribution analyses were performed by STEM combined with spatially resolved EELS characterizations. formed by Fe majority Δ1 states, the lack of majority Δ1 states can explain the attenuation of oscillation amplitude in P state. However, in AP state, we should expect a much higher oscillation amplitude than that in P state because of the minority Δ1 states at Fermi level in Fe4N band. However, it is not the case. This implies that in order to generate a strong QW oscillation, the electrons should not only fulfill the symmetry and spin conditions to match the QW states, but also should match k condition. Since the QW is formed between two barriers perfectly parallel to the sample plane, only electrons having 𝑘 ∥ = 0 can conserve coherent phase when reflecting between the two potential barriers. As discussed in Chapter 5, since there is a large lattice mismatch of 6.5% between Fe4N (3.795Å) and MgAl2O4 (4.212Å) [START_REF] Mi | Reactively Sputtered Epitaxial Gamma '-Fe4N Films: Surface Morphology, Microstructure, Magnetic and Electrical Transport Properties[END_REF], the electrons injected in the QW could have a large distribution of 𝑘 ∥ . Therefore, the oscillation amplitude in Fe4N based DMTJ is low even in AP configuration.

For the second series samples, we fix the outer insertion of Co (4 MLs) and focus on the influence of inner insertion on the oscillation amplitude. As shown in with Co insertion [START_REF] Yuasa | Giant Tunneling Magnetoresistance up to 410% at Room Temperature in Fully Epitaxial Co/MgO/Co Magnetic Tunnel Junctions with Bcc Co(001) Electrodes[END_REF]. In fact, it is found that the GAP continues increasing with the increase of the inserted Co thickness. As observed by spatial resolved EELS, the increase of Co thickness results in a higher Co concentration, which will push minority Δ1 DOS close to EF, thus enhancing GAP and reducing the TMR ratio [START_REF] Bonell | Spin-Polarized Electron Tunneling in Bcc FeCo/MgO/FeCo(001) Magnetic Tunnel Junctions[END_REF]. In contrast, Fe usually requires a 350℃-400℃ annealing to ensure a flat surface [START_REF] Yuasa | Giant Room-Temperature Magnetoresistance in Single-Crystal Fe/MgO/Fe Magnetic Tunnel Junctions[END_REF][START_REF] Tao | Long-Range Phase Coherence in Double-Barrier Magnetic Tunnel Junctions with a Large Thick Metallic Quantum Well[END_REF],

As shown in
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which is not satisfied in the growth of Sample F. Therefore, the quantum oscillation is more sensitive to the interface structural disorder than the chemical disorder.

Ab initio calculations

To further clarify the influence of interfacial chemical disorders on the QW states. An ab initio calculation was carried out to exam the difference of QW states formed by pure Fe or Fe with 2 MLs of Co interface, using the Vienna ab-initio simulation package (VASP) [START_REF] Kresse | Ab Initio Molecular Dynamics for Liquid Metals[END_REF][START_REF] Kresse | Efficiency of Ab-Initio Total Energy Calculations for Metals and Semiconductors Using a Plane-Wave Basis Set[END_REF][START_REF] Kresse | Efficient Iterative Schemes for Ab Initio Total-Energy Calculations Using a Plane-Wave Basis Set[END_REF]. In all calculations, the exchange-correlation potentials were treated with the generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) function. The cutoff energy is set to 420 eV. A Γ-centered 9×9×1 k-mesh was used in the structure relaxation, and the quantum well states were extracted at Γ point. The convergence energy and force of the heterostructure were 10 - 7 eV and 0.001 eV/Å, respectively. More details of the calculation can be found in our previous work [START_REF] Tao | Long-Range Phase Coherence in Double-Barrier Magnetic Tunnel Junctions with a Large Thick Metallic Quantum Well[END_REF]. 

Discussions

The QW states obtained from experimental results can be directly and qualitatively compared with a simple phase accumulation model (PAM) [START_REF] Smith | Quantum-Well and Tight-Binding Analyses of Spin-Polarized Photoemission from Ag/Fe(001) Overlayers[END_REF]. The PAM describes the quantization condition for the existence of a QW state as:

2𝑘 ⊥ 𝑑 -Φ 1 -Φ 2 -Φ inf = 2𝜋𝑛, (6-1) 
where 𝑘 ⊥ = √2𝑚 * (𝐸 -𝐸 𝐿 )/ℏ is the crystal momentum wave vector in the film previous work [START_REF] Moodera | Large Magnetoresistance at Room-Temperature in Ferromagnetic Thin-Film Tunnel-Junctions[END_REF]. Φinf is an important parameter to account for the additional phase shift at interfaces due to other effects such as structure, chemical disorders, impurities, strain inhomogeneity and so on. Since the collected current is from a two-dimensional spatial integration in the whole junction area, if the electron changes its phase with the same Φinf everywhere, strong QW oscillations can still be obtained but with a shift of energy positions. Therefore, the reduction of QW amplitude is due to a large (1) A Type-T magnetic macrospin model, which consists an in-plane ferromagnetic layer, an interlayer and a perpendicular ferromagnetic layer, is established. When a current passes through the in-plane ferromagnetic layer, spin currents are generated through the SHE and AHE mechanism. Upon absorption of these spin currents by the perpendicular ferromagnetic layer, its magnetization is switched.

The polarity of this magnetization switching depends on the polarization direction of the spin current and the in-plane effective field. In the experimental design described here, the polarity of the SHE-driven perpendicular magnetization switching is opposite to that of the AHE-driven switching. Thus, the variation in switching polarity simultaneously confirms the presence of both effects. In the experiment, a Type-T magnetic multilayer of SiO2||Ta/IrMn/NiFe/Ru/Pt/Co/Pt is grown by magnetron sputtering, and microfabrication techniques are employed to fabricate micron-sized crossbar devices. In the electrical transport measurements, a small in-plane magnetic field transverse to the in-plane magnetization is applied. It is observed that when this magnetic field is small, the perpendicular magnetization switching is driven by SHE, while for a larger magnetic field, AHE torque is enhanced, resulting in AHE-driven perpendicular magnetization switching. This research demonstrates that magnetic materials can generate significant spin currents similar to heavy metals, and the polarity of this spin current can be modulated, laying the foundation for designing heavy-metal, free cheap spin logic devices.

(2) A Type-T magnetic macrospin model is established. Notice that under the influence of SOT, the in-plane magnetization titles along the perpendicular direction.

The in-plane ferromagnetic layer and the perpendicular ferromagnetic layer are coupled, 
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  Figures R1 la commutation de l'aimantation perpendiculaire induite par les couples de spin-orbite générés dans un ferromagnétique. Les schémas du système sans champ magnétique, avec un champ magnétique dirigé vers la gauche (-x) et avec un champ magnétique dirigé vers la droite (+x) sont montrés respectivement dans les figures (a-c). Les figures (d-e) présentent les calculs du modèle de macrospin simulant ces trois situations. La figure (f) montre la dépendance du champ magnétique sur la polarité de commutation de l'aimantation perpendiculaire.
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  Figures R2 Création d'un champ perpendiculaire effectif dans le tricouche magnétique de type T. (a) L'aimantation dans le plan s'incline vers la direction z sous l'effet du couple spinorbite. Le cobalt perpendiculaire subit un champ perpendiculaire effectif supplémentaire sous l'effet du couplage intercouche. (b-c) Simulations du modèle de macrospin lorsque les deux couches magnétiques subissent des couples spin-orbite de direction opposée ; (d-e) Simulation du modèle de macrospin lorsque les deux couches magnétiques subissent des couples spin-orbite de même direction.
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  Figures R3 Résultats de mesure de la magnétorésistance tunnel (TMR) de la jonction tunnel magnétique Fe4N. (a) Schéma de l'installation de mesure. (b-c) Courbes de TMR mesurées à température ambiante et à 10 K pour une tension de polarisation V=+0.45 V et -0.60 V, respectivement. (d) Dépendance de la tension des rapports de TMR des jonctions tunnel Fe4N avec une barrière de MgAlOx et de MgO à 10 K. (e) Dépendance de la température de la résistance de l'état P et AP lorsque V=+0.45 V et -0.60 V. (f) Dépendance de la température des rapports de TMR lorsque V=+0.45 V et -0.60 V.
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  Figures R4 Dépendance en fonction de la polarisation, de la conductance différentielle dI/dV et de la conductance différentielle secondaire d 2 I/dV 2 des échantillons avec insertion interne.
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  comparison to electronics, which solely focus on the charge freedom of electrons, spintronics encompasses both charge and spin freedom. This field serves as a fundamental pillar in computer science, offering an economical and efficient means to transfer a vast amount of information between computable electrical signals and nonvolatile magnetization orientations, and vice versa. A significant milestone in spintronics occurred in 1998 when Albert Fert and Peter Grünberg discovered the giant magnetoresistance (GMR) effect[3,4], leading to their subsequent Nobel Prize in Physics in 2007. The advent of hard disks based on GMR and tunneling magnetoresistance (TMR) has revolutionized computer storage, providing vast and cost-effective storage capacities. This development propelled computers into the hands of the general public and laid the foundation for the era of big data[5][6][7][8][START_REF] Kryder | Heat Assisted Magnetic Recording[END_REF][START_REF] Seigler | Integrated Heat Assisted Magnetic Recording Head: Design and Recording Demonstration[END_REF][START_REF] Ju | High Density Heat-Assisted Magnetic Recording Media and Advanced Characterization-Progress and Challenges[END_REF][START_REF] Zhu | Microwave Assisted Magnetic Recording[END_REF][START_REF] Seki | Spin Wave-Assisted Reduction in Switching Field of Highly Coercive Iron-Platinum Magnets[END_REF].
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 11 Figure 1-1 Comparison between conventional computing and in-memory computing. (a) Von-Neumann architecture. Computing happens in the processer; (b) In-memory computing architecture. Computing happens in the memory [1].
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 12 Figure 1-2 The roadmap of the development of MRAMs [2].

  in-memory computing. This enables the simplification of computing architectures and reduces power consumption based on SOT-MTJ. Additionally, recent advancements in MRAM development involve the incorporation of ferroelectric materials, van der Waals materials, and topological materials, which offer lower critical current density and versatile functionality, further enhancing the potential of MRAM.
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 1312 Figure 1-3 Evolution of MRAM capacity [31].
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 14 Figure 1-4 Schematic of the Jullière model of TMR. Tunneling process when in the parallel state and antiparallel state is shown in (a) and (b), respectively. In 1995, Miyazaki et al. and Moodera et al. made significant breakthroughs by
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 15 Figure 1-5 Measurements of TMR in MTJs with Al2O3 barrier at room temperature. (a) Fe/Al2O3/Fe MTJ [34]; (b) CoFe/Al2O3/CoFe MTJ [35].
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 16 Figure 1-6 Tunneling in Fe/MgO/Fe MTJ for electrons with different symmetry. Top two figures and bottom two figures represent situations of tunneling process in the parallel state and antiparallel state, respectively [37]. In 2004, Parkin et al. [45] and Yuasa et al. [44] fabricated high-quality MTJs
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 17 Figure 1-7 TEM images of high-quality MTJs. CoFe/MgO/CoFe MTJ and Fe/MgO/Fe MTJ is shown in (a) and (b), respectively [44,45].
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 18 Figure 1-8 Dependence of TMR on the proportion of Co in FeCox alloy and its mechanism. (a) Dependence of TMR ratio on the Co proportion in FeCo electrode at 20 K and 300 K. (b) Dependence of band structures and tunneling channels on the Co proportion. (c) Dependence of the conductance of parallel state and antiparallel state on the Co proportion [46].

Figure 1 - 9

 19 Figure 1-9 Realization of a ultrahigh TMR ratio in Fe/Mg4AlOx/Fe MTJ [48].
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 1 Figure 1-10 QW states in the double-barrier MTJ [56].Recent studies have revealed the existence of magnetism in van der Waals
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 1 Figure 1-11 Dependence of the STT direction on current direction. Magnetization of the free layer is set parallel (antiparallel) to reference layer when electrons injects from the reference (free) layer to free (reference) layer [93].
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 1 Figure 1-12 illustrates the schematic of the SHE, inverse spin Hall effect (iSHE)
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 1 Figure 1-12 Schematic of SHE, AHE and ISHE [122].
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 1 Figure 1-13 Three origins of SHE and AHE [165].
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 1 Figure 1-14 Electrical switching and measurements in the MTJ with SOT. (a) Schematic of the structure of MTJ, the magnetization and spin current direction and the measurement setup. (b) Dependence of the differential resistance on the applied magnetic field. (c) Current dependence of the differential resistance. (d) Dependence of the critical current on the ramp rate [103].
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 1 Figure 1-15 Schematic of torques in the Landau-Lifshitz-Gilbert-Slonczewski equation. In 2012, Liu et al. conducted a study where they observed the perpendicular
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 1 Figure 1-16 SOT-induced perpendicular magnetization switching. (a) Measurements of switching of perpendicular magnetization. Directions of magnetization, torques and effective fields are given in (b) [101]. With the advancement of SOT research, Fukami et al. proposed a classification
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 1 Figure 1-17 Schemes of SOT-induced magnetization switching. (a-c) represent the Type-Z, Type-Y and Type-X switching, respectively [191].
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 1 Figure 1-18 A symmetry-based analysis of SOT-induced perpendicular magnetization switching. Directions of the current, magnetization and effective fields are shown in the figure. (a) Without magnetic fields, it is equivalent for the magnetization-up state and magnetization-down state. Deterministic switching of magnetization by the current is prohibited. (b) The mirror symmetry is broken by introducing an x-direction magnetic field. Current induced deterministic switching is possible. (c) The mirror symmetry is broken by the thickness gradient. An effective perpendicular field is induced by the current and deterministic switching is possible. (d) Generation of the effective perpendicular field by current [137].
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 1 Figure 1-19 Field-free perpendicular magnetization switching by SOTs in an epitaxial CoPt/CuPt bilayer. (a) Schematic of the measurement setup. (b) Definition of the angle between the current and the lattice direction. (c) AHE when the angle is zero. (d) Current angle dependence of the amplitude of current-induced magnetization switching. (e) Currentinduced magnetization switching [201]. In 2018, Baek et al. achieved field-free perpendicular magnetization switching
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 1 Figure 1-20 Field-free perpendicular magnetization switching in an antiferromagnetic/ferromagnetic bilayer. Current dependence of AHE when PtMn is 6 nm and 8 nm is shown in (a) and (b), respectively. Current dependence of the coercive field when the PtMn is 6 nm and 8 nm is shown in (c) and (d), respectively. Schematics of currentinduced magnetization switching when the PtMn is 6 nm and 8 nm is shown in (e) and (f), respectively [145].
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 1 Figure 1-21 Field-free perpendicular magnetization switching in the CoFeB/Ti/CoFeB multilayer. (a) Simulation of current dependence of loop shifts with and without the z-torque. (b) Loop shifts with different currents when in-plane magnetization is along different directions. (c) Experimental results of current dependence of loop shifts. Field-free perpendicular magnetization switching when in-plane magnetization is along the +x and -x direction is shown in (d) and (e), respectively [171].
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 1 Figure 1-22 Field-free perpendicular magnetization switching in a system with interlayer coupling. The thickness of Ru is 2 nm and the interlayer coupling is AFM in (a) and (c). The thickness of Ru is 2.5 nm and the interlayer coupling is FM in (b) and (d). AHE and the current-induced perpendicular magnetization switching when the interlayer is 2.5 nm Pt is shown in (e) and (f), respectively [206].
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 1 Figure 1-23 Polarity-changeable field-free perpendicular magnetization switching in a Type-T magnetic multilayer. (a) Two modes of the current-induced magnetization switching. (b) Polarity-tunable current-induced perpendicular magnetization switching [119].

  2022, He et al. demonstrated field-free perpendicular magnetization switching of in a ferromagnetic multilayer by harnessing iDMI [209]. The system depicted in Figure 1-24 consists of two perpendicular magnetic layers. The presence of iDMI introduces an additional energy term, 𝐸 DM ≡ -𝐃 ⋅ (𝐒 T × 𝐒 B ) , where D represents the amplitude of iDMI, and its direction is dictated by the specific multilayer structure. By performing a mirror operation along the direction of D, it is observed that the two states corresponding to magnetization pointing up and down exhibit distinct EDM values, indicating a broken mirror symmetry. Consequently, field-free perpendicular magnetization switching can be achieved by applying an electric current along the direction of D. This study highlights the significance of iDMI in enabling efficient and energy-saving manipulation of perpendicular magnetization in multilayer systems.
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 1 Figure 1-24 Field-free perpendicular magnetization switching with interlayer DMI. Schematics of scenarios when the mirror is parallel to the D vector and perpendicular to D is shown in (a) and (b), respectively. Notice that D is a polar vector. The DMI energy of the two states obtained by mirroring process are different in (a) while remains same in (b) [209].Furthermore, extensive research has been conducted to enhance the
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 2 Type-Y/Type-X hybrid switching of in-plane SOT-MTJ: This approach enables field-free switching with relatively faster speeds[START_REF] Rahaman | Size-Dependent Switching Properties of Spin-Orbit Torque MRAM With Manufacturing-Friendly 8-Inch Wafer-Level Uniformity[END_REF][START_REF] Rahaman | Pulse-Width and Temperature Effect on the Switching Behavior of an Etch-Stop-on-MgO-Barrier Spin-Orbit Torque MRAM Cell[END_REF]. (3) Field-free Type-Z switching of perpendicular SOT-MTJ: This approach offers the highest storage density and fastest switching speeds but requires additional design considerations to break mirror symmetry. As depicted in Figure1-25, a thick in-plane layer is grown on top of the Type-Z perpendicular MTJ, and the stray field generated by the in-plane magnetization serves as the required in-plane field for switching[START_REF] Garello | SOT-MRAM 300mm Integration for Low Power and Ultrafast Embedded Memories[END_REF][START_REF] Garello | Manufacturable 300mm Platform Solution for Field-Free Switching SOT-MRAM[END_REF][START_REF] Garello | Spin-Orbit Torque MRAM for Ultrafast Embedded Memories: From Fundamentals to Large Scale Technology Integration[END_REF]. Furthermore, Kong et al. have demonstrated field-free perpendicular magnetization switching by utilizing the interlayer coupling between in-plane and perpendicular magnetizations. This approach has shown promising results, achieving a TMR ratio of up to 50%[START_REF] Kong | All-Electrical Manipulation of Magnetization in Magnetic Tunnel Junction via Spin-Orbit Torque[END_REF].These different approaches offer trade-offs in terms of device complexity, switching speed, and storage density. Continued research and development in these areas contribute to the advancement of SOT-MRAM technology, enabling the realization of efficient and high-performance spintronic devices for various applications.

Figure 1 -

 1 Figure 1-25 Field-free perpendicular magnetization switching with the starry field in the industry. (a) TEM image of the SOT-MTJ. (b) Schematic of SOT-MTJ stack with top-pinned design [246].

  [START_REF] Baillet | Magnetoencephalography for Brain Electrophysiology and Imaging[END_REF][START_REF] Oogane | Sub-PT Magnetic Field Detection by Tunnel Magneto-Resistive Sensors[END_REF][START_REF] Jin | Detection of Small Magnetic Fields Using Serial Magnetic Tunnel Junctions with Various Geometrical Characteristics[END_REF]. The maturation of electrical writing techniques, such as STT and SOT, has revolutionized the field of MRAM. STT-MRAM and SOT-MRAM have overcome the limitations of the Oersted field and offer faster operating speeds, making them highly promising for all memory hierarchy levels[START_REF] Prenat | Ultra-Fast and High-Reliability SOT-MRAM: From Cache Replacement to Normally-Off Computing[END_REF]. Additionally, these advancements have spurred research on spin nanooscillators, including mutually coupled oscillator networks, which have potential applications in areas such as microwave communication and neuromorphic computing[START_REF] Kiselev | Microwave Oscillations of a Nanomagnet Driven by a Spin-Polarized Current[END_REF][START_REF] Silva | Developments in Nano-Oscillators Based upon Spin-Transfer Point-Contact Devices[END_REF][START_REF] Deac | Bias-Driven High-Power Microwave Emission from MgO-Based Tunnel Magnetoresistance Devices[END_REF][START_REF] Rippard | Current-Driven Microwave Dynamics in Magnetic Point Contacts as a Function of Applied Field Angle[END_REF][START_REF] Kubota | Spin-Torque Oscillator Based on Magnetic Tunnel Junction with a Perpendicularly Magnetized Free Layer and In-Plane Magnetized Polarizer[END_REF][START_REF] Maehara | High Q Factor over 3000 Due to Out-of-Plane Precession in Nano-Contact Spin-Torque Oscillator Based on Magnetic Tunnel Junctions[END_REF][START_REF] Lebrun | Mutual Synchronization of Spin Torque Nano-Oscillators through a Long-Range and Tunable Electrical Coupling Scheme[END_REF][START_REF] Rajapakse | High-Frequency Microwave Emission of a Trilayer Magnetic Tunnel Junction in the Absence of External Magnetic Bias Field[END_REF].

  2003, Ney et al. proposed a design for programmable spin logic devices based on a single MTJ [273]. As shown in Figure 1-26, the key idea is to control the magnetization of two in-plane layers (M1 and M2) in the MTJ using input currents (IA, IB, and IC). M1 and M2 have different coercivity fields, meaning they require different magnetic fields for switching. By defining the input current magnitudes, desired magnetization states can be achieved.

Figure 1 -

 1 Figure 1-26 Programmable spin logic device based on single magnetic tunnel junction. Realization of the AND and OR gate. (b) Realization of the NAND and AND gate [273].

  2019, Luo et al. utilized a selective oxidation process to create a sample with both an in-plane magnetic anisotropy region and a perpendicular magnetic anisotropy region. And based on this sample, the field-free perpendicular magnetization switching is achieved [274]. In 2020, with the same technic, Luo et al. further fabricated logic gates based on the SOT-induced domain-wall motion. Both a XOR gate and a full-adder gate are created by cascaded NAND gates [275]. As shown in Figure 1-27, Pt/Co/AlOx nanowires are used in the experiments, and the selective oxidation is preformed to create in-plane magnetic anisotropy in the selected blue area, while perpendicular magnetic anisotropy remains in the other pink area. Due to the presence of DMI at the Pt/Co interface and the long length of the nanowire, magnetic domains are naturally formed to minimize the system's energy.
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 11 Figure 1-27 NAND gate and NOR gate based on the domain wall motion [275].Furthermore, the cascading of these race-track-type domain-wall motion
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 1 Figure 1-28 Construction of artificial neuron and artificial synapse in spiking neural networks. The principal and characterization of the artificial synapse and artificial neuron are shown in (a) and (b), respectively [286].In addition to Hall-bar devices, spin nano-oscillators are also used as neural

  -29, without the spin nano-oscillator leads to a 10% recognition rate. Based on this work, in 2019, Riou et al. introduced an additional delay feedback loop to the spin nanooscillator, greatly enhancing its response to the input history and further improving its recognition rate [288].
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 1 Figure 1-29 Principal and realization of spoken-digit recognition with single nanoscale spintronic oscillator. Step-by-step process and results of the recognition are shown in (a-d). Comparison of the recognition rate between cases with oscillator and without oscillator when in the spectrogram filtering and the cochlear filtering are shown in (e) and (f), respectively [287].

Figure 1 -

 1 Figure 1-30 Principal and realization of vowel recognition based on a spintronic-oscillator network. (a) Schematic of the network structure. (b-c) Measurement setup and results. (d) Input frequency dependence of the oscillator frequency. (e) Combination of the frequency A and B. (f) Convention from the utterance to the input frequency A and B [290]. In 2019, Borders et al. used stochastic MTJs to construct eight p-bits and formed

Figure 1 -

 1 Figure 1-31 Principal and realization of integer factorization based on stochastic computing. (a) Construction and characterization of the unit p-bit. (b) Building of the stochastic circuit and the realization of the integer factorization [262].

  continuously tuned from negative to positive by applying an external bias voltage. This phenomenon is attributed to the band structure of Fe4N. These variable TMR MTJs lay the foundation for the development of novel spin logic devices. Finally, the resonant oscillation in epitaxial Fe/MgAlOx/Fe/MgAlOx/Fe quantum well MTJ with Co insertion is investigated. It becomes clear that the oscillation amplitude is heavily influenced by the structural and chemical disorder at the interface within the QW. This finding remains us extra consideration must be taken during the material optimization to fabricate quantum well MTJs with both high TMR ratio and high oscillation amplitude. This dissertation consists of three main sections: the research background, fabrication and characterization methods, and experimental results and discussions. Chapter 1 introduces the historical background of spintronics, methods for electrically driving perpendicular magnetization switching, and their applications in novel spin logic devices. Chapter 2 describes the experimental instruments, fabrication techniques, and characterization methods employed in this dissertation, including magnetron sputtering, molecular beam epitaxy, ultraviolet exposure, argon ion etching, and others. Chapter 3 demonstrates the achievement of field-free magnetization switching in the Type-T magnetic multilayers by utilizing the AHE effect in the in-plane magnetic layer. Chapter 4 explores the efficient SOT-induced field-free perpendicular magnetization switching in another Type-T magnetic multilayers, utilizing the tilting of in-plane magnetization under SOT and its coupling with the perpendicular magnetization. Chapter 5 discusses the rare sign-changeable TMR effects observed in Fe4N MTJs grown by molecular beam epitaxy. Chapter 6 discusses the influence of Co insertion on the oscillation amplitude in epitaxial Fe/MgAlOx/Fe/MgAlOx/Fe quantum well MTJs. Finally, Chapter 7 summarizes all the work presented in the dissertation and provides an outlook for future research.
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 21 Figure 2-1 Principle of magnetron sputtering [292].In the case of depositing metal materials, it suffices to apply a DC voltage
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 22 Figure 2-2 Magnetron sputtering equipment. (a) ULVAC MPS-4000-HC7. (b) ULVAC MB06-9305.
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 12 Molecular beam epitaxy Molecular beam epitaxy (MBE) is a well-established technique extensively employed in research laboratories for the fabrication of ultrahigh-quality thin films.
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 23 Figure 2-3. High-energy electron beams, ranging from 10 to 100 keV, are calibrated
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 23 Figure 2-3 Measurement setup and principles of RHEED [294].In a single crystal sample, the atoms are arranged in a periodic manner. Electron

Figure 2 - 4

 24 Figure 2-4 Ultra-high vacuum transfer tunnel at Institut Jean Lamour, Université de Lorraine-France [14].

  Conversely, negative photoresists undergo a cross-linking reaction upon UV exposure, rendering the exposed areas less soluble in the developer. The mask, comprising a transparent quartz plate partially coated with opaque chromium, plays a pivotal role during exposure. Positioned between the sample and the UV light source, it determines the irradiation area of the photoresist on the sample surface by virtue of the chromium coverage. Subsequent to exposure, development, and fixation, the pattern present on the mask is transferred to the photoresist. It is noteworthy that a clean mask and uniform coverage of the photoresist on the sample surface are vital factors for achieving optimal exposure outcomes. The UV lithography systems employed in this study consist of the G-25 contacttype UV lithography equipment, manufactured by Chengdu Xinnanguang Mechanical Equipment Co., Ltd., located in IOP, CAS (Figure 2-5), and the Suss MicroTec MJB4 Mask Aligner for Optical Lithography, situated in CC Minalor, IJL. The G-25 system utilizes a mercury lamp as its UV source, emitting light at a wavelength of 365 nm.
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 25 Figure 2-5 UV exposure equipment.
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 6 , and an IBE 4Wave Ion Beam Etching Equipment, supplemented by a Hidden Secondary Ion Mass Spectrometer system in CC Minalor, IJL. The argon-ion etching machine from Beijing Advanced Company operates at a base pressure of 4×10-4 Pa and a working pressure of 2×10 -2 Pa. To prevent carbonization of the photoresist, the substrate of this machine is equipped with a cooling water system. Additionally, the substrate can rotate at a specific speed to ensure uniform etching across the sample. The IBE 4Wave etching system features a secondary electron spectrometer, enabling real-time monitoring of the etching progress. This capability greatly facilitates the fabrication of MTJs, ensuring precise control and optimization of the etching process.
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 26 Figure 2-6 Ion etching equipment.
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 2422411 MTJ processing flow MTJ serves as fundamental components within MRAM. Its fabrication entails multiple intricate steps, encompassing the definition of bottom electrodes, junction region delineation, and top electrode definition. Due to the considerable length and complexity of this process, we present a comprehensive account of the fabrication procedure employed in the case of MTJ at CC Minalor, IJL, serving as an illustrative example. Define bottom electrodes Clean the sample and spin coat it with positive photoresist S1813 by a spin coater.

( 8 )( 9 )( 10 )( 11 )( 12 ) 2 . 2 . 4 . 3 ( 1 )

 8910111222431 Inspect the sample under a microscope to confirm the presence of obvious steps formed by two layers of photoresist. Etch the sample with an argon-ion etching machine until reaching the middle of the barrier. Deposit SiO2 on the sample by magnetron sputtering. Immerse the sample in Remover 1165 at 80℃ for 30 minutes, ultrasonicate and rinse it with deionized water, and dry it with nitrogen gas. Inspect the sample under a microscope to confirm the presence of clean and complete junction regions. Define the top electrode Clean the sample and spin coat it with S1813 positive photoresist by a spin coater.
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 2 7 illustrates its mechanical setup, wherein a non-magnetic rod holds the sample positioned between two electromagnets. During measurement, the magnetic field is incrementally scanned between the electromagnets while the rod vibrates along the z-axis. Consequently, the sample's stray field vibrates synchronously, inducing a corresponding change in the sensed magnetic flux by the stationary measuring coils. The resultant flux alteration generates an electrical current that can be isolated through lock-in amplifiers, effectively measuring the sample's magnetization in response to the evolving magnetic fields. This technique enables the determination of magnetic anisotropy, coercivity, and exchange bias parameters, which are of particular interest in the study.In this dissertation, the primary instrument employed is the EZ VSM manufactured by MicroSense, located at IOP, CAS. The EZ VSM offers a magnetic field range of ±2.2 T and exhibits a measurement accuracy of 10 -6 emu.
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 27 Figure 2-7 Detailed mechanical design of vibrating sample magnetometry [296].
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 2 Figure 2-8 depicts the three-dimensional magnetic field probe station,

Figure 2 - 8 3 Field-free perpendicular magnetization switching induced by AHE torque in NiFe 3 . 1

 28331 Figure 2-8 Three-dimensional magnetic field probe station.
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 31 Figure 3-1 Spin currents generated in ferromagnets. Both SHE and AHE contribute to the generation of spin currents when the electric field is perpendicular to the magnetization (Left). Meanwhile, only SHE contributes to the generation of spin current when the electric field is parallel with the magnetization (Right) [297].Experimental evidence has corroborated the generation of spin currents through
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 32 Figure 3-2 Magnetization switching through spin currents generated in magnetic layers. (a) The current is parallel with in-plane CoFeB magnetization. SHE-induced spin current drives perpendicular CoFeB magnetization switching when the current passes through the in-plane layer. (b) The current is perpendicular to in-plane FePt magnetization. AHEinduced spin current drives in-plane NiFe magnetization switching when the current passes through the in-plane layer [172,173].

Subsequently, the samples

  are patterned into cross-shaped Hall-bar devices with dimensions of 20 μm width and 200 μm length using standard UV lithography and argon-ion etching techniques. Pt(5)/Au(80 nm) electrodes are employed to connect the terminals of the Hall-bar devices. Electrical measurements are carried out with a Keithley 2400 as the current source and a Keithley 2182 as the Hall voltage detector.
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 33 Figure 3-3 Perpendicular magnetization switching induced by SOTs generated in a ferromagnet. Schematics of the system without a magnetic field, with a -x directional field, and with a +x directional field are shown in (a-c), respectively. (d-e) Calculations of the macrospin model simulating these three situations. (f) Magnetic field dependence of the perpendicular magnetization switching polarity [298].
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 33 the influences of SHE torque and AHE torque on perpendicular magnetization switching, supposing a current Jc flows along the y axis. In the absence of external magnetic fields, the magnetization of mNiFe is pinned in the y direction, specifically at 𝜑 NiFe = 270°, due to the presence of the exchange bias field HEB. Here, θ and φ denote the polar and azimuth angles, respectively. The coupling field HC between NiFe and Co, as well as the current Jc, also in the y direction. Within the SHE mechanism, a spin current σSHE is generated with polarization along the x direction.Notably, since mNiFe is parallel to Jc, the AHE mechanism does not produce a spin current in this specific case. For convenience, the direction of σ represents the polarization of the spin current, and its magnitude is proportional to the density of the spin current. Both σ and H are expressed in normalized units. Given our interest in the perpendicular magnetization switching of Co above the NiFe layer, only the spin current flowing along the z-direction is taken into consideration. When the system reaches stability, the torque arising from the effective field Heff counterbalances the SOT induced by SHE, resulting in

Figure 3 -

 3 3(b,c) demonstrates that when 𝐻 𝑥 ≪ 𝐻 EB , σAHE is parallel to mNiFe. Similar to the orthogonality among mCo, σSHE, and HC, mCo, σAHE, and Hx are also exhibit mutual orthogonality. According to the Type-Z switching scheme, now the AHE torque also capable to switch the perpendicular mCo.By solving Equation 3-4, we obtain the hystereses depicted in Figure3-3(e) in which, according to the literature[START_REF] Iihama | Spin-Transfer Torque Induced by the Spin Anomalous Hall Effect[END_REF], we assume that the efficiency of generating AHE spin current is consistent with that of generating SHE spin current, i.e., 𝜎 AHE /𝐽 C = 𝜎 SHE /𝐽 C . Our findings reveal two significant observations. First, the introduction of the AHE torque alters the switching polarity from clockwise (CW, -1) to counterclockwise (CCW, +1) when Hx is large enough. Second, the switching polarity remains consistent under ±Hx. Comparing Figure3-3(b,c), it becomes evident that changing the sign of Hx corresponds to a change in the sign of 𝐦 NiFe × 𝑱 C , consequently leading to a sign change of σAHE. Type-Z switching scheme tells us, simultaneously changing the signs of both σAHE and Hx will yields the same final magnetization state.

Figure 3 -

 3 3(f) summarizes the ΔMz under different Hx, where the sign of ΔMz indicates the switching polarity. In the absence of AHE torque, the switching polarity remains negative under all Hx. These two distinct characteristics serve as a benchmark for experimentally verifying the presence of the AHE torque. Detailed derivation from Equation 3-3 to Equation 3-4 is as follows. Starting from Equation 3-3, the effective field Heff experienced by the perpendicular Co magnetization is obtained by: 𝐸 Co = 𝐾 sin 2 𝜃 -𝐇 𝑥 ⋅ 𝐦 -𝐶(𝐦 ⋅ 𝐦 NiFe ). (3-6) Here, 𝐦 = sin 𝜃 cos 𝜑 𝐱 + sin 𝜃 sin 𝜑 𝐲 + cos 𝜃 𝐳 represents the unit vector of perpendicular Co magnetization. And 𝐦 NiFe = cos 𝜑 NiFe 𝐱 + sin 𝜑 NiFe 𝐲 denotes the unit vector of in-plane NiFe magnetization. C represents the coupling strength between these two magnetizations. Hence, 𝐸 Co = 𝐾 sin 2 𝜃 -𝐻 𝑥 sin 𝜃 cos 𝜑 -𝐶(sin 𝜃 cos 𝜑 cos 𝜑 NiFe + sin 𝜃 sin 𝜑 sin 𝜑 NiFe ). (3-7)
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 34 Figure 3-4 Optimization of the coupling layer thickness. (a) No Ru interlayer; (b) With 4 nm Ru interlayer.The structural configuration of the main sample is illustrated in Figure3-5(a).

Figure 3 - 5

 35 Figure 3-5 Structure and magnetization of the sample. (a) Element and thickness of each layer. (b) Image of the four-terminal Hall-bar device under a microscopy. (c) Hystereses of the sample film under a magnetic field in x, y and z direction. (d) Dependence of the Hall resistance of the device on a magnetic field in x, y and z direction [298].The measurements are based on micro-size four-terminal Hall-bar devices, as
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 36 Figure 3-6 Perpendicular magnetization switching induced by SHE. (a-b) Measurement setups when the magnetic field is along the +y direction and -y direction, respectively. (c-d) Current dependence of the Hall resistance when the magnetic field sweep from the +y to -y direction and from the -y direction to the +y direction, respectively [298].
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 36 d) reveal that when 𝐻 𝑦 = 0, the polarity of the hysteresis loop is

-7 and Figure 3 - 8 ,Figure 3 - 7 and

 3837 Figure 3-7 and Figure 3-8, it is observed that employing a larger external magnetic field
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 37 Figure 3-7 Perpendicular magnetization switching induced by SHE under 100 Oe magnetic field. Measurements when magnetic field sweep from the +y (-y) to the -y (+y) direction is shown in (a) and (b), respectively.

Figure 3 - 8

 38 Figure 3-8 Perpendicular magnetization switching induced by SHE under 50 Oe magnetic field. Measurements when magnetic field sweep from the +y (-y) to the -y (+y) direction is shown in (a) and (b), respectively.In Figure3-9, when both a current Iy and an external magnetic field Hx are
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 39 Figure 3-9 Perpendicular magnetization switching induced by AHE. (a) Schematic of the measurement setup. (b) Current dependence of the Hall resistance while sweeping the xdirection magnetic field. (c) Dependence of the polarity of the Hall resistance on the xdirection magnetic field. [298].According to the VSM results presented in Figure3-5, the HK of the

Figure 3 -

 3 Figure 3-10 Reproducibility test of the AHE-induced perpendicular magnetization switching. Measurement of the y-direction current induced perpendicular magnetization switching with +8 Oe, 0 Oe and -8 Oe x-direction magnetic field for 10 times are shown in (a), (b) and (c), respectively.

  /IrMn(8)/NiFe(3)/Ru(2)/Pt(1)/Co(1)/Pt(1 nm)switching. The observed switching amplitude is only 10% and 20% compared to Δ𝑅 𝑥𝑦 (𝐼 = 0) = 24 mΩ shown in Figure3-6. This reduced switching amplitude can be attributed to the fact that both Hx and HC are smaller than the DMI field in the Pt/Co/Pt structure[START_REF] Pai | Determination of Spin Torque Efficiencies in Heterostructures with Perpendicular Magnetic Anisotropy[END_REF].

  -11 and Figure3-12), while disappears with 1 nm NiFe sample (Figure3-13 and Figure3-14). This suggests that the AHE torque originates from the bulk NiFe rather than the Ru interface or bulk IrMn.The thicker 5 nm in-plane NiFe provide a strong effective field ensuring the field-free switching, but it lacks good pinning by IrMn. Figure3-11 illustrates, in contrast to the main sample (Figure3-6), the polarity of the SHE-induced field-free switching now determined by the magnetization history. Additionally, the AHE-induced switching is also less clear due to this larger in-plane magnetization (Figure3-12). On one hand, larger Hx is required to title the larger in-plane magnetization. Meanwhile increasing the Hx will titles the perpendicular magnetization towards in-plane direction.

Figure 3 -

 3 Figure 3-11 SHE-induced perpendicular magnetization switching of the sample with 5 nm NiFe. Results of magnetic field sweeping from +y (-y) to the -y (+y) direction is shown in (a) and (b), respectively.

Figure 3 -Figure 3 -

 33 Figure 3-12 AHE-induced perpendicular magnetization switching of the sample with 5 nm NiFe. Results of magnetic field sweeping from the +x (-x) to the -x (+x) direction is shown in (a) and (b), respectively.

Figure 3 -

 3 Figure 3-14 AHE-induced perpendicular magnetization switching of the sample with 1 nm NiFe. Results of magnetic field sweeping from the +x (-x) to the -x (+x) direction is shown in (a) and (b), respectively.
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 34 -3 presents the calculated outcomes of the macrospin model, which can solely offer a qualitative correspondence to the experimental findings depicted in Figure 3-9. The macrospin model lacks the ability to account for factors such as thermal activation, domain nucleation, and domain wall motion, all of which have the potential to decrease the critical current density and enable multistate switching. Conducting more accurate micromagnetic simulations that incorporate all these processes will significantly enhance our comprehension of AHEinduced magnetization switching. The AHE in ferromagnets offers following advantages: (1) No heavy metals such as Pt are required, which reduces manufacture costs. (2) The AHE-induced spin current in magnetic materials allows for the manipulation of its spin polarization through magnetization, which enables the application of more flexible torques and multifunctional devices. (3) The coupling between the free layer and the pinned layer enables the desired field-free perpendicular magnetization switching. In summary, the utilization of ferromagnets as spin sources not only reduce costs but also supports the advancement of field-free perpendicular MRAM technology. Chapter summary This chapter explores the generation of spin current through the AHE and SHE mechanisms in the ferromagnetic material NiFe, and demonstrates field-free perpendicular magnetization switching in a Ta/IrMn/NiFe/Ru/Pt/Co/Pt Type-T crossshaped Hall-bar device. NiFe not only provides in-plane coupling fields, but also serves as the spin source. The polarities SHE-and AHE-induced switching are opposite, allowing for a clear understanding of the existence and contribution of the AHE torque. This research validates the various roles that ferromagnetic materials can play in spin current generation and magnetization switching, laying the foundation for the development of new heavy-metal free SOT-MRAMs and spin logic devices. The experimental procedure is as follows:

4 Effective perpendicular field induced by SOT in a magnetic trilayer 4 . 1

 41 WANG and Wenlong YANG provided assistant during the stack growth. Chenyang GUO, Chi FANG and Mingkun ZHAO helped with the device fabrications. Jing DONG and Yu ZHANG contributes to the transport measurements. Caihua WAN and Xiufeng HAN led and was involved in all aspects of the research. Research background SOT is an essential means to achieve efficient magnetization switching, holding significant implications in the development of high-speed and long-endurance MRAMs.
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 414242142 Figure 4-1 Effective perpendicular fields generated on Néel-type domain walls by SOT. (a) Magnetization orientation without magnetic fields. SHE-induced effective fields cancel out each other, resulting in domain movements. (b) Magnetization orientation with x-direction magnetic field. SHE-induced effective fields are aligned now, resulting in domain expansions [175].This chapter demonstrates, both theoretically and experimentally, the natural

  -1b)Here, A represents the interlayer coupling energy, Mi and Ki denote the saturation magnetization and effective anisotropy of the i-th layer, and θi is the polar angle. The first, second and fourth terms on the left-hand side of Equation 4-1b correspond to the torques induced by the perpendicular magnetic anisotropy field, the in-plane effective field provided by the in-plane layer, and the SOT, respectively. These three terms have been discussed in previous works[START_REF] Liu | Current-Induced Switching of Perpendicularly Magnetized Magnetic Layers Using Spin Torque from the Spin Hall Effect[END_REF]. The third term, proportional to SOT, represents the additional effective perpendicular field provided by the in-plane layer. Equation 4-1a clearly shows that this term originates from the SOT-induced perpendicular component of M2 and the interlayer coupling. The influence of this term on the M1 switching is depicted in Figure 4-2(b-e). With M2 initialized in the +y direction, M1 can achieve field-free switching regardless of whether M1 and M2 experience SOT in the same or opposite directions. Meanwhile the switching polarity 91 depends on the torques involved in the switching process. Comparing Figure 4-2(b,c), when M1 and M2 experience SOT in opposite directions, 𝐻 𝑧1 eff hinders M1 switching, resulting in a higher critical switching current density; while comparing Figure 4-2(d,e), when M1 and M2 experience SOT in the same direction, 𝐻 𝑧1 eff assists M1 switching, leading to a lower critical current density.

Figure 4 - 2

 42 Figure 4-2 Creation of perpendicular effective field in the Type-T magnetic trilayer. (a) Inplane magnetization tilts towards the z-direction under SOT. Perpendicular Co experiences additional effective perpendicular field under interlayer coupling. (b-c) Simulations of the macrospin model when two magnetic layers experience SOTs with the opposite direction; (de) Simulation of the macrospin model when two magnetic layers experience SOTs with the same direction [305].

Figure 4 -

 4 Figure 4-3 illustrates calculation results of M1 switching induced by the perpendicular magnetic field. Calculation parameters used here are 𝐾 1 = 1 , 𝐾 2 ′ = 𝐾 2 + 𝜇 0 𝑀 2 2 = 2, 𝑀 1 = 𝑀 2 = 1, and 𝐴 = -0.7 representing ferromagnetic coupling, and 𝐴 = 0.7 representing antiferromagnetic coupling.
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 43 Figure 4-3 Calculations of the generation efficiency of the effective perpendicular field. Here, no y-direction magnetic fields are applied, and in-plane magnetization is initiated along the +y direction. (a) Switching of perpendicular magnetization by z-direction magnetic field when the current is applied. (b) Efficiency of the current-generated effective perpendicular field [305].

Sample A :

 : SiO2||Pt(5)/Co(1)/Pt(0.6)/Ir(2)/Co(1.8)/W(3)Pt(1 nm) Sample B: SiO2||Pt(5)/Co(1)/Pt(0.6)/W(0.6)/Co(1.8)/Ir(2)/Pt(1 nm) Sample C (control sample): SiO2||Pt(5)/Co(1)/Pt(0.6)/Ir(2)/W(2)/Pt(1 nm). The multilayers are deposited using magnetron sputtering (ULVAC MPS-4000-HC7), with SiO2 substrate. Subsequently, standard UV lithography and argon ion etching are employed to fabricate crossbar devices with a width of 20 μm and a length of 200 μm. Pt(5)/Au(80 nm) electrodes are deposited to connect the terminals of the Hall bars. VSM is used to measure the magnetic hysteresis loops of the multilayers. nm), both perpendicular and in-plane magnetic anisotropy coexist. Next, while maintaining the Type-T magnetic anisotropy, it is necessary to finely adjust the thickness of the intermediate layers to achieve maximum interlayer coupling. Co(1)/Pt(0.6)/Ir(2)/Co(1.8)/W(2)/Pt(1 nm).
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 44 Figure 4-4 Atomic and magnetic structures of the Type-T magnetic multilayers. (a) Brightfield image of stack A. (b) HAADF image of stake A. (c-f) EDS mapping for each elements of stack A. (g) Hystereses of stake A. (h) Hystereses of stake B [305].
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 445 Figure 4-5 Optimization of sample magnetic structures. (a) Determination of the magnetic layers thicknesses. (b) Adjustment of the middle layers thicknesses. Notice that the Type-T magnetic anisotropy is preserved during these two optimization processes [305].

Figure 4 - 6

 46 Figure 4-6 SOT-induced perpendicular magnetization switching in sample A, B and C [305].

Figure 4 - 7

 47 Figure 4-7 SOT-induced perpendicular magnetization switching in sample A and B. Current-induced changes of the Hall resistance of sample A and B under the y-direction magnetic field is shown in (a) and (b), respectively. Magnetic field dependence of changes of the Hall resistance of sample A and B is shown in (c) and (d), respectively. Clockwise switching is noted as negative and counterclockwise switching is noted as positive [305].

Figure 4 -

 4 8(b) presents the parabolic dependence of the average coercive field 𝐻 c ≡ (𝐻 c1 -𝐻 c2 )/2 on Iy and the linear dependence of the horizontal shift of the hysteresis loop 𝐻 𝑧 eff on Iy, indicating that the effective perpendicular field is generated by SOT. By calculating the slope of 𝐻 𝑧 eff -𝐼 𝑦 , the efficiency χ of generating the effective perpendicular field by SOT can be obtained. The dependence of χ on Hy in samples A, B, and C is summarized in Figure 4-8(c-e).
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 48 Figure 4-8 Measurements of the effective perpendicular field in A and B. (a) Perpendicular magnetization switching of sample A by the perpendicular magnetic field while applying currents and a 300 Oe y-direction field. (b) Currents dependence of the Hall resistance shift and the demagnetization field of sample A when the y-direction field is 300 Oe. (c-e) The ydirection field dependence of the current-induced effective perpendicular field efficiency of sample A, B and C, respectively. (f-h) Simulation of the current-induced effective perpendicular field efficiency in different scenarios [305].

For

  samples A and B, χ depends on the history of Hy and exhibits a 𝜒 -𝐻 𝑦 hysteresis loop. Comparing the loops of samples A and C, χA is significantly greater than χC when 𝐻 𝑦 < 100 Oe . When comparing samples A and B, the loops have opposite polarities at zero field due to the antiferromagnetic coupling between the two magnetic layers in sample B. To perform a quantitative analysis, χ can be divided into two components, namely χz and χDMI, representing the contributions from the SOT mechanism and the domain wall DMI mechanism, respectively. When 𝐻 𝑦 = ±10 Oe, the SOT switching in sample A disappears, which means that when 𝐻 𝑦 = 0, the inplane effective field 𝐻 𝑦1 eff experienced by the perpendicular Co is approximately ±10 Oe. In the control sample C, only χDMI exists. Both sample A and sample C have the same Pt/Co/Pt perpendicular segment. Therefore, the χDMI at 𝐻 𝑦 = 0 in sample A is equal to the 𝜒 DMI = 0.15 and -0.13 Oe 10 10 ⁄ Am -2 when 𝐻 𝑦 = ±10 Oe in sample C. Both values are much smaller than the total 𝜒 = 2.1 and -0.28 Oe 10 10 ⁄ Am -2 at 𝐻 𝑦 = 0 in sample A. This confirms that the SOT mechanism 𝜒 𝑧 = 𝜒 -𝜒 DMI = 1.95 and -0.15 Oe 10 10 ⁄ Am -2 dominants the generation of effective perpendicular field. Furthermore, when 𝐻 𝑦 = 0, the signs of χz and χDMI in sample A are the same, demonstrating that when both magnetic layers experience SOTs in the same direction, the two mechanisms cooperate to enhance the switching efficiency. For sample B, the in-plane effective field 𝐻 𝑦1 eff experienced by the 105 perpendicular Co layer is approximately ±50 Oe. The χDMI at 𝐻 𝑦 = 0 in sample B is equal to the 𝜒 DMI = -0.71 and 0.66 Oe 10 10 ⁄ Am -2 at 𝐻 𝑦 = ∓50 Oe in sample C.
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 4 Figure 4-8(f-h) present the χ-Hy dependencies calculated based on Equation 4-

109 5 Sign-changeable TMR effect in magnetic tunnel junctions 5 . 1

 10951 comparing sample A, where the perpendicular and in-plane magnetizations experience the same direction SOT, with sample B, where they experience opposite directions SOT, and with sample C, which lacks an in-plane magnetic layer, the contribution of SOTdriven in-plane magnetization tilt to the generation of effective perpendicular field is distinguished. The results are further compared with the macrospin simulation, providing additional confirmation of the existence of SOT-induced effective perpendicular field. This chapter of work is conducted with several colleges and their contributions are as follows: I grew the stacks, fabricated the devices, conducted magneto transport measurements, constructed the macrospin model and analyzed all the results. Jing DONG provided assistant during the stack growth. Chenyang GUO and Mingkun ZHAO helped with the device fabrications. Xiao WANG, Yu ZHANG and Guoqiang YU contributes to the transport measurements. Caihua WAN and Xiufeng HAN led and were involved in all aspects of the research.5 Sign-changeable TMR effect in magnetic tunnel junctions Research background
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 51 Figure 5-1 Tunnel magnetoresistance effect in MFTJ. There are four nonvolatile states in the Co/PZT/LSMO MFTJ since the TER and TMR effects are coupled in this system [90].

  ) substrate||MgO(10 nm)/Fe(45 nm)/MgAlOx(3 monolayers, MLs)/Fe(7 nm)/MgAlOx(12 MLs)/Fe4N(3 nm)/Co(20 nm)/Au(10 nm) was deposited in a MBE system with a base pressure better than 1×10 - 10 torr. Firstly, the substrate was annealed at 700°C for 60 mins and 10 nm MgO seed layer was deposited. Then the first Fe layer was deposited at RT by e-beam evaporation and annealed in situ at 600°C for 30 mins to smooth the surface. The first 3 MLs (0.6 nm) thick MgAlOx barrier was grown at about 70°C and the growth process was monitored by RHEED (Figure5-2). Two-dimensional layer-by-layer growth of MgAlOx was observed by RHEED intensity oscillation. The second 7 nm thick Fe layer was deposited at about 70°C and annealed in situ at 500°C for 20 mins follow by a second deposition of 12 MLs (2.5 nm) thick MgAlOx barrier. For the growth of Fe4N films, the Fe source was heated to 1250°C by Knudesen cell, and the substrate temperature was kept at 400°C; the nitrogen partial pressure in the chamber was set at 2×10 -5 torr. The plasma cracker source (electron cyclotron resonance source) was used with the following characteristics: 𝑉 anode = 400 V, 𝑉 extractor = -200 V, 𝐼 magnetron = 40 mA. Finally, 20 nm Co layer was deposited above the Fe4N to enhance the coercivity and 10 nm Au was used to prevent the films from oxidation. Another MTJ stack with MgO barrier consisting of MgO(001)||MgO(10 nm)/Fe(45 nm)/MgO(12 monolayer)/Fe4N(3 nm)/Co(20 nm)/Au(10 nm) was also deposited through a similar procedure (Figure5-3). More detailed MTJ growth conditions can be found elsewhere[START_REF] Tao | Long-Range Phase Coherence in Double-Barrier Magnetic Tunnel Junctions with a Large Thick Metallic Quantum Well[END_REF][START_REF] Tao | Coherent Resonant Tunneling through Double Metallic Quantum Well States[END_REF][START_REF] Lu | Spin-Orbit Coupling Effect by Minority Interface Resonance States in Single-Crystal Magnetic Tunnel Junctions[END_REF].
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 52 Figure 5-2 RHEED patterns of the MgAlOx Fe4N MTJ. Electron beam is injected along the [100] and [110] direction of the MgO substrate.
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 53522 Figure 5-3 RHEED patterns of the MgO Fe4N MTJ. Electron beam is injected along the [100] and [110] direction of the MgO substrate.

Figure 5 -

 5 Figure 5-4(a-b) shows the HAADF images for MgAlOx MTJ in a large and
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 54 Figure 5-4 Atomic structures and chemical maps of the MgAlOx Fe4N MTJ. The STEM-HAADF images with different resolutions are shown in (a) and (b); The normalized elements density profile and elements maps extracted from STEM-EELS are shown in (c) and (d-i).

Figure 5 -

 5 Figure 5-4(d-i) shows semi-quantitative chemical maps drawn by processing the
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 55 Figure 5-5 Atomic structures and chemical maps of the MgO Fe4N MTJ. The STEM-HAADF images with different resolutions are shown in (a) and (b); The normalized elements density profile and elements maps extracted from STEM-EELS are shown in (c) and (d-h).
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 11723 changeable TMR effect in magnetic tunnel junctions Transport measurements The multilayers were patterned into junctions with the area size varying from 20×20 μm 2 (MgO junctions) to 30×30 μm 2 (MgAlOx junctions) by standard ultraviolet lithography combined with Ar ion etching. The transport measurements were carried out in a cryostat (cooled by liquid Helium) with electrical magnets. A Keithley 2450 was used to apply the bias voltage to the MTJ and probe the current accordingly. The magneto-transport measurements have been performed by a dc two-probe configuration, where the negative bias corresponds to the electrons tunneling from the top to bottom electrode (Figure 5-6(a)).

Figure 5 - 6

 56 Figure 5-6 TMR measurement results of the MgAlOx Fe4N MTJ. (a) Schematic of the measurement setup. (b-c) TMR curves measured at RT and 10 K for bias voltage V=+0.45 V and -0.60 V, respectively. (d) Voltage dependence of TMR ratios of Fe4N MTJs with MgAlOx and MgO barrier at 10 K. (e) Temperature dependence of the P and AP state resistance when V=+0.45 V and -0.60 V. (f) Temperature dependence of the TMR ratios when V=+0.45 V and -0.60 V.

Figure 5 -

 5 Figure 5-6(b-c) shows the TMR curves measured at RT and 10K for bias voltage

Figure 5 -

 5 6(e) shows the resistance in P and AP states as a function of temperature for V=+0.45V and V=-0.6V. The corresponding variation of TMR as a function of temperature is shown in Figure5-6(f).

Figure 5 - 6 (d) and Figure 5 - 7 .

 5657 It is clearly that TMR changes its sign at about -0.2V. Below this voltage, TMR almost keeps constant at positive TMR around +5%. Above -0.2V, the TMR becomes negative and the value varies a lot with a maximum at +0.5V. For comparison, we have also plotted the TMR values from a Fe/MgO/Fe4N MTJ, as illustrated in Figure5-6(d) and Figure 5-8. Both samples show the same trend of TMR sign change, but the negative TMR ratio of MTJ with MgO barrier is only half of that of MTJ with MgAlOx barrier. The superior performance of MgAlOx based MTJ could be attributed to the better lattice mismatch between Fe4N/MgAlOx as well as less N diffusion inside the barrier which have been observed in STEM characterizations.
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 57 Figure 5-7 R-H measurements of the MgAlOx Fe4N MTJ under different bias at 10 K. Results with negative bias and positive bias are shown in (a) and (b), respectively.
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 58 Figure 5-8 R-H measurements of the MgO Fe4N MTJ under different bias at 10 K. Results with negative bias and positive bias are shown in (a) and (b), respectively.

Figure 5 -

 5 9(d) displays the bias dependence of TMR deduced by the I-V curves (𝑅 = 𝑉/𝐼) at different temperatures, showing a good agreement with the bias dependent TMR ratios measured directly from the R-H curves in Figure 5-6(d).
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 559 Figure 5-9 Bias dependence of the differential conductance dI/dV of the MgAlOx Fe4N MTJ. (a-b) Bias dependence of normalized dI/dV at different temperatures when the Fe4N MTJ is in the P and AP state, respectively. (c) Bias dependence of normalized dI/dV for both states measured at 10 K. (d) Bias dependence of the TMR ratio at different temperatures deduced by the I-V measurements.

Figure 5 -

 5 Figure 5-10 TMR measurements of the MgO Fe4N MTJ at different temperatures. Magnetic field dependences of the resistance when the bias voltage is -0.45 V and +0.30 V are shown in (a) and (b), respectively. (c) Temperature dependences of the TMR ratio when the bias voltage is -0.45 V and +0.30 V. Bias voltage V dependences of normalized differential conductance when the MTJ is in parallel state and antiparallel state are shown in (d) and (e). (f) Bias voltage dependences of TMR ratio summarized from I-V measurement.
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 511 Figure 5-11 Ab initio calculations of bulk Fe and Fe4N. (a) Symmetry and spin-resolved band structures of bulk Fe and Fe4N along the transport direction (Γ-X). (b-e) Symmetry and spin-resolved DOS of bulk Fe and Fe4N as a function of the energy. Dash lines represent tunneling channels.

Figure 5 -

 5 Figure 5-11(b-c) show the tunneling under positive bias through Δ1 and Δ5 bands,
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 31271 First-principles calculations are performed to obtain the symmetrydependent band structure and DOS of Fe and Fe4N near the Fermi level. The changes in conductance are explained by analyzing the variation of the tunneling channels under different bias voltage, thereby elucidating the mechanism behind this sign-changeable TMR effect. This chapter of work is conducted with several colleagues and their contributions are as follows: I grew the stacks, fabricated the devices, conducted magneto transport measurements and analyzed all the results. Yu ZHU and Yu YAN conducted the ab initio calculations. Pambiang Abel DAINONE optimized the growth condition of Fe4N. Tongxin CHEN helped with the transport measurements and analysis of STEM results. Xavier DEVAUX conducted the STEM measurements. Sylvie MIGOT and Pambiang Abel DAINONE performed the FIB milling to provide the thin lamellas for STEM. Gwladys LENGAIGNE provided help during the device fabrication. Caihua WAN and Michel VERGNAT engaged with the data analyze. Yuan LU and Xiufeng HAN led and was involved in all aspects of the research. Impact of interfacial structural and chemical disorders on the resonant oscillation in QW based MTJs 6.Research background Double barrier MTJs (DMTJs), featuring additional metallic or insulating barrier compared to the standard MTJ structure, allows the formation of quantum well (QW) between these two barriers and enables the resonant tunneling of electrons if the energy of injected electrons matches the discrete QW energy levels. As shown in Figure 6-1, the discrete QW states established between two insulating layers enable a resonant tunneling of Δ1 electrons when the Fermi level of the top electrode aligns with the QW states, which leads to a sizable oscillation of conductance when varying the bias voltage.
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 61 Figure 6-1 Resonant oscillation of conductance in the QW MTJ [56].
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 62 Figure 6-2 Schematics of samples' structure. (a-f) represents the structure of Sample A-F, respectively.

Figure 6 -

 6 3 and Figure 6-4, patterns and intensity oscillation obtained during the growth of the first 4 MLs Co, 12 MLs MgAlOx and second 4 MLs Co for Sample D. One can observe strong oscillations during the growth of the bottom Co (Figure 6-3(a)) and the middle MgAlOx, (Figure 6-3(b)) indicating a desired two-dimensional layer-by-layer growth mode. The bright streaks and Kikuchi lines observed in the RHEED patterns further confirms their good epitaxial growth. In contrast, the upper Co grown on the MgAlOx is no longer layer-by-layer due to the wetting property of metal on oxide. The spot pattern observed in Figure 6-3(c) indicates that the growth of Co on MgAlOx follows a 3D mode and the Co surface becomes very rough. After deposition of top Fe and following in-situ annealing, the surface roughness becomes smooth again (Figure 6-4).
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 6 Figure 6-5 shows the RHEED patterns and intensity oscillation obtained during the
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 63133 Figure 6-3 RHEED patterns of Sample D in different growth steps. RHEED intensity and patterns of (a) 4 MLs Co, (b) 12 MLs MgAlOx and (c) 4 MLs Co along [100] and [110] azimuths of MgO substrate, respectively.
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 66622 Figure 6-6 RHEED patterns of the control stack in different growth steps along the [100] azimuth of MgO substrate.

Figure 6 -

 6 7(a) shows the HAADF images for Sample D in a large and magnified scale, in which artificial colors are added to improve the readability. Sharp interfaces between the Co (in grey and orange contrast) and MgAlOx (in black and blue contrast) can be observed. Two MgAlOx barriers are flat and continuous, indicating a high quality of the stack structure. The magnified images further prove the epitaxial growth characters with well-aligned atomic arrays between Fe, MgAlOx and Co layers. In Figure 6-7(a), no structural disorder can be found at the top and bottom QW/barrier interfaces after Co insertion.

FeFigure 6 - 7

 67 Figure 6-7 Interfacial structures and chemical maps of MTJ stacks. STEM-HAADF images of Sample D with different scales are shown in (a). Artificial colors are added to improve the readability. The Co map and elements density profiles extracted from STEM-EELS of Samples D and E are shown in (b) and (c), respectively.

Figure 6 -

 6 Figure 6-7(b,c) presents semi-quantitative chemical maps drawn by processing the
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 137166 Figure 6-11 Bias dependence of differential conductance dI/dV and secondary differential conductance d 2 I/dV 2 of samples with outer insertion. Bias dependence of normalized dI/dV (divided by GP(0 V, 10 K)) at LT of Samples A, B and C are shown in (a-c), respectively. Bias dependence of normalized d 2 I/dV 2 at LT of Samples A, B and C are shown in (d-f), respectively. Insets in (a-c) show the TMR curves measured at LT and RT of corresponding samples.
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 6139613 Figure 6-13 Bias dependence of d 2 I/dV 2 of MTJs fabricated on the same control stack. TMR curves measured at LT and RT of MTJs with and without Co insertion are shown in (a) and (b), respectively. The corresponding bias dependence of normalized d 2 I/dV 2 in P state are shown in (c).
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 6 Figure 6-12(a,b), it is found that the TMR ratios of Sample D and E with Co insertion

Figure 6 -

 6 12(d,e), for Samples D and E, the inner Co insertion has largely reduced the oscillation amplitude by half in the P and AP state, while the insertion thickness is less relevant. The decrease of oscillation amplitude demonstrates that the chemical disorder (Figure6-7(b,c)) introduced inside the QW has a negative impact on the sharpness of the QW states. Notably, a fine structure of the resonate oscillation of Sample E can be observed, as shown in Figure6-14(d). The small steps feature in the oscillation are confirmed by repeated measurements that we will discuss later.Surprisingly, when we grow additional 2 MLs of Fe on the top of Fe QW, which introduce no chemical disorder, no oscillation can be observed anymore. This indicates that the structural disorder introduced by the growth of Fe (2 MLs) is so profound that eliminates all oscillation completely. Notably, during the growth of Samples D-F, the post annealing temperature after the growth of top Co is 250℃, which is enough to smooth Co layer and obtain high-quality Co/MgAlOx interface (Figure6-7(a))[START_REF] Yuasa | Giant Tunneling Magnetoresistance up to 410% at Room Temperature in Fully Epitaxial Co/MgO/Co Magnetic Tunnel Junctions with Bcc Co(001) Electrodes[END_REF].

Figure 6 -

 6 Figure 6-14(a,b) show the calculated s-resolved partial DOS of Co and Fe at the

Figure 6 -

 6 Figure 6-14 QW states formed in Fe and Fe/Co. (a-b) s-resolved partial DOS at the 𝚪 ̅ point for central Fe and interface Co in the QW of MgO/Fe/Co/MgO. (c) s-resolved partial DOS at the 𝚪 ̅ point for central Fe in the QW of MgO/Fe/MgO. In both cases the total thickness of ferromagnetic layer is 47 ML. (d) Fine structure of dI/dV of Sample E. The sub-steps are shown by the arrows. (e) Schematics of the DOS distribution with two set of QW states in QW MTJ with both Fe and Co at the QW/barrier interface.

Fe 12 :

 12 perpendicular to the interface, d is the QW thickness, and Φ 1 = Φ 2 = 2 sin -1 √(𝐸 -𝐸 𝐿 )/(𝐸 𝑈 -𝐸 𝐿 ) -𝜋 is the reflection phase shift at the two Fe(Co)/MgAlOx interfaces. Furthermore, m * is the effective mass of the majority Δ1 electron in Fe, while EL and EU are the energies of the lower and upper edges of the barrier band gap. Here, we set 𝐸 L = -1.0 eV and 𝐸 U = -1.0 eV similar to the middle in the Oxygen line Fe 35 : middle in the Mg line b DOS (States/eV) E-E F (eV) Fe 36 ↑ Fe 36 ↓ Fe 12 ↑ Fe 12 ↓ Fe 36 : middle in the Mg line Fe 12 : middle in the Oxygen line c
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 771 distribution of <Φinf>. As shown in the ab initio calculation, the QWs with and without Co insertion have different energy positions, which can effectively generate a spatial distribution of <Φinf> if the chemical disorder exists at the interface. From STEM-EELS analysis, it is clear that different Co layer insertion results in a CoFe alloy layer with different concentration at the interface. Interesting, Sample E with 2 MLs Co insertion has a different shape of the oscillation peak than that of Sample D with 4 MLs Co insertion. In Figure 6-14(d), the small steps feature (indicated by the black arrows) implies that there are several sets of QW states mixed in the tunneling conductance. As schematically shown in Figure 6-14(e), with a large distribution of <Φinf> induced by the chemical disorder at the interface, the QW energy position will also have a large distribution within the same QW index at different spatial locations. As a consequence, this smears the contrast of the current intensity as a function of bias and gives rise to the decrease of QW oscillation amplitude. Compared to chemical disorder, the interface structure disorder will not only introduce a large <Φinf>, but also effectively modify the QW thickness d, which is more detrimental to conserve the phase coherence for resonant oscillation.It is found that the TMR in our QW MTJ with Co insertion is much smaller than the normal MTJ with Co insertion[START_REF] Yuasa | Giant Tunneling Magnetoresistance up to 410% at Room Temperature in Fully Epitaxial Co/MgO/Co Magnetic Tunnel Junctions with Bcc Co(001) Electrodes[END_REF]. There are two possible reasons. Firstly, the annealing of top electrode is at 250℃ for QW MTJ in order to avoid creating large 145 Xiufeng HAN led and was involved in all aspects of the research. Conclusion of the dissertation Magnetic materials serve as vital carriers for non-volatile storage. Manipulating and detecting the magnetization orientations in these materials through electrical means are crucial for the development of the next generation of in-memory computing technologies. In this dissertation, a series of investigations are conducted, focusing on current-driven magnetization switching and current detection of magnetization orientation. The summarized research findings are as follows:

( 4 )

 4 enabling the perpendicular ferromagnetic layer to simultaneously experience the inplane effective field and an additional perpendicular effective field provided by the inplane ferromagnetic layer. The former allows for field-free switching of the perpendicular magnetization, while the latter can assist in the switching and reduce the critical switching current density. The model reveals that when both the in-plane ferromagnetic layer and the perpendicular ferromagnetic layer experience spin currents with the same polarization direction, the perpendicular effective field assists the switching. Conversely, when the two layers sense spin currents with opposite polarization directions, the perpendicular effective field impedes the switching. In the experiments, Sample A: SiO2||Pt/Co/Pt/Ir/Co/W/Pt, Sample B: SiO2||Pt/Co/Pt/W/Co/Ir/Pt, and control Sample C: SiO2||Pt/Co/Pt/Ir/W/Pt are grown by magnetron sputtering, and the efficiency of current-induced perpendicular effective field is measured by observing the horizontal shift of the field-driven perpendicular magnetization switching hysteresis loop. This research demonstrates that in Type-T magnetic multilayers, by employing appropriate designs, it is possible to utilize effective perpendicular fields for field-free perpendicular magnetization switching and further reduce the critical switching current density. (3) A series of high-quality Fe4N MTJs are grown using MBE, and experimental observations reveal voltage-induced changes in the amplitude and sign of TMR ratio. Positive bias voltage leads to negative TMR ratios, while negative bias voltage leads to positive TMR ratios. By comparing the MgO barrier with the MgAlOx barrier, it is found that the MgAlOx barrier exhibits superior capability in suppressing N atom impurities, resulting in higher TMR ratios. Due to the high crystal quality and low interfacial roughness, a quantum well is formed between the double MgAlOx barriers, and oscillations in differential conductance are observed. MTJs with changeable TMR sign hold significant importance in constructing spin logic circuits, and this research lays the groundwork for further advancements in spin logic. Two serials of epitaxial Fe/MgAlOx/Fe/MgAlOx/Fe DMTJs with Co insertion out of the QW or inside the QW are grown by MBE. And we found that the chemical and structural disorders within the QW have great impact on the QW states.The oscillation amplitude is determined by the sharpness of the QW states rather than the DOS of outer electrode. The chemical disorder introduced inside the QW greatly decrease the oscillation amplitude while the structural disorder completely eliminates all the oscillation. Additionally, a fine structure of resonant oscillation is observed, which further highlights the influence of chemical disorder on the oscillation amplitude.This investigation systematically analyses the dependence resonant oscillation amplitude on the interface, and paves ways for the development of new spintronics devices with both high oscillation amplitude and high TMR ratio.
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 2 Furfure research outlookThis dissertation focuses on current-driven magnetization switching and current detection of magnetization orientation, which correspond to the write and read aspects of MRAM. The GMR and TMR effects enable the characterization of magnetization orientation through electrical currents, while STT and SOT allow for the manipulation of it through electrical currents. The combination of these two approaches has made the development of MRAM possible, and further advancements in MRAM will undoubtedly rely on progress in these two areas.Currently, the room temperature TMR ratio of MTJs typically ranges from 100% to 200%. However, the on-off ratio still needs to be further improved compared to resistive or phase-change memories. Exploring new materials with higher spin polarization or even searching for new magneto-resistive mechanisms will enhance the advantages of MRAM. On the other hand, voltage-controlled TMR effect or the development of MFTJs will provide more degrees of freedom for MTJs, facilitating the development of spin logic devices with more functionalities.Compared to STT, SOT offers advantages such as read-write separation and barrier protection. However, additional design considerations are needed to switch the perpendicular magnetization. Searching for materials with low in-plane symmetry will further simplify the multilayer structure, enabling large-scale production. Additionally, the efficiency of SOT still needs to be improved to reduce the critical switching current density. Research on new materials such as ferromagnetic materials, two-dimensional materials, topological insulators, as well as new mechanisms such as orbital Hall effect, holds the promise of addressing these issues and significantly advancing the development of spintronics. Spintronics devices also possess unique advantages in the development of novel computing modes. By reducing the barrier height of MTJs, probability-adjustable random number generators can be obtained, and probability computing networks can be constructed accordingly. Magnetic domains and domain walls exist in Hall-bar devices, enabling multi-state storage in single device and also cascaded logic operations. Spin nano-oscillators exhibit rich nonlinear outputs and memory effects, finding wide applications in neural networks. Further exploration of the advantages of spintronics devices and the identification of suitable computing modes will drive the integration of spintronics with emerging paradigms such as neural networks and probabilistic computing. gratitude to Prof. Hervé RINNERT and Prof. Mathieu STOFFEL for their assistance throughout our daily work. Thanks to Prof. Hongxin YANG for his support in firstprinciples calculations. Special thanks go to Prof. Xavier DEVAUX for his invaluable help and meticulous analysis of the STEM measurements, and to Prof. Sylvie MIGOT for her support during the preparation of STEM samples. I am also indebted to Engineer Gwladys LENGAIGNE and Laurent BADIE for their careful training in nanofabrication, as well as to Engineer Ludovic PASQUIER and Claudia DE MELO SACHEZ for their assistance during the thin-film deposition. I would like to acknowledge the insightful discussions with Prof. Jeanmarie GEORGE and Prof. Henri JAFFRES from CNRS-Thales. Furthermore, I extend my appreciation to Miss Juliette BARBAT, Miss Christine SARTORI and Mr. Georges BILLANT for their help with visa applications, enrollment and dissertation defense. I would like to express my gratitude to everyone in Prof. LU's team, whose collaboration and support have been invaluable. Special thanks go to Dr. Tongxin CHEN for his assistance in both work and daily life, and to Dr. Priyanka TYAGI and Mr. Pambiang Abel DAINONE for their insightful discussions. I extend my thanks to everyone who has worked or studied in Prof. HAN's group, including Prof. Guoqiang YU, A. Prof. Caihua WAN, Dr. Leina Jiang, Dr. Hongjun XU, Dr. Jinwu WEI, Engineer Lin YIN, and A. Prof. Jiafeng FENG, as well as, for their invaluable support. I am also grateful to Dr. Xiao WANG, Dr. Chi FANG, and Dr. Chenyang GUO for their care and assistance. Additionally, I would like to acknowledge the long-standing collaboration with Mr. Yu ZHANG, Mr. Jing DONG, Mr. Mingkun ZHAO, Mr. Yu ZHU, and Mr. Chen CHENG over the past five years. Special thanks go to my father, Mr. Ximin MA, and my mother, Mrs. Lizhi ZHANG. Your unwavering love and encouragement have been a constant source of
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  𝐦 Co × 𝐇 eff + 𝐦 Co × 𝛔 SHE × 𝐦 Co + 𝐦 Co × 𝛔 AHE × 𝐦 Co = 0. (3-3) After simplification and rearrangement, it can be written as 𝐻 K sin 𝜃 cos 𝜃 -sin 𝜑 (𝐻 C sin 𝜑 NiFe cos 𝜃 + 𝜎 SHE + 𝜎 AHE cos 2 𝜑 NiFe )cos 𝜑 [(𝐻 𝑥 + 𝐻 C cos 𝜑 NiFe ) cos 𝜃 -𝜎 AHE cos 𝜑 NiFe sin 𝜑 NiFe ] = 0, (3-4a) sin 𝜑 [-(𝐻 𝑥 + 𝐻 C cos 𝜑 NiFe ) + 𝜎 AHE cos 𝜑 NiFe sin 𝜑 NiFe cos 𝜃] + cos 𝜑 [𝐻 C sin 𝜑 NiFe + (𝜎 SHE + 𝜎 AHE cos 2 𝜑 NiFe ) cos 𝜃] = 0. (3-4b) Notably, if 𝐻 𝑥 = 0 and 𝜑 NiFe = 270° , the AHE effect becomes negligible, leading to 𝜎 AHE = 0. In this case, the torque balance equation restricts mCo to the yz plane, i.e., 𝜑 = 90°. Consequently, Equation 3-4 simplifies to Equation 3-2. When 𝐻 C ≪ |𝐻 𝑥 | ≪ 𝐻 EB , cos 𝜑 NiFe ≈ 𝐻 𝑥 /𝐻 EB , and sin 𝜑 NiFe ≈ -1 .

Therefore, Equation 3-4 can be further simplified as: 𝐻 K sin 𝜃 cos 𝜃 + sin 𝜑 (𝐻 C cos 𝜃 -𝜎 SHE )cos 𝜑 (𝐻 𝑥 cos 𝜃 + 𝜎 AHE 𝐻 𝑥 𝐻 EB

  𝜃 + sin 2 𝜃 sin 2 𝜑)𝜎 𝑥 -sin2 𝜃 sin 𝜑 cos 𝜑 𝜎 𝑦 -sin 2 𝜃 sin 𝜑 cos 𝜑 𝜎 𝑥 + (cos 2 𝜃 + sin 2 𝜃 cos 2 𝜑)𝜎 𝑦 -sin 𝜃 cos 𝜑 cos 𝜃 𝜎 𝑥 -cos 𝜃 sin 𝜃 sin 𝜑 𝜎 𝑦 cos 𝜃 𝜎 𝑥 -cos 𝜃 sin 𝜑 𝜎 𝑦 = -(𝐻 𝑥 + 𝐻 C cos 𝜑 NiFe ) sin 𝜑 + 𝐻 C sin 𝜑 NiFe cos 𝜑 . (3-25b) Substituting the σx and σy from Equation 3-13, Equation 3-4 is obtained. 𝐻 𝑥 + 𝐻 C cos 𝜑 NiFe ) sin 𝜃 cos 𝜑] -𝐻 C sin 𝜑 NiFe sin 𝜃 sin 𝜑}d𝜃 + {-(𝐻 𝑥 + 𝐻 C cos 𝜑 NiFe ) cos 𝜃 sin 𝜑 + 𝜂𝜎 sin 𝜑 cos 𝜑 NiFe sin 𝜑 NiFe + 𝐻 C sin 𝜑 NiFe cos 𝜃 cos 𝜑 + (1 + 𝜂 cos 2 𝜑 NiFe ) cos 𝜑 𝜎}d𝜑 +

	𝐻 𝜑 = -	𝜕𝐸 Co sin 𝜃 𝜕𝜑	= -(𝐻 𝑥 + 𝐻 C cos 𝜑 NiFe ) sin 𝜑 + 𝐻 C sin 𝜑 NiFe cos 𝜑 . -𝐻 𝜃 sin 𝜑 -𝐻 𝜑 cos 𝜑 cos 𝜃 [ 𝐻 𝜃 cos 𝜑 -𝐻 𝜑 sin 𝜑 cos 𝜃 ] .	(3-10) (3-17)
	Next, 𝛔 = 𝛔 SHE + 𝛔 AHE , and	𝐻 𝜑 sin 𝜃
	𝛔 SHE = 𝜎 SHE 𝐱, When the equilibrium position is arrived, 𝜕𝐦 𝜕𝑡 ⁄ = 0. Therefore,	(3-11)
	𝛔 AHE = sin ( To determine the m orientation for a given σ, it is essential to numerically solve 0 = -𝛾𝐦 × 𝐇 eff + 𝐦 × 𝛔 × 𝐦, (3-18) 𝜋 4 -(2𝜋 -𝜑 NiFe )) 𝜎 AHE 𝐦 NiFe = cos 𝜑 NiFe 𝜎 AHE 𝐦 NiFe = -𝐻 𝜃 sin 𝜑 -𝐻 𝜑 cos 𝜑 cos 𝜃 Equation 3-4. We can reformulate Equation 3-4 in its differential form while
	𝜎 AHE cos 2 𝜑 NiFe 𝐱 + 𝜎 AHE cos 𝜑 NiFe sin 𝜑 NiFe 𝐲, 0 = -𝛾 [ 𝐻 𝜃 cos 𝜑 -𝐻 𝜑 sin 𝜑 cos 𝜃 𝐻 𝜑 sin 𝜃 ] + considering that 𝜎 SHE = 𝜎 and 𝜎 AHE = 𝜂𝜎 SHE = 𝜂𝜎 . Consequently, the rewritten (3-12)
	𝛔 = 𝜎 𝑥 𝐱 + 𝜎 𝑦 𝐲 = (𝜎 SHE + 𝜎 AHE cos 2 𝜑 𝑁𝑖𝐹𝑒 )𝐱 + 𝜎 AHE cos 𝜑 NiFe sin 𝜑 NiFe 𝐲. [ equation becomes: (cos 2 ] . {-𝐻 K cos 2𝜃 -[(	(3-13) (3-19)
	Since the field-like torque is neglectable in the Pt/Co system, the LLGS equation
	is:				
			𝜕𝐦 𝜕𝑡	= -𝛾𝐦 × 𝐇 eff + 𝛼𝐦 ×	𝜕𝐦 𝜕𝑡	+ 𝐦 × 𝛔 × 𝐦.	(3-14)
	Each term is given by: Therefore,
			𝑖 ℎ 𝜑 ≡ 𝛾𝐻 𝜑 = -cos 𝜑 cos 𝜃 𝜎 𝑥 -cos 𝜃 sin 𝜑 𝜎 𝑦 . 𝑗 𝑘	(3-21)
	𝐦 × 𝛔 = | sin 𝜃 cos 𝜑 sin 𝜃 sin 𝜑 cos 𝜃 𝜎 𝑥 𝜎 𝑦 0 Substituting it into the first equation of Equation set 3-19, | =
	-cos 𝜃 𝜎 𝑦 𝛾𝐻 𝜃 sin 𝜑 + (-cos 𝜑 cos 𝜃 𝜎 𝑥 -cos 𝜃 sin 𝜑 𝜎 𝑦 ) cos 𝜑 cos 𝜃 +
		[ (cos 2 𝜃 + sin 2 𝜃 sin 2 𝜑)𝜎 𝑥 -sin 2 𝜃 sin 𝜑 cos 𝜑 𝜎 𝑦 = 0. cos 𝜃 𝜎 𝑥 sin 𝜃 cos 𝜑 𝜎 𝑦 -sin 𝜃 sin 𝜑 𝜎 𝑥 ] ,	(3-15) (3-22)
	𝑖 Simplify it, we have:	𝑗	𝑘
	𝐦 × 𝛔 × 𝐦 = | sin 𝜃 cos 𝜑 sin 𝜃 sin 𝜑 -cos 𝜃 𝜎 𝑦 cos 𝜃 𝜎 𝑥 sin 𝜑 (𝛾𝐻 𝜃 + sin 𝜑 𝜎 𝑥 -cos 𝜑 𝜎 𝑦 ) = 0. sin 𝜃 cos 𝜑 𝜎 𝑦 -sin 𝜃 sin 𝜑 𝜎 𝑥 cos 𝜃	| = (3-23)
	Hence,	2𝐾 sin 𝜃 cos 𝜃 + 𝐻 𝑥 cos 𝜃 cos 𝜑 + (cos 2 𝜃 + sin 2 𝜃 sin 2 𝜑)𝜎 𝑥 -sin 2 𝜃 sin 𝜑 cos 𝜑 𝜎 𝑦
		[	𝐶(cos 𝜃 cos 𝜑 cos 𝜑 NiFe + cos 𝜃 sin 𝜑 sin 𝜑 NiFe ). -sin 2 𝜃 sin 𝜑 cos 𝜑 𝜎 𝑥 + (cos 2 𝜃 + sin 2 𝜃 cos 2 𝜑)𝜎 𝑦 -sin 𝜃 cos 𝜑 cos 𝜃 𝜎 𝑥 -cos 𝜃 sin 𝜃 sin 𝜑 𝜎 𝑦 ℎ 𝜃 ≡ 𝛾𝐻 𝜃 = -sin 𝜑 𝜎 𝑥 + cos 𝜑 𝜎 𝑦 .	] ,	(3-8) (3-16) (3-24)
	We define 𝐻 K = 2𝐾 and 𝐻 C = 𝐶. Hence, 𝑖 Notice that Hθ and Hφ are already obtained in Equations 3-8 and 3-10. For 𝑗 𝑘
	𝐻 Meanwhile, 𝐻 𝜃 cos 𝜃 cos 𝜑 -𝐻 𝜑 sin 𝜑 𝐻 𝜃 cos 𝜃 sin 𝜑 + 𝐻 𝜑 cos 𝜑 -𝐻 𝜃 sin 𝜃 𝐦 × 𝐇 eff = | sin 𝜃 cos 𝜑 sin 𝜃 sin 𝜑 cos 𝜃 simplicity, we set 𝛾 = 1. Therefore, Equations 3-24 and 3-21 becomes:	| =

𝜃 = -𝐻 K sin 𝜃 cos 𝜃 + (𝐻 𝑥 + 𝐻 C cos 𝜑 NiFe ) cos 𝜃 cos 𝜑 + 𝐻 C sin 𝜑 NiFe cos 𝜃 sin 𝜑 .

(3)(4)(5)(6)(7)(8)[START_REF] Kryder | Heat Assisted Magnetic Recording[END_REF] 

To solve the relationship between θ, φ and σ. We focus on the third equation in Equation set 3-19 first: -𝛾𝐻 𝜑 sin 𝜃 -sin 𝜃 cos 𝜑 cos 𝜃 𝜎 𝑥 -cos 𝜃 sin 𝜃 sin 𝜑 𝜎 𝑦 = 0. (3-20) -sin 𝜑 𝜎 𝑥 + cos 𝜑 𝜎 𝑦 = -𝐻 K sin 𝜃 cos 𝜃 + (𝐻 𝑥 + 𝐻 C cos 𝜑 NiFe ) cos 𝜃 cos 𝜑 + 𝐻 C sin 𝜑 NiFe cos 𝜃 sin 𝜑 , (3-25a) -cos 𝜑 {-𝜂 cos 𝜑 cos 𝜑 NiFe sin 𝜑 NiFe + (1 + 𝜂 cos 2 𝜑 NiFe ) sin 𝜑}d𝜎 = 0, (3-26a) {-𝜂 cos 𝜑 NiFe sin 𝜑 NiFe sin 𝜃 sin 𝜑 𝜎 -(1 + 𝜂 cos 2 𝜑 NiFe ) sin 𝜃 cos 𝜑 𝜎}d𝜃 + {-(𝐻 𝑥 + 𝐻 C cos 𝜑 NiFe ) cos 𝜑 + 𝜂 cos 𝜑 NiFe sin 𝜑 NiFe cos 𝜃 cos 𝜑 𝜎 -𝐻 C sin 𝜑 NiFe sin 𝜑 -(1 + 𝜂 cos 2 𝜑 NiFe ) cos 𝜃 sin 𝜑 𝜎}d𝜑 + {𝜂 cos 𝜑 NiFe sin 𝜑 NiFe cos 𝜃 sin 𝜑 + (1 + 𝜂 cos 2 𝜑 NiFe ) cos 𝜃 cos 𝜑}d𝜎 = 0. (3-26b)

  2 𝜃 1 -(𝐾 2 + μ 0 𝑀 2 2 ) sin 2 𝜃 2 + 𝐴 cos 𝛽 -𝐻 𝑦 𝑀 1 sin 𝜃 1 -𝐻 𝑦 𝑀 2 sin 𝜃 2 -

	𝐻 𝑧 𝑀 1 cos 𝜃 1 -𝐻 𝑧 𝑀 2 cos 𝜃 2 ,	(4-3)
	cos 𝛽 = sin 𝜃 1 sin 𝜃 2 + cos 𝜃 1 cos 𝜃 2 .	(4-4)

  Next, we proceed with the derivation of the formal torque balance equation and rewrite 𝐇 𝑖 eff in Cartesian coordinates. 𝐇 𝑖 eff ≡ 𝐻 𝑖 𝛉 ≡ 𝐻 𝑖 cos 𝜃 𝑖 𝐲 -𝐻 𝑖 sin 𝜃 𝑖 𝐳. 𝐴 sin(𝜃 1 -𝜃 2 ) + 𝐻 𝑦 𝑀 2 cos 𝜃 2 -𝐻 𝑧 𝑀 2 sin 𝜃 2 = -𝜎 0 . (4-14b)

						(4-10)
			𝑖	𝑗	𝑘
	𝐌 𝑖 × 𝐇 𝑖 eff = | 0	sin 𝜃 𝑖	cos 𝜃 𝑖	| = -𝐻 𝑖 𝐱.	(4-11)
			0 𝐻 𝑖 cos 𝜃 𝑖 -𝐻 𝑖 sin 𝜃 𝑖
				𝐌 𝑖 × 𝐱 × 𝐌 𝑖 = 𝐱.	(4-12)
	Hence,				
			𝜏 tot = 𝐻 𝑖 + 𝜎 𝑖 = 0.	(4-13)
	Therefore,				
	-𝐾 1 sin 2𝜃 1 + 𝐴 sin(𝜃 1 -𝜃 2 ) + 𝐻 𝑦 𝑀 1 cos 𝜃 1 -𝐻 𝑧 𝑀 1 sin 𝜃 1 = -𝜎 0 ,	(4-14a)
	(𝐾 2 + 𝜇 0 𝑀 2 2 ) sin 2𝜃 2 -When M1 and M2 experience SOT of equal magnitude but in opposite directions,
	namely:				
				𝛔 1 = -𝛔 2 = 𝜎 0 𝐱.	(4-15)
	Now,				
	-𝐾 1 sin 2𝜃 1 + 𝐴 sin(𝜃 1 -𝜃 2 ) + 𝐻 𝑦 𝑀 1 cos 𝜃 1 -𝐻 𝑧 𝑀 1 sin 𝜃 1 = -𝜎 0 ,	(4-16a)
	(𝐾 2 + 𝜇 0 𝑀 2 2 ) sin 2𝜃 2 -𝐴 sin(𝜃 1 -𝜃 2 ) + 𝐻 𝑦 𝑀 2 cos 𝜃 2 -𝐻 𝑧 𝑀 2 sin 𝜃 2 = 𝜎 0 . (4-16b)
		1 -𝐴 sin(𝜃 1 -𝜃 2 ) -𝐻 𝑦 𝑀 1 cos 𝜃 1 + 𝐻 𝑧 𝑀 1 sin 𝜃 1 ), (4-9a)
	𝐻 2 = -	1 𝑀 2	(-(𝐾 2 + 𝜇 0 𝑀 2 2 ) sin 2𝜃 2 + 𝐴 sin(𝜃 1 -𝜃 2 ) -
			𝐻 𝑦 𝑀 2 cos 𝜃 2 + 𝐻 𝑧 𝑀 2 sin 𝜃 2 ).	(4-9b)

Table 6 - 1 .

 61 Summary of experimental results for samples with different insertions.

	Sample	Inner	Outer	Oscillation	Oscillation	TMR	TMR
		insertion	insertion	amplitude	amplitude	(10 mV)	(10 mV)
		(MLs)	(MLs)	(a. u.) P	(a. u.) AP	LT	RT
	A	-	-	6.49	2.34	176%	133%
	B	-	Co 4	6.99	2.49	149%	103%
	C	-	Fe4N (bulk)	3.28	3.86	-41%(450	-27% (450
						mV)	mV)
	D	Co 4	Co 4	2.35	0.55	66%	40%
	E	Co 2	Co 4	2.13	0.97	110%	81%
	F	Fe 2	Co 4	-	-	32%	21%
	It is found that the insertion of top 4 MLs Co results in a reduction of TMR (10
	K) from 176% to 149%. This is because of the increase of conductance in AP states,
	which is due to the minority Δ1 interface state close to EF at Fe1-xCox/MgAlOx
	interface [46]. Comparing				

Acknowledgements

This study was conducted as part of a co-supervised PhD program between the Institute of Physics, Chinese Academy of Sciences, and the Institut Jean Lamour, Université de Lorraine. The Chinese version of this dissertation has already been Acknowledgements 173 support throughout my journey. Lastly, I extend my heartfelt gratitude to everyone who has provided assistance and support along the way. Your contributions have been invaluable, and I am truly thankful. Tianyi MA June 2023 Beijing

97

Keithley 2400 is used to provide the current, Keithley 2182 is used to detect the Hall voltage, and a three-dimensional magnetic field probe station is used to apply the magnetic field. All measurements were conducted at room temperature. Among all multilayers, the Pt(5)/Co(1)/Pt(0.6) segment is used to provide perpendicular magnetic anisotropy. Pt and W have significantly large but opposite spin Hall angles [START_REF] Liu | Current-Induced Switching of Perpendicularly Magnetized Magnetic Layers Using Spin Torque from the Spin Hall Effect[END_REF][START_REF] Pai | Spin Transfer Torque Devices Utilizing the Giant Spin Hall Effect of Tungsten[END_REF], while Ir, as a commonly used exchange coupling intermediate material, has a much smaller spin Hall angle [START_REF] Fache | Determination of Spin Hall Angle, Spin Mixing Conductance, and Spin Diffusion Length in CoFeB/Ir for Spin-Orbitronic Devices[END_REF] than to Pt and W. Consequently, the two Co magnetization in Sample A experience SOTs in the same direction, whereas the two Co magnetization in Sample B experience SOTs in opposite directions.

Experimental results and discussions

The atomic and magnetic structures of the samples are shown in Figure 4-4. 

Magneto-transport measurements

The magneto-transport measurements have been performed using a dc twoprobe configuration, where the negative bias corresponds to the electrons tunneling from the top to bottom electrode. Although there are two MgAlOx insulating barriers in the stacks, the junction resistance is mainly induced by the thicker one. I am grateful to my co-supervisor, Prof. Michel VERGNAT, for his valuable discussions and many help on the administration procedure. I also wish to express my