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The rapid development of information technology places higher demands on electronic devices. As the performance of CMOS-based electronic devices approaches the theoretical limit, academia and industry are urgently seeking an alternative technology for higher performance electronic devices. Among the many technological avenues, spintronics is considered a promising one, as it not only achieves excellent performance, but can also be manufactured in a manner compatible with CMOS fabrication. Research on spintronic devices has intensified and new physical mechanisms have emerged. The in-depth study of these mechanisms and their applications are the basis for the development of high performance spintronic devices. The content of this thesis focuses on the research work of magnetic dynamics for spintronic logic and storage devices in three aspects: the principle of magnetization dynamics, the establishment of a numerical framework for micromagnetic simulation for different materials (i.e., ferrimagnetic material and non-collinear antiferromagnetic material), and the design of spintronic devices based on the magnetization dynamics of ferrimagnetic and CONTENT

Titre : Étude de la dynamique d'aimantation pour les dispositifs spintroniques à haute performance Mots clés : Dispositifs spintroniques, Dynamique magnétique, Ferrimagnétisme, Antiferromagnétisme Résumé : Le développement rapide des technologies de l'information a fait naître des exigences plus élevées pour les dispositifs électroniques. Les performances des dispositifs électroniques basés sur la technologie CMOS approchant de la limite théorique, le monde universitaire et l'industrie recherchent de toute urgence une technologie de remplacement pour des dispositifs électroniques plus performants. Parmi les nombreuses voies technologiques, la spintronique est considérée comme une voie prometteuse, car elle permet non seulement d'atteindre d'excellentes performances, mais aussi d'être fabriquée de manière compatible avec la fabrication CMOS. La recherche sur les dispositifs spintroniques s'est intensifiée et de nouveaux mécanismes physiques sont apparus. L'étude approfondie de ces mécanismes et leurs applications sont la base du développement de dispositifs spintroniques de haute performance. Le contenu de cette thèse se concentre sur le travail de recherche de la dynamique magnétique pour les dispositifs de stockage et de logique spintroniques, sous trois aspects : le principe de la dynamique de magnétisation, l'établissement d'un cadre de simulation micromagnétique numérique pour différents matériaux (c'est-à-dire un matériau ferrimagnétique et un matériau antiferromagnétique non colinéaire), et la conception de dispositifs spintroniques basés sur la dynamique de magnétisation d'un matériau ferrimagnétique et antiferromagnétique non colinéaire. Par le biais de dérivations théoriques et de calculs numériques, nous étudions les principes de base de la dynamique de magnétisation à l'échelle nanométrique et établissons le cadre de simulation de la dynamique de magnétisation qui peut simuler les matériaux ferrimagnétiques et les matériaux antiferromagnétiques non colinéaires. En outre, nous explorons également certains phénomènes uniques de dynamique de magnétisation dans différents systèmes de matériaux. Parallèlement, une série de dispositifs logiques et de stockage à haute performance sont conçus sur la base des mécanismes de magnétisation dynamique de différents matériaux, et les performances des dispositifs conçus sont vérifiées sur la base du nouveau cadre de simulation de la magnétisation dynamique. non-collinear antiferromagnetic material. Through theoretical derivations and numerical calculations, we investigate the basic principles of nanoscale magnetization dynamics and establish the magnetization dynamics simulation framework that can simulate non-collinear ferrimagnetic and antiferromagnetic materials. In addition, we also explore some unique magnetization dynamics phenomena in different material systems. At the same time, a series of highperformance logic and storage devices are designed based on the dynamic magnetization mechanisms of different materials, and the performance of the designed devices is verified based on the new dynamic magnetization simulation framework.
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II phenomena of the ferrimagnetic system are clarified, but also a numerical micromagnetics simulation system that can accurately simulate the ferrimagnetic magnetization dynamic process is established. Based on this, we have studied high-speed motion of the ferrimagnetic magnetic skyrmion driven by current, the variation of the skyrmions Hall angle with the ratio of material elements, and the nature of the topological charge proliferation, i.e., the increasing of skyrmions cores, in ferrimagnetic system. We have studied the ultra-high frequency precession process in the ferrimagnetic material film under the spin orbit current and propose a method to realize the fast deterministic switching of the ferrimagnetic film by using the multieffect coupling. We have studied the nucleation process of the ferrimagnetic skyrmion bags, and the topology-related ill-posedness of the ferrimagnetic dynamical system is revealed, and a feature parameter describing the evolution process of the ferrimagnetic dynamical system is proposed.

A theoretical study of the magnetization dynamics of noncollinear

antiferromagnetic materials is carried out. By using macrospin theory and continuum medium theory, and considering the special lattice structure of the material, a micromagnetic simulation system for noncollinear antiferromagnets is established, which makes it possible to simulate the noncollinear antiferromagnetic system with hexagonal structure. Then, the special structure of the magnetic domain walls of noncollinear antiferromagnetic materials is investigated theoretically, and a double-chain model is proposed for the first time to effectively describe the structural characteristics of noncollinear antiferromagnetic domain walls. The velocity equation for the motion of the noncollinear antiferromagnetic domain wall driven by the spin-orbit moment current is obtained by a semiclassical method, and the nature of the highspeed motion of the noncollinear antiferromagnetic domain under the action of the current is discovered. Finally, based on the micromagnetic simulation system of noncollinear antiferromagnetism, the motion of noncollinear antiferromagnetic domains introduced by the theory is verified, and the contraction and amplification effects of the magnetic domain region in noncollinear antiferromagnet under the current are demonstrated.

3. Based on the theoretical results of magnetic dynamics, the design of highperformance spintronic devices has been carried out. Using the nature of the ultra-high-

General Introduction

As the cornerstone of modern information technology, microelectronics has been one of the important forces driving human economic development and social development [1]. With the introduction and application of concepts such as Big Data, Internet of Things (IoT), and Artificial Intelligence (AI), a new round of technological revolution is ready to take place, and the future progress of microelectronics will determine the breadth and depth of this technological revolution [2].

Figure 1: Trends in chip power consumption as predicted by the International Semiconductor Technology Blueprint [7] .

In the past decades, the development of microelectronics has relied on the continuous shrinking of the device feature size [3]. As Moore states, as transistor size decreases, for every doubling of the number of transistors that can fit on an integrated circuit, performance will also double [4]. Driven by Moore's law, the feature size in microelectronics have doubled every 18 months, and by 2017, the number of transistors on each chip has reached 10 9 , while chip performance has reached 10 6 times that of 1950 [5]. However, the transistor shrinking has been slowed down over the last 15 years by various physical effects: tunneling leakage, interface scattering, variability due to few numbers of atoms, and source/drain (S/D) parasitic resistance effect. In particular, these also lead to a rapid increase in power density and the chip operating main frequency increase starts to be limited by the heat dissipation capability [6]. As shown in Figure 1, with the power consumption per unit area of integrated circuits rising sharply, the emergence of the chip power bottleneck makes it difficult to maintain the established ratio of size scaling down, which severely limits the development of integrated circuit technology [7].

For the power consumption bottleneck of traditional microelectronics, spintronics is a promising technology for solving the power consumption bottleneck. Conventional electronic devices are based on the electric charge of electrons. The electric charge moves in a metallic conductor or a semiconductor in a directional manner to form an electric current, which can transmit and process data information [8]. However, the current flowing through conductors and semiconductors inevitably generates heat, which is the essential cause of the power consumption bottleneck in microelectronics [9]. To fundamentally solve this problem, it is necessary to take advantage of another inherent quantum physical property of electrons: "spin".

The electron spin is the core concept of spintronics, as shown in Figure 2, which can be regarded as an angular momentum with two states, "up" and "down" [10]. The new electronic devices created based on the spin property of electrons are called "spintronic devices". Figure 3 shows some of the spintronics devices, which have the advantages of small size, high speed, and low power requirements. In the post-Moore era, spintronics devices are expected to be a replacement for charge-based conventional semiconductor devices [11]. [START_REF] Parkin | Magnetic domain-wall racetrack memory[END_REF] .

Exploring new materials, mechanisms and mechanisms in spintronics and how to design high performance electronic devices based on electron spin degrees of freedom are very valuable research topics that hold the promise of solving key problems for the future information revolution. This paper will focus on research efforts to explore new materials magnetic dynamics mechanisms and new device designs to illustrate how spintronics can be used to solve current problems and challenges faced by the microelectronics industry.

The structure of this thesis is arranged as follows.

Chapter 1 is an introductory chapter, which summarizes the current dilemmas facing microelectronics and provides a brief overview of the current state of development of spintronics and magnetic dynamics. The main research contents and objects of magnetic dynamics are introduced to set the stage for the subsequent chapters.

Chapter 2 introduces the research methodology, focusing on the quantum mechanical principles of the macro-spin approach, explaining the relationship between the study of magnetic dynamics at the nanoscale and the underlying physical theory. Numerical micromagnetism methods are introduced to lay the foundation for the establishment of micromagnetism simulation systems for different materials in later chapters.

Chapter 3 investigates the magnetic dynamics of ferrimagnetic materials and points out the origin of the special magnetic dynamics properties of ferrimagnets by studying the magnetic dynamics equations of the ferrimagnetic (FIM) double sublattice system. Then, numerical micromagnetics methods are used to establish a micromagnetics simulation system that can accurately simulate the ferrimagnetic magnetic dynamics system. Finally, the newly established ferrimagnetic micromagnetic simulation system is used to demonstrate the nature of multieffect coupled ultrafast flip of ferrimagnetic thin films, to investigate the nature of ferrimagnetic skyrmions, and to discover the topologically relevant ill-posed nature of the evolution of ferrimagnetic systems.

Chapter 4 investigates the magnetic dynamics of noncollinear antiferromagnetic materials.

By studying the special lattice structure of noncollinear antiferromagnetic materials, a micromagnetism model suitable for noncollinear antiferromagnets (AFM) is established, and based on this, a micro-magnetism simulation system that can accurately simulate the magnetic dynamics system of noncollinear antiferromagnets is established using numerical micromagnetism methods. Subsequently, the kinematic properties of the noncollinear antiferromagnetic magnetic domain walls are investigated using the newly established noncollinear antiferromagnetic micromagnetic simulation system.

Chapter 5 presents a number of high-performance spintronic devices designed based on the laws of magnetic dynamics in ferrimagnetic and noncollinear antiferromagnets. Included are (i) ferrimagnetic all-spin logic devices (ASLD) that enable ultra-low-power ultra-highspeed logic computations, (ii) ferrimagnetic skyrmions logic gates that enable ultra-high-speed parallel reconfigurable logic computations, (iii) ferrimagnetic skyrmion-bag true random number generators (TRNG) that can generate true Gaussian random signals at ultra-low power, and (iv) ultra-low-power noncollinear antiferromagnetic memories based on domain walls (DW) dynamics that enable multi-state storage and in-store computations.

Chapter 6 provides a summary and outlook, which summarizes the work done in this thesis, identifies its shortcomings, and explores possible future solutions. 

Magnetoresistance effect

In the 1980s A. Fert's team and P. Grünberg's team discovered the Giant Magnetoresistance (GMR) effect, which achieved the first huge modulation effect of magnetoresistance in a system based on ferromagnetic materials due to spin-related transport effects [12][13] . As shown in Figure 4, the application of the GMR effect allowed the magnetic head sensitivity to be dramatically improved, providing a key technology for the proposal and development of high-density magnetic memory [START_REF] Fert | Nobel Lecture: Origin, development, and future of spintronics[END_REF] . Due to the contribution of the GMR effect to the information industry, its discovery is generally regarded as the beginning of spintronics. Albert Fert and Peter Grünberg were awarded the Nobel Prize in Physics in 2007 for it. As a discipline with promising applications, research work in spintronics has received widespread attention from academia and industry, and its development is accelerating. So far, more and more new physical effects have been discovered and material systems have been expanded from ferromagnetism to new material systems such as antiferromagnetism and ferrimagnetic, providing more possibilities for the design and implementation of new high-performance electronic devices [START_REF] Jungwirth | Antiferromagnetic spintronics[J][END_REF] . [START_REF] Fert | Nobel Lecture: Origin, development, and future of spintronics[END_REF] .

The tunneling magnetoresistance effect is one of the most important physical effects throughout spintronics. With the help of tunneling magnetoresistance effect, one can store and read information using Magnetic Tunnel Junction (MTJ). In general, the core of a magnetic tunnel junction is a sandwich structure consisting of magnetic material/nonmagnetic material/magnetic material [START_REF] Ikeda | A perpendicular-anisotropy CoFeB-MgO magnetic tunnel junction[END_REF] . One layer of the magnetic material is fixed in the direction of magnetization and is called the pinned layer. The magnetic moment of the other layer of magnetic material can be flipped and is called the free layer. The middle non-magnetic insulating layer is known as the tunneling layer. As shown in Figure 5, when the magnetization orientations of the two magnetic material layers is parallel, the MTJ exhibits a low resistance state and the resistance is denoted as 𝑅 𝑃 . When the magnetization orientations of the two magnetic material layers is antiparallel, the MTJ is in a high resistance state, and the resistance is expressed as 𝑅 𝐴𝑃 . This phenomenon of changing the resistance state with the relative magnetization orientation of the two magnetic material layers is known as the tunneling magnetoresistance effect. Tunneling Magnetoresistance Ratio (TMR) can be calculated by using the resistances corresponding to the high and low resistance states: 𝑇𝑀𝑅 = (𝑅 𝐴𝑃 -𝑅 𝑃 ) 𝑅 𝑃 ⁄ × 100% . Compared to the giant magnetoresistance effect, the tunneling magnetoresistance effect has a higher magnetoresistivity and can provide higher storage density and device reliability [START_REF] Mathon | Theory of tunneling magnetoresistance of an epitaxial Fe/MgO/Fe (001) junction[END_REF] .

Figure 5: The variation of magnetoresistance with current perpendicular to the plane (CPP) geometry [START_REF] Mathon | Theory of tunneling magnetoresistance of an epitaxial Fe/MgO/Fe (001) junction[END_REF] .

The tunneling magnetoresistance effect was originally discovered in 1975 by M. Jullière during his PhD work. He proposed a simple model to explain this physical phenomenon based on experimental observations [START_REF] Julliere | Tunneling between ferromagnetic films[END_REF] . As shown in Figure 6, M. Jullière assumed that during MTJ operation, there is no spin flip event during the tunneling process. Thus, if the magnetization orientations of the two magnetic material layers appear parallel, electrons with a majority spin state in the left magnetic material layer can tunnel into the null state of electrons with a majority spin state in the right magnetic material layer, while electrons with a minority spin state can tunnel into the null state of electrons with a minority spin state in the right magnetic material layer. In this case, the number of electrons involved in tunneling is high and the tunnel junction shows a low resistance state. When the magnetization orientations of the magnetic material layers on both sides of the insulating layer present an anti-parallel state, the electrons in the spin state of the left magnetic material layer that are in the majority must enter the empty state of the electrons in the spin state that are in the minority in the right magnetic material layer after tunneling, while its electrons in the spin state that are in the minority in the right magnetic material layer will enter the empty state of the electrons in the spin state that are in the majority in the right magnetic material layer after tunneling. At this point, the number of electrons involved in tunneling is significantly reduced in comparison to the parallel configuration and the tunnel junction exhibits a higher resistance state. MTJs have a simple structure, as well as the tunneling layer their magnetic material layers can be prepared from different materials such as ferromagnetic, antiferromagnetic, and ferrimagnetic, which is one of the most mainstream storage units for achieving spintronic devices [START_REF] Kimura | Room-temperature generation of giant pure spin currents using epitaxial Co2FeSi spin injectors[END_REF] . 

Spin injection and spin transport

Spin injection converts the voltage/current signal into a spin signal and is one of the most fundamental operating principles of spintronic devices. Figure 7 illustrates the process of spin injection: when electrons pass through a layer of ferromagnetic material, under the influence of spin-orbit interaction, the spin direction of some electrons will be flipped to the same direction as the magnetic moment of the ferromagnetic material, thus breaking the balance of the original charge flow in the spin direction of electrons and converting the charge flow into spin-polarized current [START_REF] Kimura | Room-temperature generation of giant pure spin currents using epitaxial Co2FeSi spin injectors[END_REF] . [START_REF] Kimura | Room-temperature generation of giant pure spin currents using epitaxial Co2FeSi spin injectors[END_REF] .

For example, in the spin valve structure shown in Figure 8, the charge flow is spinpolarized in the middle of the ferromagnetic material layer located on the left side and subsequently passes through the middle non-magnetic material layer to the next layer and affects that layer. The spin-polarized current density resulting from this process can be calculated using the conservation of angular momentum theorem [START_REF] Xu | A brief review of ferroelectric control of magnetoresistance in organic spin valves[J][END_REF] to measure the spin transport efficiency in this system. [START_REF] Xu | A brief review of ferroelectric control of magnetoresistance in organic spin valves[J][END_REF] .

To simplify the model, let the interaction between the electrons flowing through the ferromagnetic material and the electrons inside the ferromagnetic material be only an exchange interaction, from which a spin angular momentum moment flow density similar to the charge flow density -i.e., the spin flow density -can be defined as follows 𝑗 𝑆 (𝑥, 𝑡) = ∑ 𝑣 𝑖 𝑖 (𝑡)𝑠 𝑖 (𝑥, 𝑡) + (𝐸𝑇) (1) where 𝑠 𝑖 (𝑥, 𝑡) is the electron spin density, and 𝑣 𝑖 (𝑡) is the velocity of the i-th electron.

The first term of the equation represents the spin flow density generated by the spin polarization current. The second term of the equation represents the effect of spin waves, indicating that in the absence of charge flow, there will still be spin flow propagating through the exchange interaction in the form of spin waves. Assuming that the spin vector of the electron varies continuously through space, the expression for the second term can be written as 𝐸𝑇 = 𝜎 ∑ 𝑠 𝑖 (𝑥, 𝑡) × 𝛻 𝑖𝑗 𝑠 𝑖 (𝑥, 𝑡) (2) where 𝜎 is a constant. It can be seen from Eq. ( 2) that this term depends on the local nature of the electron spin in space. In contrast, the first term of equation (3.1) for 𝑗 ^𝑆(𝑥, 𝑡) contribution depends on the current velocity vector and the current spin density vector, expressed as the product of the two quantities [START_REF] Jedema | Spin injection and spin accumulation in allmetal mesoscopic spin valves[END_REF] . Furthermore, using the law of conservation of spin angular momentum and the charge conservation theorem, two additional equations can be written. In ferromagnetic materials, the electron spin density s is in general not 0. This is because the magnetized material must have some kind of electrons in a particular spin direction that are numerically dominant, and they are called majority spin electrons, whose spin direction is inversely parallel to the direction of the magnetic moment of the ferromagnetic material [START_REF] Ohno | Electrical spin injection in a ferromagnetic semiconductor heterostructure[END_REF][START_REF] Das | Spin injection and detection via the anomalous spin Hall effect of a ferromagnetic metal[END_REF] . If the density of majority spin electrons among the material is noted as𝑛 + , the corresponding density of the minority spin electrons in the material is𝑛 -, and assuming that the direction of the magnetic moment in the ferromagnetic material is -𝑒 𝑠𝑖𝑝𝑛 , it is thus obtained that

{ 𝑠 = 𝑠 + + 𝑠 -= ℏ 2
𝑒 𝑠𝑝𝑖𝑛 (𝑛 + -n -) 𝜌 = 𝜌 + + 𝜌 -= (-𝑒)(𝑛 + + 𝑛 -)

In equation ( 4), the subscripts + and -are used to distinguish between majority and minority spin electrons, the𝑠 + and𝜌 + are the spin density and charge density of the majority spin electrons. If the size of the spin transport system can be compared with the average free range of the electron, the electron stream will continuously undergo the impact-flip process with other particles during the transport [START_REF] Hammar | Observation of spin injection at a ferromagnet-semiconductor interface[END_REF][START_REF] Oyanagi | Spin transport in insulators without exchange stiffness[END_REF] . In general, the impact only changes the spin direction of the electron. Based on this, a physical image of the electron stream moving in the transport system can be constructed as shown in Figure 9. The schematic of spin transport [START_REF] Oyanagi | Spin transport in insulators without exchange stiffness[END_REF] .

In this physical image, the majority spin electrons and the minority spin electrons each move independently through the material and can be equivalently thought of as having different transport channels. The drift velocity of the electrons will take different values in both transport channels. Thus, for different transport channels, the material is equivalent to having different conductivities. It can be seen that when considering the transport process of electron flow driven by an electric field, it is necessary to consider not only the drifting charge flow𝑗 ^𝑄,𝐷𝑟𝑖𝑓𝑡 but also the drifting spin flow needs to be considered together with the𝑗 ^𝑆,𝐷𝑟𝑖𝑓𝑡 the case of. [START_REF] Fontcuberta | On the Role of Interfaces on Spin Transport in Magnetic Insulator/Normal Metal Heterostructures[END_REF] .

As shown in Figure 10, spin transport will be affected by the nature of the ferromagnetic material/antiferromagnetic material interface as the current passes through the heterojunction.

According to the law of conservation of spin angular momentum described by equation ( 1), the electron spins at the interface will be accumulated over time as the current passes through the interface. However, in practice, the spins near the interface do not accumulate indefinitely, they are continuously lost under the influence of spin-orbit interactions, for which equation (3) needs to be rewritten as follows

{ 𝜕𝑠 𝜕𝑡 + 𝑑𝑖𝑣𝑗̂𝑆 = - 𝑠 + -𝑠 + 𝑒𝑞 𝜏 + 𝑠𝑓 - 𝑠 --𝑠 - 𝑒𝑞 𝜏 - 𝑠𝑓 𝜕𝜌 𝜕𝑡 + 𝑑𝑖𝑣𝑗̂𝑄 = 0 (6) 
of which 𝑠 ± 𝑒𝑞 and 𝜏 ± 𝑠𝑓 are the spin density in each spin transport channel and the spin relaxation time of the system in thermodynamic equilibrium. In metallic materials, electrons of different spin states have different density of states (DOS) near the Fermi energy level 𝑁 ± and in non-metallic materials, the carrier electrons of different spin states also have different densities 𝑛 ± [26] . Therefore, for the same material with different spin channels, the spin relaxation times are also different.

{ 𝜏 + 𝑠𝑓 𝑁 -= 𝜏 - 𝑠𝑓 𝑁 + :𝑀𝑒𝑡𝑎𝑙𝑠 𝜏 + 𝑠𝑓 𝑛 -= 𝜏 - 𝑠𝑓 𝑛 + :𝑁𝑜𝑛 𝑑𝑒𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒 𝑠𝑒𝑚𝑖𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟𝑠 (7) 
The electron spins accumulated at the interface will gradually diffuse into the adjacent medium due to the concentration difference, and using the diffusion equation we can obtain

{ 𝑗̂𝑆 ,𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 = -𝐷 + ∇𝑠 + -𝐷 -∇𝑠 - 𝑗̂𝑄 ,𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 = -𝐷 + ∇𝜌 + -𝐷 -∇𝜌 - ( 8 
)
where𝐷 ± is the diffusion constant for each spin transport channel. Using the Einstein relationship between the diffusion constant and the conductivity yields

{ 𝜎 ± = 𝑁 ± 𝑒 2 𝐷 ± :𝑀𝑒𝑡𝑎𝑙𝑠, 𝜎 ± = 𝑛 ± 𝑒 2 𝐷 ± 𝑘𝑇 ⁄ :𝑁𝑜𝑛 𝑑𝑒𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒 𝑠𝑒𝑚𝑖𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟𝑠. (9) 
The electron density in each spin transport channel can be expressed in terms of a spindependent chemical potential 𝜇 ± which gives the following.

{ 𝛻𝑛 ± = 𝑁 ± 𝛻𝜇 ± :𝑀𝑒𝑡𝑎𝑙𝑠, 𝛻𝑛 ± ≈ ±𝑛 ± 𝛻 𝜇 ± 𝑘𝑇 ⁄ :𝑁𝑜𝑛 𝑑𝑒𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒 𝑠𝑒𝑚𝑖𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟𝑠. (10) 
The positive (negative) sign to the right of the equal sign in the second line of the equation corresponds to the electron (hole) carriers in the semiconductor. It is worth noting that the above equation holds only when the amount of 𝜇 ± change is small. In addition, it is necessary to introduce an electrochemical potential term 𝜇 ± = 𝜇 ± -𝑒𝜑 that allows the equation to deal with both drift and diffusion effects [START_REF] Yu | Electric-field dependent spin diffusion and spin injection into semiconductors[END_REF] , where 𝜑 denotes the electric field potential energy. Using 𝜇 ± , the charge flow density in each spin transport channel can be simply expressed as

𝑗 ± 𝑄 = 𝑗 ± 𝑄,𝐷𝑟𝑖𝑓𝑡 + 𝑗 ± 𝑄,𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 = 𝜎 ± 𝛻 𝜇 ± 𝑒 ⁄ (11) 
From the above discussion one can write expressions for the spin and charge densities.

{ 𝑗 𝑆 = ℏ 2 𝑒 𝑠𝑝𝑖𝑛 𝑗 + 𝑄 -𝑗 - 𝑄 -𝑒 𝑗 𝑄 = 𝑗 + 𝑄 + 𝑗 - 𝑄 (12) 
For a given constant current, the spin flow density in the system accumulates and also loses through spin relaxation and spin diffusion, finally reaching a steady state [START_REF] Slonczewski | Current-driven excitation of magnetic multilayers[END_REF] . Based on the previous discussion, we can obtain an equation to calculate the steady state of the system.

{ ∆(𝜇̅ + -𝜇̅ -) = 𝜇 ̅ + -𝜇 ̅ - 𝜆 𝑠𝑝𝑖𝑛 2 Δ(𝜎 + 𝜇̅ + + 𝜎 -𝜇̅ -) = 0 (13) 
among others

{ 𝜆 𝑠𝑝𝑖𝑛 -2 = 𝜆 + -2 +𝜆 - -2 2 𝜆 ± = √𝐷 ± 𝜏 ± 𝑠𝑓 (14) 
where 𝜆 ± is the spin diffusion length of each spin transport channel, and 𝜆 𝑠𝑝𝑖𝑛 is the average spin diffusion length. Combining equation (13) and equation ( 14) can effectively calculate the spin injection efficiency as well as the density of the spin flow.

Spin transfer effect and spin-orbit effect

Spin Transfer Torque (STT) effect is another important physical effect that is widely used in spintronic devices, which was independently discovered by J. Slonczewski and L. Berger in 1996, respectively [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] . Figure 11 can explain the principle of the spin transfer moment effect, where the current is polarized into a spin-polarized current as it passes through the pinned layer 13 [30] . When the spin-polarized current enters the free layer, the spin angular momentum of the electron is absorbed by the free layer. According to the law of conservation of angular momentum, the absorbed electron spin angular momentum will be transferred to the free layer magnetic moment, causing the rotation of the free layer magnetic moment. If any electron spin is absorbed, the free layer will be flipped to a state parallel to the pinned layer. The spin-transfer moment effect makes possible the idea of using current to directly modulate the magnetic moment of magnetic materials, which can be used to enhance the integration of spintronic devices and reduce power consumption. Currently, the spin-transfer moment effect has been widely used in various spintronic devices such as magnetic memories, nano-oscillators, and spin logic devices [START_REF] Roy | Exploring spin transfer torque devices for unconventional computing[END_REF] .

Spin Orbit Torque (SOT) is proposed to explain the magnetization switching induced by in-plane current injection in heavy metal/ferromagnetic heterostructures [START_REF] Garello | Symmetry and magnitude of spin-orbit torques in ferromagnetic heterostructures[END_REF] . Writing to magnetic tunnel junctions using this technique requires the addition of a heavy metal film (platinum, tantalum, tungsten, etc.) below the free layer, and the current flowing through the heavy metal film can trigger a torque to drive the magnetization reversal of the free layer [START_REF] Garello | Ultrafast magnetization switching by spin-orbit torques[END_REF] . It is generally believed that there are two main important sources of this torque, one of which is the Rashba effect and the other is the Spin Hall Effect (SHE) [START_REF] Bihlmayer | Focus on the Rashba effect[END_REF][START_REF] Hirsch | Spin hall effect[END_REF] . However, they both have their roots in the strong spin-orbit coupling (Spin Orbit Coupling, SOT) of heavy metallic materials, and thus the moment is called the spin-orbit moment.

The Rashba effect is an interfacial effect, the physics of which is explained in Figure 12.

Considering the three-layer "oxide/ferromagnetic/heavy metal" film as a two-dimensional system, the current flowing through the heavy metal will generate an equivalent magnetic field along the horizontal direction (y-axis) due to the disruption of the structural symmetry along the vertical direction (z-axis), which is called the Rashba effect. The Rashba effect produces an equivalent magnetic field, which causes the energy band structure of the electrons to be shifted in the middle of the momentum space, which in turn produces spin-polarized currents that flip the direction of the free layer magnetization [START_REF] Bhowmik | Spin orbit torque driven magnetic switching for low power computing and memory[END_REF][START_REF] Koo | Rashba effect in functional spintronic devices[END_REF] .

Figure 12: Spin-orbit moment currents induced by the Rashba effect [START_REF] Bhowmik | Spin orbit torque driven magnetic switching for low power computing and memory[END_REF] .

The Spin Hall Effect (SHE) is a bulk effect, as shown in Figure 13. If a current is applied to a heavy metal, the strong spin-orbit coupling effect will cause equal aggregation of spin-up and spin-down electrons along both sides of the vertical direction (z-axis), in other words, the current flowing through the heavy metal will produce a pure spin flow along the vertical direction. the pure spin flow produced in the SHE effect is injected into the free layer, resulting in a flip in the direction of magnetization of the free layer.

Figure 13: Spin-orbit moment currents induced by the spin Hall effect (SHE) [START_REF] Skinner | Complementary spin-Hall and inverse spin-galvanic effect torques in a ferromagnet/semiconductor bilayer[END_REF] .

Compared with spin-transfer moments, spin-orbit moments induced by the Rashba effect or spin Hall effect have two significant advantages: first, spin-orbit moments originate from heavy metal materials, so the write path does not pass through the magnetic tunnel junction and is separated from the read path, almost avoiding potential barrier breakdown. Second, for perpendicular magnetic anisotropy (PMA) MTJs, writing method based on SOT can reduce the critical current and increase the writing speed. Therefore, the spin-orbit moment effect is also an important means to achieve high-performance spintronic devices [START_REF] Skinner | Complementary spin-Hall and inverse spin-galvanic effect torques in a ferromagnet/semiconductor bilayer[END_REF] .

Magnetic dynamics in spintronics 1.2.1 Magnetic fields, magnetic moments and their interactions in nanoscale

A central task of spintronics is to study the physical properties of electrons in nanoscale devices and to enable the storage, transmission and processing of information by manipulating the motion and spin state of electrons. At the nanoscale, the electron magnetic moment is one of the most important properties of electrons, and it derives in part from the angular momentum of electrons moving around the nucleus with quantum properties 𝑙 . According to quantum theory, the angular momentum 𝑙 of the three components cannot be obtained simultaneously with a definite observed value. Only if the direction of the quantization axis is specified, a definite value can be obtained on it. Usually, the axial direction of the quantization axis will be defined as the z-axis, then ⟨𝑙 𝑧 ⟩ then it is possible to express the value of the 𝑙 the observed values.

For a free electron, if its state wave function is |𝑙, 𝑙 𝑧 , 𝑠, 𝑠 𝑧 ⟩ , then the observed value of ⟨𝑙 𝑧 ⟩ can be expressed as that⟨𝑙 𝑧 ⟩ = ⟨𝑙, 𝑙 𝑧 , 𝑠, 𝑠 𝑧 |𝑙 𝑧 |𝑙, 𝑙 𝑧 , 𝑠, 𝑠 𝑧 ⟩ = ħ𝑙 𝑧 . Where ħ is the reduced Planck constant.

ħ𝑙 𝑧 is in fact also the spin angular momentum operator 𝑙 𝑧 of the eigenvalues. The quantized electron magnetic moment component obtained along the z-axis direction can be expressed as [39] ⟨𝑚 𝑧 ⟩ =

-𝑒𝜇 0 2𝑚 𝑒 ħ𝑙 𝑧 (15) 
Where μ 0 is vacuum permeability. The magnetic moment of the electron, expressed by equation (15), arising from the quantum mechanics is also commonly referred to as the Bohr magnetic moment 𝜇 𝐵 , defined by 𝜇 𝐵 = 𝑒𝜇 0 ħ 2𝑚 𝑒

. Equation ( 15) may correspond to the motion of the electron around the nucleus, so this magnetic moment is also known as the orbital magnetic moment. By using the Bohr magneton, Equation ( 15) can be written in a more regular form as.

⟨𝑚 𝑜 𝑧 ⟩ = -𝜇 𝐵 ħ ⟨𝑙 𝑧 ⟩ (16) 
in addition to the orbital angular momentum due to circular motion, the electron also has an intrinsic angular momentum, which is the spin angular momentum. The spin angular momentum is a completely quantum-mechanical parameter and there is no classical physical image corresponding to it. The eigenvalues of the electron spin angular momentum can only be taken as half-integers, as prescribed by the quantization axis mentioned above, and the electron spin angular momentum takes the value 𝑠 𝑧 = ± ħ 2 ⁄ . It follows that the spin angular momentum of the electron will produce a complete Bohr magneton. Based on this, an equivalence similar to Eq. ( 16) can be written for the electron spin angular momentum as follows.

⟨𝑚 𝑠 𝑧 ⟩ = -2 𝜇 𝐵 ħ ⟨𝑠 𝑧 ⟩ (16) 
⟨𝑠 𝑧 ⟩ represents the value of the spin operator of the electron taken on the quantization axis, which can likewise be derived from the wave function of the electron. It must be noted that the experimental values of the angular momentum produced by the electron spin often show an error larger than that of Eq. ( 16), with an error size of about 10 -3 𝜇 𝐵 . This error arises from the action of the magnetic field generated by the electron motion on the endogenous spin of the electron and is often referred to as the anomalous magnetic moment [START_REF] Aoyama | Theory of the anomalous magnetic moment of the electron[END_REF] . The anomalous magnetic moment was discovered by W. Lamb in 1951, and in order to correct (16), a constant called the g-factor, would be added to ( 16)𝑚 𝑠 = -𝑔𝜇 𝐵 𝑠 ħ ⁄ . This correction is crucial among quantum electrodynamics but is not often used in spintronics. By adding the orbital and spin magnetic moments of the electron and neglecting the error due to the anomalous magnetic moment, the expression for the total magnetic moment of the electron can be written as

⟨𝑚 tot 𝑧 ⟩ = -𝜇 𝐵 ħ (2⟨𝑠 𝑧 ⟩ + ⟨𝑙 𝑧 ⟩) = -𝜇 𝐵 ħ (𝑔 𝑠 ⟨𝑠 𝑧 ⟩ + 𝑔 𝑙 ⟨𝑙 𝑧 ⟩) (17) 
Here we introduce two g-factors 𝑔 𝑠 and 𝑔 𝑙 , for the electron, the orbital angular momentumdependent g-factor is 𝑔 𝑙 = 1 , and the spin-dependent g-factor is 𝑔 𝑠 = 2 in vacuum and metals.

Equation (17) relates the quantum nature of the electron to the electron magnetic moment and is the basis for discussing magnetic dynamics phenomena at the nanoscale.

Magnetic fields are a natural method that can be used to manipulate the electron magnetic moment. As we will describe in detail in a later section, at the nanoscale, the electron magnetic moment will do a Larmor progression with damping under the excitation of a magnetic field [41] . The equation of motion is

𝑑𝑚 𝑑𝑡 = 𝛾[𝑚 × 𝐻] + 𝛼 𝑚 [𝑚 × 𝑑𝑚 𝑑𝑡 ] ( 18 
)
where 𝑚 is the magnetic moment of electrons, 𝐻 denotes the magnetic field, 𝛼 is the damping factor, and 𝛾 is a constant. Equation ( 18) provides a basis for manipulating the electron magnetic moment in a material using a magnetic field, and it shows that changes in the state of the electron magnetic moment in a material can be controlled by applying different timeinvariant or time-varying magnetic fields, providing a possible operational basis for realizing the storage, transmission and processing of information.

Current-induced magnetization dynamic phenomena

Due to the discovery of the spin-transfer moment effect, the idea of using current to directly modulate the magnetic dynamics processes in magnetic materials has become possible.

Compared to magnetic field modulation, current modulation consumes less power and is also more conducive to device integration. A typical case of current modulation of magnetic dynamics phenomenon is the use of spin-polarized current to drive the motion of the magnetic domain wall, where the spin angular momentum of the conducting electron affects the local magnetic moment through spin transfer moment effect, and when the current density exceeds a critical value, the magnetic domain wall will undergo directional motion [START_REF] Caretta | Fast current-driven domain walls and small skyrmions in a compensated ferrimagnet[END_REF] . The three diagrams from top to bottom in Figure 14 Berger first experimentally observed current driven motion of magnetic domain walls in nickeliron alloy films [START_REF] Freitas | Observation of s-d exchange force between domain walls and electric current in very thin Permalloy films[END_REF] . However, in metallic materials, the critical current density required for current-driven domain wall motion is usually high, on the order of 10 7 𝐴 𝑐𝑚 2

⁄

The critical current density required for current-driven domain wall motion in metallic materials is usually high in the order of magnitude, which leads to significant thermal effects and is a major obstacle for current-driven domain wall motion to move towards practical applications. Since the critical current density is proportional to the magnetization strength of the magnetic material, the selection of a magnetic material with low magnetization strength can effectively reduce the critical current density. For example, (Ga,Mn)As with perpendicular magnetic anisotropy has a small saturation magnetization strength, and its critical current density is about three orders of magnitude smaller than that of metallic magnetic materials. In addition, the pegging effect caused by material defects also affects the critical current density, which increases significantly with the increase of pegging energy. The critical current density can be significantly reduced by improving the preparation quality of the material and reducing the pegging effect to achieve current-driven domain wall motion in the large temperature range (25-100 K).

Figure 14: Current-driven magnetic domain wall motion [START_REF] Caretta | Fast current-driven domain walls and small skyrmions in a compensated ferrimagnet[END_REF] .

In addition to current-driven motion of magnetic domain walls, the use of current to flip thin films of magnetic materials is one of the main applications of current excitation [START_REF] Wang | Low-power non-volatile spintronic memory: STT-RAM and beyond[END_REF][START_REF] Dai | Field-free spin-orbit torque perpendicular magnetization switching in ultrathin nanostructures[END_REF] . As shown in Figure 15, in heavy metal/ferromagnetic layer (or heavy metal/ferromagnetic layer/oxide layer) structures, the spin flow of current through the non-magnetic heavy metal (e.g., Pt, Ta) layers generated by the spin Hall effect can control the magnetization flip of the magnetic layers. In addition, in heavy metal/ferromagnetic layer/oxide layer structures, due to the inversion asymmetry at the upper and lower interfaces of the ferromagnetic layer, a strong Rashba effect is generated, and the electrons flowing along the interface will be subject to the [START_REF] Liu | Spin-torque switching with the giant spin Hall effect of tantalum[END_REF] . The debate on the principle of current-excited flipping of magnetic films has aroused the interest of related researchers in the mechanism of magnetization flipping in non-magnetic/ferromagnetic structures and added a new study of magnetic dynamics among spintronics.

Figure 15: Current-flipped magnetic film [START_REF] Dai | Field-free spin-orbit torque perpendicular magnetization switching in ultrathin nanostructures[END_REF] .

Voltage and laser-induced magnetization dynamics

Laser, as a high brightness directed energy beam, is a very important physical excitation mechanism. In spintronics, the use of laser to modulate the state of the material magnetic moment is also one of the main means to achieve ultrafast modulation. As a representative of laser-modulated magnetic dynamics phenomena, ultrafast demagnetization induced by laser has received much attention from researchers [START_REF] He | Ultrafast demagnetization enhancement in CoFeB/MgO/CoFeB magnetic tunneling junction driven by spin tunneling current[END_REF] . Figure 16 demonstrates the principle of laser excitation in magnetic chalcogenide thin films to produce the ultrafast flip phenomenon. Since magnetic chalcogenide thin films have a strong anisotropic spin-orbit coupling, which makes the correlation between the orbit and spin of the material very strong, the angle of the polarization plane of the laser can modulate the flip of the magnetic moment on the picosecond time scale during the change of the magnetic moment of the material using femtosecond laser excitation. This phenomenon suggests that the laser not only shows ultrafast demagnetization during the excitation of the magnetic moment flip, but also exhibits the property of using the anisotropic orbital order of the material to induce ultrafast magnetic enhancement [START_REF] Koopmans | Explaining the paradoxical diversity of ultrafast laser-induced demagnetization[END_REF] . This property of the laser shows that it cannot only modulate the magnetic moment direction on the femtosecond level time scale, but also physically reveals that it can influence the effect of anisotropic spin-orbit coupling interactions in the process of modulating magnetism. It is shown that laser modulation not only has an intrinsic microphysical mechanism but also has some potential for applications in magnetic storage chips.

Figure 16: Laser ultrafast flip phenomenon [START_REF] He | Ultrafast demagnetization enhancement in CoFeB/MgO/CoFeB magnetic tunneling junction driven by spin tunneling current[END_REF] .

In addition to laser, voltage as a representative of low-power regulation means is also widely used in the regulation of magnetic dynamics processes in spintronic devices. In 2011, researchers discovered that the strength of magnetic anisotropy energy of some ferromagnetic materials can be regulated by an applied electric field, opening the direction of research on electric field modulation of spintronics [START_REF] Wang | Electric-field-assisted switching in magnetic tunnel junctions[END_REF] . This direct action of voltage on the magnetic anisotropy of the material is called the Voltage-Controlled Magnetic Anisotropy (VCMA) effect.

As shown in Figure 17, the principle of VCMA effect is to affect the morphology of the electron cloud near the interface of the ferromagnetic material by applying a voltage to the ferromagnetic surface, which leads to the change of magnetic anisotropy [START_REF] Barla | Spintronic devices: a promising alternative to CMOS devices[END_REF] .The VCMA effect produces only a very low current, and with the help of VCMA effect, the magnetic dynamics of magnetic materials can be regulated with very low power consumption, reducing the power consumption of spintronic devices and leading to the possible implementation of more complex computational functions. In 2015, K.L. Wang et al. proposed a method to flip the MTJ using the VCMA effect, reducing the power consumption of the flip of the MTJ by two orders of magnitude [START_REF] Alzate | Voltage-induced switching of nanoscale magnetic tunnel junctions[A[END_REF] .

Figure 17: The schematic of VCMA Effect [START_REF] Barla | Spintronic devices: a promising alternative to CMOS devices[END_REF] .

Spintronic devices

To address the challenges facing future electronic devices, a range of high-performance spintronic devices have been designed based on new materials and theories discovered in spintronics.

Spintronics memory

MTJ is a non-volatile memory cell that is widely used in spintronic devices. For the power consumption and memory-wall challenges faced by conventional electronic devices, MTJbased storage and computation all-in-one devices are considered as an effective solution. As shown in Figure 18, the structure of MTJ is a typical sandwich structure with a non-magnetic material layer in the middle and two magnetic material layers on either side of the non-magnetic material layer. The magnetic moment pointing of the magnetic material layer in the MTJ can be used to store information and read using the TMR effect. For the method of reading and writing information, there are two main design schemes, STT-MTJ and SOT-MTJ, where SOT-MTJ uses SOT current for information writing. Figure 19 shows the read-write principle of SOT-MTJ, which uses SOT effect to design a three-terminal device, and when a write operation is required, a current is passed through the heavy metal in the bottom layer, and the SOT effect will flip the magnetic material layer of the MTJ to realize information writing. This method achieves the separation of read and write currents and improves the reliability of the device.

Magnetic Random Access Memory (MRAM) is a non-volatile random memory with MTJ as the basic storage unit. MRAM information is stored in an array of MTJs, and its read and write operations are performed by reading the magnetization information of the free layer in the array and flipping the magnetization direction of the free layer. MRAM can achieve a good compromise in terms of speed, integration density, number of read/write cycles, power consumption and is considered by the industry as a potential solution for the next generation of non-volatile cache [START_REF] Tehrani | Status and outlook of MRAM memory technology[END_REF] . In addition to MTJs, magnetic solitons such as magnetic domain walls and skyrmions are a very promising class of information carriers for applications. Spintronic devices designed using magnetic solitons can reach much higher storage densities indeed [START_REF] Parkin | Magnetic domain-wall racetrack memory[END_REF] .

As shown in Figure 19, different types of magnetic domains may represent 0 and 1 stored in a ferromagnetic film. The type of magnetic domains in which the information is stored can be detected by a MTJ-based probe head. Using the STT effect, the MTJ on the writing probe can form new magnetic domains on the carrier film, thus writing the information to the magnetic film. At the same time, the use of electric current to drive the movement of the magnetic domain walls enables the transfer of information across the storage medium. Compared with conventional disk memory, the magnetic domain wall-based track memory has small information cells and is driven by pure spin current, which enables high-density and low-power storage functions.

As shown in Figure 20, the skyrmion-based track memory is similar to the magnetic domain wall-based memory. It utilizes the skyrmion as a carrier of information. The MTJ, which is the read probe, can detect the presence of a skyrmion underneath it and decide whether the read signal is a 0 or a 1. Since the drive current density of a skyrmion is much less than that of a magnetic domain wall, a skyrmion-based memory that can achieve an ultra-high density memory device with lower power consumption [START_REF] Zhang | Manipulation of skyrmion motion by magnetic field gradients[END_REF] .

Figure 19: Domain wall track memory [START_REF] Parkin | Magnetic domain-wall racetrack memory[END_REF] .

Figure 20: The schematic of skyrmion racetrack memory [START_REF] Zhang | Manipulation of skyrmion motion by magnetic field gradients[END_REF] .

Spin logic devices

In addition to memory devices, researchers have also designed various spin logic devices that can implement logic functions differently from conventional devices based on the nature of magnetic materials. For example, Figure 21 shows a classical magnetic field-controlled programmable spin logic device designed by A. Ney et al. that implements programmable logic functions through a simple structure [START_REF] Ney | Programmable computing with a single magnetoresistive element[END_REF] .

Figure 21: Single MTJ-based Programmable Logic Device [START_REF] Ney | Programmable computing with a single magnetoresistive element[END_REF] .

The logic output unit in the figure is a MTJ and the different resistive states of the MTJ represent different logic outputs. The inputs of the device are three wires with input signals A, B, C, where C is a programmable control bit. In order to implement the logic function of the AND gate, the two magnetic material layers in the MTJ must be set to the anti-parallel state in the initial state. The setting of the initial state of the MTJ can be done by the current signal on the control bit C. When the initial state of the MTJ is set to the anti-parallel state, if the input to the system is (A=0, B=1) or (A=1, B=0), the magnetic field generated by a single wire is not sufficient to change the state of the free layer of the MTJ, so the MTJ will still remain in the anti-parallel state and output a high resistance. Obviously, when the input to the system is (A=0, B=0), the state of the MTJ does not change either, and again outputs a high resistance state.

Only when the input to the system is (A=1, B=1), the two wires will be sufficient to generate a magnetic field that switches the free layer of the MTJ, thus outputting a low resistance state. If we define the output of the high-resistance state as 0 and the output of the low-resistance state as 1, then the operation described above effectively completes an AND operation.

Using the same approach, the structure can be converted to an OR gate by simply setting the initial state of the MTJ to a parallel state using control bit C. Figure 22 summarizes the operation of the logic function using this device.

Figure 22: Implementation of the magnetic field control programmable logic function [START_REF] Ney | Programmable computing with a single magnetoresistive element[END_REF] .

Since magnetic field manipulation is a relatively low power-efficient and low-integratable design. After other manipulation means such as current became more mature, researchers abandoned this manipulation means. Better performing spintronics logic devices were designed based on other manipulation methods, such as all-spin logic devices based on ferromagnetic materials and magnetic logic devices based on skyrmion motion [START_REF] Luo | Reconfigurable skyrmion logic gates[END_REF] .

Summary and Outline

Spintronic devices are a promising technological route to solve the critical problems facing current microelectronics. This thesis focus on this point and the main contents is shown in Figure 23. The study of magnetic dynamics for high-performance spintronic devices is the basis for the further development and eventual realization of practical high-performance spintronic devices. In this thesis, we focus our attention on expanding the material system for spintronic devices, especially exploring the design of spintronic devices based on ferrimagnetic and antiferromagnetic materials. Antiferromagnetic and ferrimagnetic materials have high intrinsic frequencies and the potential to be used to design high-performance devices, Therefore, it is important to establish simulation methods for the investigation of their dynamic properties.

Previously, some researchers have developed simulation tools for ferrimagnets, such as Chung T. Ma of the University of Virginia and Harald Oezelt of St. Pölten University, and study the static magnetic properties in ferrimagnetic materials [START_REF] Ma | Micromagnetic simulation of ferrimagnetic TbFeCo films with exchange coupled nanophases[END_REF][START_REF] Oezelt | Micromagnetic simulation of exchange coupled ferri-/ferromagnetic heterostructures[END_REF] . However, for device design it is also important to simulate the dynamics induced by currents, we present novel tools that can be used to simulate current-excited dynamics phenomena. Noncollinear antiferromagnets is another promising material for designing spintronics devices. Due to its hexagon lattice structure resulting in special interaction energies, no general micro-magnetic level simulation method has been published for antiferromagnets, and we will build a simulation tool to fill this gap. Chapter 2 Methods and models in magnetization dynamics

Macrospin model

The magnetic moments of magnetic materials are essentially derived from the quantum nature of electrons, and the macrospin model can be used in dealing with the magnetic dynamics of materials by treating electrons as classical magnetic (dipole) moments with fixed magnetization strength [START_REF] Zangwill | Macrospin models of spin transfer dynamics[END_REF] . With the help of the macrospin model, the magnetic dynamics of materials can be described using classical theory. The main content of this section is to investigate the quantum mechanical origin of magnetic moments.

According to the theory of quantum mechanics, the evolution law of the operator representing the spin state of the electron with respect to the time can be described by the Schrödinger equation 

Where ℋ(𝑡) is the Hamiltonian, simultaneously finding the expectation for both ends of the equation yields

𝑖ħ 𝑑 𝑑𝑡 < 𝑆 > (𝑡) = [𝑆, ℋ(𝑡)] > (20) 
To simplify the calculations, it can be assumed that the electron spin is subjected only to an applied magnetics induction B. Based on this assumption, the expression for the Hamiltonian quantity of the system can be written as

ℋ = -𝑔𝜇 𝐵 ħ 𝑆 ⋅ 𝐵, 𝐵 = 𝜇 0 𝐻 (21) 
If the components of the Hamiltonian quantities in the x-direction are chosen for study, the expansion of the right-hand side Schrödinger's equation can be written in the form 

Considering the pairwise ease relations between the operator components. 

Repeating the above for the components in the y, z directions give (25) Observing the characteristics of the component equations and rewriting them as vector equations leads to

𝑑 𝑑𝑡 < 𝑆 > (𝑡) = 𝑔𝜇 𝐵 ħ (< 𝑆 > (𝑡) × 𝐵(𝑡)) (26) 
As a result, we obtain a kinetic equation for the expected time-dependent evolution of the electron spin operator. This equation is close enough to the equation of motion of the magnetic moment under the action of an external magnetic field in classical electromagnetic theory.

To eventually relate more rigorously the quantum mechanical quantity of the expectation value of the electron operator to the ordinary classical magnetic moment, it needs to be shown first that the angular momentum moment generated by the motion of a charged particle is equivalent to the magnetic moment generated by an electric current. For this goal, one can first assume the existence of a free electron in the middle of space, with mass 𝑚 𝑒 with a velocity of 𝑣 , and moving in a uniform circular motion of radius r in space as shown in Figure 24(a), whereupon its angular momentum moment is expressed as

𝐿 = 𝑚 𝑒 (𝑟 × 𝑣) (27) 
At the same time, the uniform circular motion of the free electron can be equivalently considered as the existence of a toroidal current in the middle of space 𝑖 . If a magnetic induction B is applied in this space, then the electromagnetic force on the current element in the toroidal current can be written as 𝑑𝐹 = 𝑖𝑑𝑙 × 𝐵 (28) A toroidal integral for this force equation yields 𝜏 = 𝑖𝐴 × 𝐵, 𝐴 = 𝐴𝑛 (29) According to the classical electromagnetic theory, the toroidal current can be considered as a classical magnetic moment among the electromagnetic fields [START_REF] Iwasaki | Current-induced skyrmion dynamics in constricted geometries[END_REF] . 𝑀 = 𝑖𝐴 (30) Since the toroidal current is generated by the uniform circular motion of electrons, it can be written that its current density is

𝑖 = 𝑞 𝑒 𝑣 2𝜋𝑟 (31)
Combining equations ( 29), ( 30) and (31) yields. Thus, we show that the angular moment of momentum generated by the circular motion of a charged particle can be equated to the classical magnetic moment in the electromagnetic force interaction. According to the quantum mechanical theory, the electron spin is essentially an angular momentum, and it follows that in the electromagnetic force interaction, the electron spin can also be treated as a classical magnetic moment. If the above conclusion is written in the form of Eq. ( 33)

𝑀 = 𝛾 < 𝑆 > ( 33 
)
where 𝛾 is known as the gromagnetic ratio, which has the exact expression

𝛾 = 𝑔𝑞 𝑒 2𝑚 𝑒 = 𝑔𝜇 𝐵 ħ < 0 ( 34 
)
where 𝑔 is known as the Landé 𝑔 factor, which is a constant related only to the type of particle, and 𝜇 𝐵 is the Bohr magneton. Having obtained the equivalence between the electron spin and the classical magnetic moment, Eq. ( 26) can be rewritten as

𝑑 𝑑𝑡 𝑀(𝑡) = 𝛾[𝑀(𝑡) × 𝐵(𝑡)] (35) 
In fact, for a macroscopic material, the magnetization strength will be actually the density of magnetic moments it possesses [START_REF] Woo | Current-driven dynamics and inhibition of the skyrmion Hall effect of ferrimagnetic skyrmions in GdFeCo films[END_REF] . 𝑀 = ∑𝑀 Unit Vol. (36) According to this definition, the kinetic equation for the magnetization strength of the material under the action of the external magnetic field H can be written in the international system of units as

𝑑 𝑑𝑡 𝑀(𝑡) = 𝜇 0 𝛾[𝑀(𝑡) × 𝐻(𝑡)] (37) 
For convenience in the form of the formula, physicists have defined (38) Thus equation ( 37) can be rewritten as

𝛾 0 = 𝜇 0 𝑔|𝜇 𝐵 | ħ = -𝜇 0 𝛾
𝑑 𝑑𝑡 𝑀(𝑡) = -𝛾 0 [𝑀(𝑡) × 𝐻(𝑡)] (39) 
This is the Larmor precession equation mentioned in the previous chapter.

If the magnetic field in the equation is assumed not to vary with time, multiplying the two ends of the equation in turn by 𝑀 and 𝐻 we get. 

Equation (40) shows that under the action of a constant magnetic field, the magnitude of the magnetic moment does not change and the angle between the magnetic moment and the magnetic field does not change with time. It follows that equation (39) actually describes the spin-in motion of a magnetic moment vector around an applied magnetic field, with the motion pattern shown in Figure 25(a). In this spin-in motion, there is a simple linear relationship between the angular frequency of the magnetic moment and the strength of the applied magnetic field. From the above analysis it can be seen that equation (39) describes a stable spin-in motion where the magnetic moment will always be in a periodic motion driven by the magnetic field.

𝜔 0 = 𝛾 0 𝐻 (41) 
However, it can be seen from the experimental results that any material can reach its own saturation magnetization state as long as the applied magnetic field is strong enough. In the saturated magnetization state, all magnetic moments within the material will point in the direction of the applied magnetic field. However, the motion described by equation (39) clearly does not allow the magnetic moments to reach this state. To explain this phenomenon, damping effects must be considered in the original equation of motion. Under the influence of the damping effect, the stable spin-in motion becomes unsustainable, and the magnetic moment will eventually stabilize in a direction parallel to the applied magnetic field for a finite period of time. According to the work of T. Gilbert, the damping effect can be introduced by replacing the external magnetic field in equation ( 39) by an equivalent magnetic field with a dissipative term, the expression for the equivalent field being

𝐻 𝑒𝑓𝑓 = 𝐻 -𝛼 1 𝛾 0 𝑀 𝑠 𝑑𝑀 𝑑𝑡 (42) 
where 𝑀 𝑠 is the saturation magnetization strength, and 𝛼 is a phenomenological damping factor.

As will be seen later in the section, the damping effect here actually derives from a Rayleigh Dissipation Function (RDF) [START_REF] Zangwill | Macrospin models of spin transfer dynamics[END_REF] . Bringing the equivalent magnetic field in the form of the original equation, one obtains

𝑑𝑀(𝑡) 𝑑𝑡 = -𝛾 0 [𝑀(𝑡) × 𝐻(𝑡)] + 𝛼 𝑀 𝑠 [𝑀(𝑡) × 𝑑𝑀(𝑡) 𝑑𝑡 ] (43) 
Equation (43), generally known as the Landau-Lifshitz-Gilbert (LLG) equation, is a fundamental equation that is widely used in the study of magnetic dynamics [START_REF] Zhang | Generalization of the Landau-Lifshitz-Gilbert equation for conducting ferromagnets[END_REF] . Figure 25(b) shows the action of the damping term, where the magnetic moment will approach the direction of the applied magnetic field while spinning in, eventually reaching a steady state co-linear with the applied field. Multiplying both ends of equation (43) simultaneously by 𝑀(𝑡), It can be transformed into a form more amenable to numerical calculations as follows:

(1 + 𝛼 2 ) 𝑑𝑀(𝑡) 𝑑𝑡 = -𝛾 0 [𝑀(𝑡) × 𝐻(𝑡)] - 𝛼𝛾 0 𝑀 𝑠 {𝑀(𝑡) × [𝑀(𝑡) × 𝐻(𝑡)]} (44) 
If we use a set of variable substitutions. The LLG equation can be written in the usual dimensionless form.

(

+ 𝛼 2 ) 𝑑𝑚(𝑡) 𝑑𝜏 = -[𝑚(𝑡) × ℎ(𝑡)] -𝛼{𝑚(𝑡) × [𝑚(𝑡) × ℎ(𝑡)]} 1 
As can be seen from the above analysis, the spin magnetic moment of the electron can be transformed into a classical magnetic moment treatment using the Macrospin model. In fact, a major contribution of the macrospin model is to provide a way to translate quantum physics problems related to magnetic moments as classical physics problems. In many physical scenarios involving the magnetic dynamics of materials, it is possible to ignore the spatial distribution of the magnetic moments in the material and the interactions between them and treat the entire magnetic material as a single macrospin. We will present an example of this treatment with a magnetic film. As shown in Figure 26, the object of study is a rectangular magnetic film with planar magnetic anisotropy. The initial state of the macrospin magnetic moment has been determined in the figure. Based on these assumptions, the energy density function of this magnetic film can be written as: 

𝑤 = 𝐾 𝑒𝑓𝑓 𝑠𝑖𝑛
The first term to the right of the equal sign in equation (46) represents the magnetic anisotropy energy of the ferromagnetic film, and 𝐾 𝑒𝑓𝑓 is the magnetic anisotropy energy constant in 𝐽 𝑚 3 ⁄ .

The -𝜇 0 (𝑀 ⋅ 𝐻 𝑎 ) term represents the energy of the interaction energy of the magnetic moment with the external magnetic field, and is lowest when the magnetic moment of the system is colinear with the external magnetic field. The last -1 2 𝜇 0 (𝑀 ⋅ 𝐻 𝑑 ) term represents the energy of the demagnetization field 𝐻 𝑑 in the system. 𝐻 𝑑 This demagnetization field generally depends only on the distribution of the magnetic moments in the material itself and the shape of the material.

If we consider a rectangular film whose thickness z can be neglected with respect to the length x and width y such that it can be treated as an infinite thin film in the xOy plane. At this point, its demagnetization field can be expressed as 𝐻 𝑑 = (0,0, -𝑀 𝑠 𝑚 𝑧 ) . From the initial form of each energy term above, it can be seen that the magnetic moment of the system will point in the +x direction in the steady state if there is no applied magnetic field. From the expression for the energy density function of the system, the effective field of the system can be obtained as 

where we can define the magnetic anisotropic field 𝐻 𝑘 = 2 𝐾 𝑒𝑓𝑓 𝜇 0 ⁄ 𝑀 𝑠 , which has the same magnitude as the magnetic field strength. Substitution of the equivalent field in the form (47) into (45) gives the complete equations of magnetic dynamics. However, when the damping term is considered, even using the simplest form of applied magnetic field, the exact analytical solution of the system's magnetic dynamics equations can be obtained only in a small number of cases. Therefore, we must consider solving asymptotic solutions to understand the dynamical nature of the system's magnetic moments. For the sake of simplifying the problem, it is assumed that the applied magnetic field is a constant magnetic field applied along the y-axis. In order to solve the asymptotic solution, equation ( 45) can be first transformed into spherical coordinate form as follows.

{ (1 + 𝛼 2 ) 𝑑𝜃 𝑑𝑡 = -𝛾 0 𝜇 0 𝑀 𝑠 (𝛼 𝜕𝑤 𝜕𝜃 + 1 𝑠𝑖𝑛𝜃 𝜕𝑤 𝜕𝜙 ) (1 + 𝛼 2 ) 𝑑𝜙 𝑑𝑡 = +𝛾 0 𝜇 0 𝑀 𝑠 ( 1 𝑠𝑖𝑛𝜃 𝜕𝑤 𝜕𝜃 - 𝛼 𝑠𝑖𝑛 2 𝜃 𝜕𝑤 𝜕𝜙 ) (48) 
According to (48), a steady state of the system equations can be found as

{ 𝜃 𝑒𝑞 = 𝜋 2 , 𝑠𝑖𝑛 (𝜙 𝑒𝑞 ) = 𝐻 𝑦 𝐻 𝑘 = ℎ 𝑦 𝑄 (49) 
where 𝑄 = 50) is a linearized representation of the system's magnetic dynamics equations near the stabilization point, it can be used to consider the dynamical state of the system after it has evolved for a sufficiently long period of time. According to the relevant mathematical theory, the general solution of equation ( 50) is an exponential function of time, i.e., 𝜂, 𝜁 = 𝑒𝑥𝑝 (𝑝𝜏) . If one further assumes that the damping constant among the system can be such that 𝛼 ≪ 1 (one can actually find materials that satisfy the requirement, such as Permalloy), then equation (50) can be reduced again and a characteristic equation can be obtained as

𝑝 2 + 𝛼𝑝 + 𝑄 [1 -( 𝐻 𝑦 𝐻 𝑘 ) 2 ] = 0 (51)
The discriminant of the characteristic equation is:

𝛥 = 𝛼 2 -4𝑄 [1 -( 𝐻 𝑦 𝐻 𝑘 ) 2 ] (52) 
The solutions can be classified into two types. If 𝛥 > 0 , the magnetic dynamics process of the system will encounter a strong damping effect and the magnetic moment will reach the steady state quickly and directly. This situation requires that the parameters of the system satisfy:

( 𝐻 𝑦 𝐻 𝑘 ) 2 > 1 - 𝛼 2 4𝑄 (53)
It requires that the magnitude of the magnetic field is small, and that the direction of the applied field is at a small declination from the direction of the magnetic anisotropic field. In most cases, the magnetic moment will not reach the steady state directly but will instead oscillate damped around the steady state. The general solution of the equation at this point can be expressed as:

𝜂, 𝜁 = 𝐶 𝜂,𝜁 𝑒𝑥𝑝 (-𝑡 𝑡 0 ⁄ )𝑐𝑜𝑠 (2𝜋 𝑡 𝑡 1 + 𝑝ℎ𝑎𝑠𝑒) (54) 
The characteristic times in the equations𝑡 0 and𝑡 1 are the decay characteristic time and vibration period of the damped vibration, respectively, and their detailed expressions are:

{ 𝑡 0 = 2 𝛼𝛾 0 𝑀 𝑠 , 𝑡 1 = 4𝜋 𝛾 0 𝑀 𝑠 1 √4(𝑄-ℎ 𝑦 2 𝑄 ⁄ )-𝛼 2 (55) 
Equation ( 54) can well describe the properties of the motion of the magnetic moment of a magnetic material under a magnetic field and can explain many experimental phenomena,

showing the relevance of the Macrospin model. On this basis, physicists have found that it is also possible to write the kinetic equations for macrospin in a more general Lagrangian form and use it to reveal some profound physical mechanisms that exist among the magnetic dynamics of materials [START_REF] Kim | Role of nonlinear anisotropic damping in the magnetization dynamics of topological solitons[END_REF] . The Lagrangian quantity density for deriving the kinetic equations for macrospin is:

{ 𝐿 = -𝜇 0 𝑀 𝑠 𝛾 0 𝜙 ˙𝑐𝑜𝑠(𝜃) -𝑤, 𝜙 ˙= 𝑑𝜙 𝑑𝑡 ( 56 
)
where 𝑤 is the free energy density function of the system defined above, 𝜃 , 𝜙 , 𝜃 ˙ , and 𝜙 ˙ and other physical quantities are the generalized coordinates of the system. The motion of the magnetic moment of the system conforms to the classical Lagrangian dynamical equations:

{ 𝑑 𝑑𝑡 𝜕𝐿 𝜕𝜃 ˙-𝜕𝐿 𝜕𝜃 = 0 𝑑 𝑑𝑡 𝜕𝐿 𝜕𝜙 ˙-𝜕𝐿 𝜕𝜙 = 0 (57) 
If only the effect of the applied magnetic field is considered in the Lagrangian volume density:

{ 𝑤 ∧ -𝜇 0 𝑀 𝑠 (𝑚 ⋅ 𝐻), 𝑚 = (𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜙, 𝑠𝑖𝑛𝜃𝑠𝑖𝑛𝜙, 𝑐𝑜𝑠𝜃), 𝐻 = (0,0, 𝐻 𝑧 )
By solving the Lagrangian equation we can obtain:

{ 𝜃 ˙= 0, 𝜙 ˙= 𝛾 0 𝐻 𝑧
This result is in agreement with that of the Lamor precession equation, showing the consistency of the Lagrangian and classical form equations. In fact, by invoking the Rayleigh dissipation model among analytical mechanics, the damping effect can be naturally introduced in the Lagrangian form of the equations. For example, we assume that the drag force of the system in motion is always linearly related to the generalized velocity of the system:

𝐹 = 𝛼𝜇 0 𝑀 𝑠 2𝛾 0 (𝜃 ˙2 + 𝜙 ˙2𝑠𝑖𝑛 2 𝜃) (58)
Then the original equation can be written in the form with a damping term: Therefore, we can assume that the damping effect present among the magnetic dynamics system also originates from Rayleigh dissipation.

In summary, we review fundamentals of magnetic moment dynamics at the nanoscale in this section and obtain the LLG equation and Lagrangian form for magnetic moment dynamics.

These conclusions are the physical basis for studying the numerical simulation of magnetic moment systems.

Continuous medium theory and micromagnetics

Continuous medium approximation theory in magnetic dynamics

Macrospin models are unable to calculate the effects of the non-homogeneous distribution of magnetic moments in a material on the magnetic dynamics processes and results, much less to study the physical phenomena originating from the interactions between magnetic moments within the material. In order to solve these problems, the continuous medium approximation theory in the study of magnetic dynamics was born. Similar to the theories applied in other physical fields, the continuous medium approximation theory in magnetic dynamics is also based on several basic assumptions [START_REF] Miltat | Numerical micromagnetics: Finite difference methods[END_REF] . First, the continuous medium approximation theory of magnetic dynamics assumes that the module value of all magnetic moment vectors remains constant during the dynamical evolution of the system (𝑀 = 𝑀 𝑠 𝑚, 𝑚 ⋅ 𝑚 = 1). Second, all vector field state quantities involved in the system (e.g., the magnetic moment vector field 𝑀 , the exchange-action field 𝐻 𝑒𝑥 , and the degenerate field 𝐻 𝑑 ) vary slowly on the spatial scale at the atomic level. The continuum medium theory of magnetic dynamics has two central research problems, one of which is to determine the equivalent magnetic field acting on the magnetic moment vector, and the other is to write and solve the corresponding magnetic dynamics equations for the motion of the magnetic moment. According to Niels Bohr's theory, the equivalent field acting on the magnetic moment can be found from the generalized derivative of the energy density function of the system with respect to the system.

𝐻 𝑒𝑓𝑓 = -1 𝜇 0 𝑀 𝑠 𝛿𝜀 𝛿𝑚 (60)
In general, the effect of the equivalent magnetic field generally arises from the exchange interaction, magnetic anisotropy, the applied magnetic field (or Zeeman field), and the degenerate field, written as an expression that can be expressed as

𝐻 𝑒𝑓𝑓 = -1 𝜇 0 𝑀 𝑠 𝛿𝜀 𝛿𝑚 = 2𝐴 𝜇 0 𝑀 𝑠 𝛻 2 𝑚 - 1 𝜇 0 𝑀 𝑠 𝛿𝜀 𝐾 𝛿𝑚 + 𝐻 𝑎𝑝𝑝 + 𝐻 𝑑 (61)
The total energy of the system corresponding to the equivalent magnetic field considering all these effects is

𝐸 = ∫ V [𝐴(∇m) 2 + 𝜀 k -𝜇 0 𝑀 s (H app ⋅ m) - 1 2 𝜇 0 𝑀 s (H d ⋅ m)] 𝑑 3 𝑟 ( 62 
)
Where 𝐴 is the exchange interaction constant (in 𝐽 𝑚 ⁄ , and 𝜀 𝑘 represents the anisotropic energy (in 𝐽 𝑚 ⁄ 3 ), the 𝐻 𝑎𝑝𝑝 and 𝐻 𝑑 represent the applied and receding magnetic fields (in 𝐴 𝑚 ⁄ ).

The exchange interaction essentially arises from the quantum nature of the electron.

According to quantum mechanical theory, the interaction energy between two electrons in a ferromagnetic material depends on the relative angle between their spin torques. When the spin torques of two electrons in a ferromagnetic material are parallel, the interaction energy between them is lowest. The interaction energy is highest when their spin torques are in the antiparallel state. This property of electrons in ferromagnetic materials arises from the bubble incompatibility principle and Coulomb interaction. According to the bubbly incompatibility principle, two electrons can appear in the same spatial position only when they are in opposite spin states. If two electrons have the same spin state, they tend to move away from each other, and this behavior also reduces the Coulomb repulsion between them. For ferromagnetic materials, the reduced interaction energy of electrons in antiparallel states approaching each other is not enough to compensate for their increased Coulomb energy, so electrons prefer to be in spin-parallel states with each other. According to the Heisenberg model, the exchange interaction energy between two electrons can be expressed as

𝐸 𝑖𝑗 = -2𝐽 𝑖𝑗 𝑆 𝑖 ⋅ 𝑆 𝑗 (63) 
Where 𝐽 𝑖𝑗 denotes the exchange integral between atom i and atom j, and𝑆 𝑖 denotes the spin at atom i. To simplify the problem, we consider here metals with a cubic lattice structure, under the condition that 𝐽 𝑖𝑗 = 𝐽 can be seen as a constant. At the spatial scale of continuous medium theory, it is often necessary to treat a large number of spins coupled together as if they were a single spin, when one can 𝐸 𝑖𝑗 as the potential energy in classical theory, and treating𝑆 𝑖 as the magnetic moment vector in the classical theory. If one writes𝑚 𝑖 as the 𝑆 𝑖 the unit vector in the direction, then𝑚 𝑖 can be used to represent the unit vector of spin magnetic moments at atom i.

Denote 𝜑 𝑖𝑗 is the vector 𝑚 𝑖 and 𝑚 𝑗 the angle between then 𝑚 𝑖 and 𝑚 𝑗 The exchange action energy between can be expressed as

𝐸 𝑖𝑗 = -2𝐽𝑆 2 𝑐𝑜𝑠 (𝜑 𝑖𝑗 ) (64) 
where 𝑆 = |𝑆 𝑖 | = |𝑆 𝑗 | denotes the spin quantum number. Based on the assumptions of the continuum medium theory of magnetic dynamics, it can be assumed that𝑚 𝑖 and𝑚 𝑗 denote vectors that are nearly continuously distributed in space, and𝜑 𝑖𝑗 is a very small angle, from which a continuous vector field can be introduced𝑚(𝑥) to represent the whole magnetic moment system, and define𝑚(𝑥 𝑖 ) = 𝑚 𝑖 . If the𝑚(𝑥) is expanded in 𝑥 𝑖 is expanded around. Which 𝑎 𝑗 = (𝑎 𝑗 , 𝑏 𝑗 , 𝑐 𝑗 ) 𝑇 are 𝑥 𝑖 and 𝑥 𝑗 the connection vector between the and according to the form of the product of vector quantities, we can replace the in equation ( 64), 𝑐𝑜𝑠 (𝜑 𝑖𝑗 ) is replaced by 𝑐𝑜𝑠 (𝜑 𝑖𝑗 ) = 𝑚(𝑥 𝑖 ) ⋅ 𝑚(𝑥 𝑗 ) . Since we are studying a cubic lattice system, as shown in Figure 27, the 𝑥 𝑖 position the spin has 6 nearest-neighbor spins. If we only consider the exchange interaction between the nearest neighboring spins, we can simply add the exchange interaction energy with the surrounding 6 spins when calculating the exchange interaction energy of the lattice cell. According to Eq. ( 65), when calculating the unit vector representation of the nearest-neighbor spins, the𝑎 𝑗 the values of are taken as, so that the summation causes the linear term in Eq. to vanish. Moreover, the first term on the right-hand side of Eq. can be subject to the constraint𝑚(𝑥 𝑖 ) ⋅ 𝑚(𝑥 𝑖 ) = 1 becomes a constant term and therefore can also be neglected.

Finally, it is possible to write down the energy of the exchange action possessed by a lattice cell in a cubic lattice system as

∑ 6 𝑗=1 𝐸 𝑖𝑗 = -𝐽𝑆 2 ∑ 6 𝑗=1 (𝐦 𝑖 ⋅ ∂ 2 𝐦 𝑖 ∂𝑥 2 𝑎 𝑗 2 + 𝐦 𝑖 ⋅ ∂ 2 𝐦 𝑖 ∂𝑦 2 𝑏 𝑗 2 + 𝐦 𝑖 ⋅ ∂ 2 𝐦 𝑖 ∂𝑧 2 𝑐 𝑗 2 ) = -2𝐽𝑆 2 𝑎 2 (𝐦 𝑖 ⋅ ∂ 2 𝐦 𝑖 ∂𝑥 2 + 𝐦 𝑖 ⋅ ∂ 2 𝐦 𝑖 ∂𝑦 2 + 𝐦 𝑖 ⋅ ∂ 2 𝐦 𝑖 ∂𝑧 2 ) (66) 
When calculating the exchange interaction energy for the whole system, the above expression needs to be multiplied by 1/2 to offset the double accumulation introduced by each atom being counted twice. In addition, according to𝑚(𝑥 𝑖 ) ⋅ 𝑚(𝑥 𝑖 ) = 1 It is also possible to obtain the relation

𝑚 ⋅ 𝜕 2 𝑚 𝜕𝑥 2 = -( 𝜕𝑚 𝜕𝑥 ) 2 (67) 
The expression for the exchange energy can then be rewritten as

𝐸 𝑒𝑥 = 𝐽𝑆 2 𝑎 ∑ [( 𝜕𝑚 𝑖 𝜕𝑥 ) 2 + ( 𝜕𝑚 𝑖 𝜕𝑦 ) 2 + ( 𝜕𝑚 𝑖 𝜕𝑧 ) 2 ] 𝑖 (68) 
Calculating the sum of the exchange energy of all lattice cells in a material of volume V gives the exchange energy of the whole system, and under the continuous medium approximation, it is obvious that the integral can be used instead of summation, so that the exchange energy of the whole system can be expressed as

𝐸 𝑒𝑥 = ∫ 𝐴 [( 𝜕𝑚 𝑖 𝜕𝑥 ) 2 + ( 𝜕𝑚 𝑖 𝜕𝑦 ) 2 + ( 𝜕𝑚 𝑖 𝜕𝑧 ) 2 ] 𝑑𝑉 (69) 
Using the Laplace operator𝛻 the above expression can be written in a simpler form, the

𝐸 𝑒𝑥 = ∫ 𝐴 [(𝛻𝑚 𝑥 ) 2 + (𝛻𝑚 𝑦 ) 2 + (𝛻𝑚 𝑧 ) 2 ] 𝑑𝑉 ( 70 
)
where 𝐴 is the exchange interaction constant, which, according to the previous derivation process, can be expressed as

𝐴 = 𝐽𝑆 2 𝑎 𝑛 (71) 
In this case𝑛 is a constant related to the lattice type, and among the cubic lattices we study, n = 6. In fact, expression (71) can add more energy terms, for example, the magnetostriction action energy and the long-range exchange action energy, if necessary. For convenience of expression, these energies are not considered in this section for the time being. If we consider a system in which only the exchange action and the static magnetic field action are present, a physical quantity known as the characteristic length of the exchange action can be obtained when the equations for the dynamics of the system are dimensionless.

𝑙 𝑠 = √ 2𝐴 𝜇 0 𝑀 𝑠 2 (72) 
The exchange interaction characteristic length is usually labeled as𝑙 𝑠 . Among 3d ferromagnetic materials and their alloys, the𝑙 𝑠 which is usually taken to be a few nanometers, this length in fact gives a strict limit to the size of the minimum mesh for the finite difference method in magnetic dynamics studies.

The energy added to the system by an external magnetic field is relatively easy to calculate.

For a magnetic (dipole) moment, if it is in an applied magnetic field of magnetic induction strength𝐵 ext then the interaction energy between it and the applied magnetic field can be expressed as-𝜇 ⋅ 𝐵 𝑒𝑥𝑡 . To find the energy of the external magnetic field acting on the whole system, one can first express the magnetic induction intensity in terms of the magnetic field strength𝐵 𝑒𝑥𝑡 = 𝜇 0 𝐻 𝑒𝑥𝑡 and then find the Zeeman energy of its magnetic moment at the point𝑥 𝑖

The Zeeman energy of the magnetic moment at the point and finally sum them all together as

𝐸 ext = -𝜇 0 ∑ 𝑖 𝝁 𝑖 ⋅ 𝐇 ext (73) 
Equation ( 73) can also be written in integral form according to the general assumptions of continuous medium theory. If the definition of𝑀 = 𝑁𝜇 and𝑉 𝑖 = 1 𝑁 ⁄ , then one obtains that

𝐸 ext = -𝜇 0 ∑ 𝑖 (𝐌 ⋅ 𝐇 ext )𝑉 𝑖 → -𝜇 0 ∫ 𝑉 (𝐌 ⋅ 𝐇 ext )𝑑𝑉 (74) 
Introducing the unit vector field in the expression𝑚(𝑥) This results in. Static magnetic energy is also called dipole interaction energy, and in magnetic materials, each magnetic moment generates a dipole field, and each moment is simultaneously subject to the magnetic dipole fields generated by all other magnetic moments. It follows that the static magnetic interaction is a long-range interaction, and calculating its value at any point in the system takes into account the state of all magnetic moments in the entire system. The nature of the long-range interaction leads to the fact that the static magnetic field cannot be calculated first separately for the local energy around each magnetic moment, as is the case for the exchange interaction and Zeeman energy, and finally integrated over the whole system to find the total energy. In order to calculate the static magnetic energy in the system, a new analytical method must be used.

𝐸 ext = -𝜇 0 ∑ 𝑖 (𝐌 ⋅ 𝐇 ext )𝑉 𝑖 → -𝜇 0 ∫ 𝑉 (𝐌 ⋅ 𝐇 ext )𝑑𝑉 (75) 
According to the nature of the magnetic dipole field, as shown in Figure 28, if we choose𝑥 𝑖 magnetic moment at the location as the object of study, then the magnetic dipole field to which it is subjected should be the sum of the magnetic dipole fields generated by all other magnetic moments: the

𝐇 dip (𝐱 𝑖 ) = 1 4𝜋 ∑ 𝑗≠𝑖 [3 (𝝁 𝑗 ⋅𝐫 𝑖𝑗 )𝐫 𝑖𝑗 𝑟 𝑖𝑗 5 - 𝝁 𝑗 𝑟 𝑖𝑗 3 ] (76) 
where the vector𝑟 𝑖𝑗 = 𝑥 𝑖 -𝑥 𝑗 represents the field from the source of the dipole field𝑥 𝑗 to the site of action of the dipole field𝑥 𝑖 The connection vector between the source of the dipole field and the site of action can then be expressed as𝑟 𝑖𝑗 = |𝑟 𝑖𝑗 | . In order to be able to obtain a continuous form of Eq. ( 76), the sum of the dipole fields can be considered in two parts, one of which is generated by the magnetic moments closer to the object of study and the other by the other more distant ones. For the part of the magnetic moments that are farther away, their exact position at the atomic size level does not have much effect on the interaction they exert on the object of study through the dipole field, so it is natural to approximate the continuum of the dipole field generated by this part of the magnetic moments and to use the integration over space instead of summing them. According to this principle, we can retain the summation calculation for the dipole fields generated by the magnetic moments in the sphere shown in Figure 28, while using the integral operation for the dipole fields generated by the magnetic moments in the rest of the system. Thus, the dipole fields can first be written in the form of sums.

𝐻 dip (𝑥 𝑖 ) = 𝐻 near + 𝐻 demag (77) among others

𝐇 near (𝐱 𝑖 ) = 1 4𝜋 ∑ 𝑟 𝑖𝑗 <𝑅 [3 (𝝁 𝑗 ⋅𝐫 𝑖𝑗 )𝐫 𝑖𝑗 𝑟 𝑖𝑗 5 - 𝝁 𝑗 𝑟 𝑖𝑗 3 ] (78) 
denotes the dipole field generated by all magnetic moments in a sphere of radius R as shown in Figure 28. For𝑟 𝑖𝑗 ≥ 𝑅 that part of the magnetic moments, the dipole field integration unit can be introduced𝑀𝑑𝑉 ′ Expressing them as integrals in the form of

𝐇 demag (𝐱) = 1 4𝜋 ∫ 𝑉 * [3 (𝐌(𝐱 ′ )⋅(𝐱-𝐱 ′ ))(𝐱-𝐱 ′ ) |𝐱-𝐱 ′ | 5 - 𝐌(𝐱 ′ ) |𝐱-𝐱 ′ | 3 ] 𝑑𝑉 ′ (79) 
The region of integration for equation ( 79), 𝑉 * is all the region remaining in the system after removing the sphere of radius R. The static magnetic energy represented by equation ( 78) is related only to the state of the magnetic moment around the studied moment, so it can be seen as an energy related only to the local state of the system. Not only that, but its form also determines that its symmetry will be consistent with the symmetry of the lattice anisotropy field.

Therefore, this part of the energy can be treated as part of the lattice anisotropy energy. In fact, in most cases, the anisotropy constants obtained from the experimental data already consider the contribution of this part of the magnetic dipole energy to the various anisotropy energies.

The second part of the static magnetic field in Eq. is also known as the degenerate field 𝐻 𝑑𝑒𝑚𝑎𝑔 (𝑥) , which is a spineless field, can be generated by a gradient of a number of fields.

𝐻 demag = -𝛻𝑈 (80) 
It is known from the theory of static magnetism [START_REF] Wu | Ising model with four-spin interactions[END_REF] that

𝑈(𝐱) = - 1 4𝜋 ∫ 𝑉 * 𝐌(𝐱 ′ ) ⋅ 𝐱-𝐱 ′ |𝐱-𝐱 ′ | 3 𝑑𝑉 ′ (81) 
In calculations among magnetic dynamics-𝛻𝑈 two concepts can often be introduced when doing so. One is the equivalent magnetic charge body density𝜌 𝑚 = -𝛻 ′ ⋅ 𝑀(𝑥 ′ ) and the other is the equivalent magnetic charge surface density𝜎 𝑚 = 𝑀(𝑥 ′ ) ⋅ 𝑛 [START_REF] Němec | Antiferromagnetic opto-spintronics[END_REF] . By using the relation.

{ 𝑥 -𝑥 ′ |𝑥 -𝑥 ′ | 3 = -𝛻 1 |𝑥 -𝑥 ′ | , 𝛻 1 |𝑥 -𝑥 ′ | = -𝛻 ′ 1 |𝑥 -𝑥 ′ | Available from. 𝑈(𝐱) = 1 4𝜋 ∫ 𝑉 * 𝐌(𝐱 ′ ) ⋅ ∇ ′ 1 |𝐱-𝐱 ′ | 𝑑𝑉 (82) 
Using the divisional integration method and Gauss' integral theorem one can transform (82) into

𝑈(𝐱) = 1 4𝜋 ∫ 𝑉 * 𝜌 m (𝐱 ′ ) |𝐱-𝐱 ′ | 𝑑𝑉 ′ + 1 4𝜋 ∮ ∂𝑉 * 𝜎 m (𝐱 ′ ) |𝐱-𝐱 ′ | 𝑑𝑆 ′ (83) 
In calculating the static magnetic energy of the whole system, it is not necessary to consider the energy of that part of the static magnetic field represented by (78), since it will usually be included in the magnetic anisotropy energy, and it is only necessary to consider the demagnetization energy𝐻 demag (𝑥) produced in the material will suffice for the demagnetization energy. To find this energy, we can sum the demagnetization energy of all magnetic moments as follows.

𝐸 demag = - 𝜇 0 2 ∑ 𝑖 𝝁 𝑖 ⋅ 𝐇 demag (𝐱 𝑖 ) (84) 
The factor 1/2 appears here because each pair of magnetic moments is calculated twice. Similar to the technique used to calculate the exchange action energy and the Zeeman energy, we can turn the summation into an integral using continuous medium theory as follows.

𝐸 demag = - 𝜇 0 2 ∫ 𝑉 𝐌 ⋅ 𝐇 demag = - 1 2 ∫ 𝑉 𝜇 0 𝑀 s (𝐦 ⋅ 𝐇 demag )𝑑𝑉 (85) 
Using the concepts of magnetic charge body density and magnetic charge surface density we mentioned before, we can rewrite (85) as

𝐸 demag = 𝜇 0 2 ∫ 𝑉 𝜌 m 𝑈𝑑𝑉 + 𝜇 0 2 ∮ ∂𝑉 𝜎 m 𝑈𝑑𝑆 (86) 
Equation ( 86) is the most widely used formula for calculating demagnetization energy in numerical micromagnetic methods, and it was originally proposed by A. LaBonte, M. Schabes, and A. Aharoni.

The magnetic anisotropic energy is derived from the lattice structure of magnetic materials and is a special property of magnetic materials. It is usually defined as the energy required for an external magnetic field to deflect the magnetic moment away from the direction of the easy magnetization axis. The magnetic anisotropy energy can be obtained as a function of the imageonly theory, and the magnetic anisotropy energy density 𝑒 𝑎𝑛𝑖 (𝑚) can generally be expanded as a sum of steps of the cosine function of the angle of the magnetic moment. By analyzing the symmetry of the lattice, the number of parameters in the energy density function can be reduced.

In practical calculations, the terms of the series higher than the quadratic are usually rounded off directly. If one uses 𝑎, 𝑏, 𝑐 to represent a set of unit lattice vectors of a cubic lattice, then its magnetic lattice anisotropy energy density can be expressed as

𝑒 ani (𝐦) = 𝐾 0 + 𝐾 1 [(𝐚 ⋅ 𝐦) 2 (𝐛 ⋅ 𝐦) 2 + (𝐛 ⋅ 𝐦) 2 (𝐜 ⋅ 𝐦) 2 + (𝐜 ⋅ 𝐦) 2 (𝐚 ⋅ 𝐦) 2 ] + 𝐾 2 [(𝐚 ⋅ 𝐦) 2 (𝐛 ⋅ 𝐦) 2 (𝐜 ⋅ 𝐦) 2 ] + ⋯ (87) 
The anisotropy constant 𝐾 0 , 𝐾 1 and 𝐾 2 are both functions of temperature. The first constant term is usually rounded off, since only the change in energy needs to be considered in the magnetic dynamics' calculations [START_REF] Miura | Electrical detection of the antiferromagnetic transition in MnTiO3 ultrathin films by spin Hall magnetoresistance[END_REF] .

Among hexagonal and tetragonal crystal structures, the magnetic lattice anisotropy energy can usually be expressed as a𝑠𝑖𝑛 𝜃 as a function of where 𝜃 is the angle of the magnetic moment with respect to the c-axis [START_REF] Chien | Electrical detection of spin backflow from an antiferromagnetic insulator/Y3Fe5O12 interface[J][END_REF] .

𝑒 ani (𝑚) = 𝐾 0 + 𝐾 1 𝑠𝑖𝑛 2 (𝜃) + 𝐾 2 𝑠𝑖𝑛 4 (𝜃) + ⋯ (88) 
Among numerical micromagnetic calculations, a more computationally friendly form of ( 88) is usually used.

𝑒 ani ′ (𝐦) = -𝐾 1 (𝐜 ⋅ 𝐦) 2 + ⋯ (89) 
For computational convenience, only the quadratic term in ( 89) is generally retained, while the other terms are simply omitted.

Based on the total energy and effective field of the system, the LLG equation describing the evolution of the magnetic dynamics of the whole system can be derived. However, direct solution of such LLG equations is almost impossible, so researchers have focused on numerical methods and have developed numerical micromagnetics.

Numerical micromagnetics

The main component of numerical micromagnetics is the solution of the equations of the system magnetic dynamics established by the continuous medium theory using the finite difference method. With the help of numerical micromagnetics, researchers can model most of the magnetic dynamics processes with relative accuracy. In solving magnetic dynamics, numerical micromagnetics often uses a homogeneous rectangular grid shaped like (𝑥 0 + 𝑖𝛥 𝑥 , 𝑦 0 + 𝑗𝛥 𝑦 , 𝑧 0 + 𝑘𝛥 𝑧 ) In solving magnetic dynamics, numerical micromagnetics often employs a homogeneous rectangular grid in the shape of a rectangular grid. The advantages of this partitioning method are its simplicity and the ease of using the Fast Fourier Transform (FFT) method to accelerate the numerical algorithm when calculating the degenerate field. The disadvantage is also evident in that it often results in jagged boundaries when dealing with material edges and requires special treatment to reduce the error. There are two algorithmic paths in numerical micromagnetics for solving the LLG equations obtained from continuous medium theory, one centering on the computation of the effective field, called the field method, and the other centering on the computation of the energy, known as the energy method.

The energy method requires the calculation of all energies mentioned in the continuous medium theory, including exchange interaction energy, Zeeman energy, anisotropic energy, demagnetization energy, etc. In addition, the energy method also needs to consider the additional energy generated by boundary effects, such as interfacial anisotropy energy

𝜀 𝐾 𝑆 = 𝐽 1 (1 -𝑚 ⋅ 𝑚 ′ ) + 𝐽 2 (1 -(𝑚 ⋅ 𝑚 ′ ) 2 )
and interlayer exchange energy𝜀 𝐽 = 𝐾 𝑆 . After the total energy of the system is obtained, the effective field can be found by the generalized derivative. If the system under study is divided into grid cells using the finite difference method, the effective field obtained by using the generalized derivative is in fact the average molecular field to which the magnetic moments in each finite difference cell are subjected, and the motion of the magnetic moments in the grid cells can be completely determined by this effective field [START_REF] Reichlova | Imaging and writing magnetic domains in the non-collinear antiferromagnet Mn3Sn[J][END_REF] . It follows that the first step in the application of the energy method is the effective estimation of the system energy.

In continuum medium theory, the Zeeman field is the energy generated by the applied magnetic field, and its continuum expression has been given in the previous discussion as

𝐸 Z = -𝜇 0 ∫ 𝑉 𝐌 ⋅ 𝐇 app 𝑑 3 𝑟 (90) 
Based on the idea of the finite difference method, one can discretize (90) and write its expression based on the sum of the energies of the individual finite difference cells as follows.

𝐸 Z ≈ -𝜇 0 ∑ 𝑖 𝐌(𝐫 𝑖 ) ⋅ 𝐇 app (𝐫 𝑖 )|𝑉 𝑖 | (91) 
where i needs to be run through all the cell grids in the system when summing, and𝑟 𝑖 denotes the location of the center of the rectangular cell i, and𝑉 𝑖 denotes the volume of the rectangular cell i. Based on the above two expressions, the error can be estimated directly as follows.

|𝐸 Z -(-𝜇 0 ) ∑ 𝑖 𝐌(𝐫 𝑖 ) ⋅ 𝐇 app (𝐫 𝑖 )|𝑉 𝑖 || ≤ 𝜇 0 ∑ 𝑖 |∫ 𝑉 𝑖 𝐌(𝐫) ⋅ 𝐇 app (𝐫) -𝐌(𝐫 𝑖 ) ⋅ 𝐇 app (𝐫 𝑖 )𝑑 3 𝑟| ≤ 𝜇 0 ∑ 𝑖 | ∫ 𝑉 𝑖 𝐌(𝐫 𝑖 ) 𝑇 𝐶(𝐫 -𝐫 𝑖 ) + 𝐇 app (𝐫 𝑖 ) 𝑇 𝐵(𝐫 -𝐫 𝑖 ) +𝑂(∥ ∥𝐫 -𝐫 𝑖 ∥ ∥ 2 )𝑑 3 𝑟 | (92) 
Of these, the 𝐶(𝑟 -𝑟 𝑖 ) and 𝐵(𝑟 -𝑟 𝑖 ) denote, respectively 𝑀(𝑟) and 𝐻 𝑎𝑝𝑝 (𝑟) the first-order coefficient matrices of the Taylor series expanded in the𝑟 the first-order coefficient matrices of the Taylor series expanded in the vicinity. Since𝑟 𝑖 is the rectangular unit𝑉 𝑖 of the center, so there are.

∫ 𝑉 𝑖 (𝐌(𝐫 𝑖 ) 𝑇 𝐶 + 𝐇 app (𝐫 𝑖 ) 𝑇 𝐵)(𝐫 -𝐫 𝑖 )𝑑 3 𝑟 = 0 (93) 
From this, (92) can be reduced to

|𝐸 Z -(-𝜇 0 ) ∑ 𝑖 𝐌(𝐫 𝑖 ) ⋅ 𝐇 app (𝐫 𝑖 )|𝑉 𝑖 || ≤ 𝜇 0 ∑ 𝑖 ∫ 𝑉 𝑖 𝑂(∥ ∥𝐫 -𝐫 𝑖 ∥ ∥ 2 )𝑑 3 𝑟 ≤ 𝑂(Δ 2 )|𝑉| (94) 
where|𝑉| = ∑ 𝑖 |𝑉 𝑖 |is the total spatial volume of the object of study, and𝛥 is the length of the longest side among the rectangular finite difference cells. From the results of ( 94), it is clear that ( 91) is a valid method for estimating the Zeeman energy.

The method of estimation of the magnetic anisotropy energy of the system is described below. As already mentioned in 2.2.1, the magnetic anisotropy energy indicates the presence of a number of susceptibility axes in the material, the pointing of which is determined only by the lattice structure of the material itself. For a material with uniaxial magnetic anisotropy, the magnetic anisotropy energy can be expressed as.

𝐸 K, uniaxial = -∫ 𝑉 𝐾 1 (𝐦 ⋅ 𝐮) 2 𝑑 3 𝑟 (95) 
Where 𝐾 1 is the anisotropic performance coefficient of the material in units of (𝐽 𝑚 3

⁄

), and 𝑚 is the unit vector indicating the direction of the magnetic moment (𝑀 𝑀 𝑠 ⁄ ), and 𝑢 is the (unit) magnetic anisotropy axis. If 𝐾 1 is positive, 𝑢 is the easy magnetization axis. If 𝐾 1 is negative, then𝑢 is the normal vector of the susceptible magnetization plane. For some materials, the second-order term 𝐾 2 𝑠𝑖𝑛 4 𝜙 is also important for the contribution of the magnetic anisotropy energy, where 𝐾 2 represents the second-order magnetic anisotropy energy coefficient. 𝜙 is the angle between 𝑚 and 𝑢. In practice, this formula sometimes needs to be modified to take into account the effects of material defects and interfaces.

For a cubic lattice material, if a proper coordinate system is chosen so that the lattice vector of the material is co-linear with the coordinate axes, then its lattice anisotropy energy can be expressed as

𝐸 K, cubic = ∫ 𝑉 𝐾 1 (𝑚 𝑥 2 𝑚 𝑦 2 + 𝑚 𝑦 2 𝑚 𝑧 2 + 𝑚 𝑧 2 𝑚 𝑥 2 ) + 𝐾 2 (𝑚 𝑥 2 𝑚 𝑦 2 𝑚 𝑧 2 )𝑑 3 𝑟 ( 96 
)
If it is assumed that𝑚,𝑢 that𝐾 1 and𝐾 2 are both quadratic differentiable variables (at least among each finite difference unit), then they can be expanded following the method used in the calculation of the Zeeman energy, leading to

𝐸 𝐾, uniaxial ≈ -∑𝐾 1 (𝑟 𝑖 )(𝑚(𝑟 𝑖 ) ⋅ 𝑢(𝑟 𝑖 )) 2 |𝑉 𝑖 | (97) 
For the cubic lattice structure, this can be further written as

𝐸 K, cubic ≈ ∑ 𝑖 [𝐾 1 (𝐫 𝑖 ) (𝐦 𝑥 2 (𝐫 𝑖 )𝐦 𝑦 2 (𝐫 𝑖 ) + 𝐦 𝑦 2 (𝐫 𝑖 )𝐦 𝑧 2 (𝐫 𝑖 ) + 𝐦 𝑥 2 (𝐫 𝑖 )𝐦 𝑧 2 (𝐫 𝑖 )) +𝐾 2 (𝐫 𝑖 ) (𝐦 𝑥 2 (𝐫 𝑖 )𝐦 𝑦 2 (𝐫 𝑖 )𝐦 𝑧 2 (𝐫 𝑖 ))] |𝑉 𝑖 | (98) 
Based on the method used in estimating the Zeeman energy, it can be shown that the error introduced by eq. 98 is likewise𝑂(𝛥 2 ) . The expression for the anisotropic field can be deduced from the expression for the anisotropic energy.

{ 𝐻 K, uniaxial ,𝑖 = 2𝐾 1 (𝐫 𝑖 )(𝐦(𝐫 𝑖 ) ⋅ 𝐮(𝐫 𝑖 ))𝐮(𝐫 𝑖 )/𝜇 0 𝑀 s 𝐻 K, cubic ,𝑖 = -2𝐷(𝐫 𝑖 )𝐦(𝐫 𝑖 )/𝜇 0 𝑀 s ( 99 
)
where D is the diagonal matrix whose diagonal elements are.

{ 𝐷 11 = 𝐾 1 (𝑟 𝑖 ) (𝑚 𝑦 2 (𝑟 𝑖 ) + 𝑚 𝑧 2 (𝑟 𝑖 )) + 𝐾 2 (𝑟 𝑖 )𝑚 𝑦 2 (𝑟 𝑖 )𝑚 𝑧 2 (𝑟 𝑖 ) 𝐷 22 = 𝐾 1 (𝑟 𝑖 )(𝑚 𝑥 2 (𝑟 𝑖 ) + 𝑚 𝑧 2 (𝑟 𝑖 )) + 𝐾 2 (𝑟 𝑖 )𝑚 𝑥 2 (𝑟 𝑖 )𝑚 𝑧 2 (𝑟 𝑖 ) 𝐷 33 = 𝐾 1 (𝑟 𝑖 ) (𝑚 𝑥 2 (𝑟 𝑖 ) + 𝑚 𝑦 2 (𝑟 𝑖 )) + 𝐾 2 (𝑟 𝑖 )𝑚 𝑥 2 (𝑟 𝑖 )𝑚 𝑦 2 (𝑟 𝑖 ) (100) 
The method of calculating the exchange interaction begins below, and based on the previous discussion, the exchange energy of the system can be expressed as

𝐸 exch = -∫ 𝑉 𝐴𝐦 ⋅ ( ∂ 2 𝐦 ∂𝑥 2 + ∂ 2 𝐦 ∂𝑦 2 + ∂ 2 𝐦 ∂𝑧 2 ) 𝑑 3 𝑟 (101) 
An efficient way to find the numerical form of ( 101) is to replace all the quadratic differential operators it appears in among the expressions with the discrete form.

𝜕 2 𝑚 𝜕𝑥 2 (𝑟) = 1 𝛥 𝑥 2 (𝑚(𝑟 + 𝛥 𝑥 𝑥 ^) -2𝑚(𝑟) + 𝑚(𝑟 -𝛥 𝑥 𝑥 ^)) + 𝑂(ℎ 2 ) ( 102 
)
where𝛥 𝑥 is the linearity of the discrete finite difference cell in the x-axis direction. A similar approach can be used instead of 𝜕 2 𝑚 𝜕 ⁄ 𝑦 2 and 𝜕 2 𝑚 𝜕 ⁄ 𝑧 2 and finally obtain a numerical calculation of Eq. ( 101) in the form of

𝐸 exch ≈ -∑ 𝑖 |𝑉 𝑖 |𝐴 ∑ 𝑗 𝐦(𝐫 𝑖 ) ⋅ (𝐦(𝐫 𝑖 + 𝜖 𝑗 ) -𝐦(𝐫 𝑖 )) /|𝜖 𝑗 | 2 (103) 
In equation ( 103)𝑟 𝑖 + 𝜖 𝑗 With the𝑗 the change will run through the 6 nearest neighboring cells around a cell. Using the same approach, it can also be shown that using (103) to estimate (101) produces an error of𝑂(𝛥 2 ) .

According to the continuous medium theory, the demagnetization energy of a material originates from the action of the dipole moment field of the material on the material itself. Its expression can be written as.

𝐸 demag = - 𝜇 0 2 ∫ 𝑉 𝐌 ⋅ 𝐇 d 𝑑 3 𝑟 (104) 
and the magnetic field at position r𝐻 𝑑 can be expressed as.

𝐇 d (𝐫) = - 1 4𝜋 ∫ 𝑉 ∇ ⋅ 𝐌(𝐫 ′ ) 𝐫-𝐫 ′ |𝐫-𝐫 ′ | 3 𝑑 3 𝑟 ′ + 1 4𝜋 ∫ 𝑆 𝐧 ̂(𝐫 ′ ) ⋅ 𝐌(𝐫 ′ ) 𝐫-𝐫 ′ |𝐫-𝐫 ′ | 3 𝑑 2 𝑟 ′ (105) 
If the definition of 𝐠(𝐫) = 𝐫/|𝐫| 3 , you can rewrite (105) as follows.

𝐇 d (𝑟) = - 1 4𝜋 ∫ 𝑉 ∇𝐠(𝐫 -𝐫 ′ )𝐌(𝐫 ′ )𝑑 3 𝑟 ′ (106) 
If we put 𝑀(𝑟 ′ ) the cell in the𝑟 𝑖 expansion in the vicinity we get.

𝐇 d (𝐫) = - 1 4𝜋 ∑ 𝑖 ∫ 𝑉 𝑖 ∇𝐠(𝐫 -𝐫 ′ )𝐌(𝐫 𝑖 ′ )𝑑 3 𝑟 ′ + 𝑂(Δ 2 ) = 1 4𝜋 ∑ 𝑖 ∫ 𝑆 𝑖 𝐧 ̂(𝐫 ′ ) ⋅ 𝐌(𝐫 𝑖 ′ ) 𝐫-𝐫 ′ |𝐫-𝐫 ′ | 3 𝑑 2 𝑟 ′ + 𝑂(Δ 2 ) (107) 
From Eq. ( 107), if the higher order terms are neglected, in calculating the point 𝑟 of the demagnetization field, one can calculate all the other cells as if they were small magnets that are uniformly magnetized. If ( 107) is brought into the original expression for the demagnetization energy one obtains.

𝐸 demag ≈ - 𝜇 0 8𝜋 ∑ 𝑖,𝑗 ∫ 𝑉 𝑖 𝐌(𝐫 𝑖 ) ⋅ ∫ 𝑆 𝑗 𝐌(𝐫 𝑗 ′ ) ⋅ 𝐧 ̂(𝐫 ′ ) 𝐫-𝐫 ′ |𝐫-𝐫 ′ | 3 𝑑 2 𝑟 ′ 𝑑 3 𝑟 ≈ - 𝜇 0 8𝜋 ∑ 𝑖,𝑗 𝐌 𝑇 (𝐫 𝑖 ) (∫ 𝑉 𝑖 ∫ 𝑆 𝑗 𝐫-𝐫 ′ |𝐫-𝐫 ′ | 3 𝐧 ̂𝑇(𝐫 ′ )𝑑 2 𝑟 ′ 𝑑 3 𝑟) 𝐌(𝐫 𝑗 ) ≈ 𝜇 0 2 ∑ 𝑖,𝑗 |𝑉 𝑖 |𝐌 𝑇 (𝐫 𝑖 )𝑁(𝐫 𝑖 , 𝐫 𝑗 )𝐌(𝐫 𝑗 ) (108) 
where 𝑁(𝑟 𝑖 , 𝑟 𝑗 ) is a 3*3 matrix whose matrix elements are only related to 𝑟 𝑖 , 𝑟 𝑗 and the geometry of the object under study. So, it can be written as 𝑁 𝑖-𝑗 , which is usually referred to as the demagnetization factor, from which the expression for the demagnetization field among the system can be written as

𝐇 d,i = -∑ 𝑗 𝑁 𝑖-𝑗 𝐌 𝑗 (109) 
Equation (109) illustrates that in calculating the demagnetization field at i, all other finite difference cells can be considered as individual small magnets, and the demagnetization field at i is the common effect of all these small magnets after the demagnetization factors at their locations have been weighted. Using the theory in the literature [61], the𝑁 𝑖-𝑗 can be computed directly.

The algorithm for estimating the system energy lays the foundation for the final solution of the LLG equations. In order to be able to correctly model the magnetic dynamics processes of the system, it is necessary to ensure both temporal and spatial accuracy when solving the LLG equations for the system. In order to achieve this, the first step is to start with temporal accuracy. Starting from the LLG equation, if one multiplies both sides of the equation simultaneously by𝑑 𝑚 𝑑𝑡 ⁄ one can obtain.

ℎ 𝑒𝑓𝑓 ⋅ 𝑑𝑚 𝑑𝜏 = 𝛼 ( 𝑑𝑚 𝑑𝜏 ) 2 (110) 
where

𝜏 = 𝛾 0 𝑀 𝑠 𝑡, 𝑚 = 𝑀 𝑀 𝑠 ⁄ , ℎ 𝑒𝑓𝑓 = 𝐻 𝑒𝑓𝑓 𝑀 𝑠 ⁄
are the dimensionless time, the unit magnetic moment vector and the dimensionless effective field, respectively. On the other hand, if we examine the free energy density of the system𝜀 𝑇 the law of variation with time is obtained.

𝑑∫ 𝜀 𝑇 𝑑𝜏 = -𝜇 0 𝑀 𝑠 2 ∫ (ℎ 𝑒𝑓𝑓 ⋅ 𝑑𝑚 𝑑𝜏 ) (111) 
Equation ( 111) is non-local in nature because its integral element𝜀 𝑇 when it contains the nonlocal static magnetic energy. Combining equations ( 110) and ( 111), we can find that the damping term of the system is related to the ratio of the rate of change of the free energy density to the rate of change of the total magnetic moment.

𝛼 = - 1 𝜇 0 𝑀 S 2 [ ∫ 𝑑𝜀 T /𝑑𝜏 ∫ (𝑑𝐦/𝑑𝜏) 2 ] (112) 
Equation (112) shows that the system damping coefficient can only achieve a positive value when the system free energy density decreases with time, which is consistent with general physical principles. If (112) is written in a discretized form one obtains.

𝛼 MS = 𝑁 𝛾 0 Δ𝑡 𝜇 0 𝑀 s [ -∑ N i=1 Δ𝜀 i (∑ N i=1 Δ𝐦 i ) 2 ] ( 113 
)
where i denotes the label of the finite difference cell and N denotes the total number of meshes.

Also, if it is assumed that the magnetic moment of each finite difference cell in the system is𝑑𝜏 within is changed by a homogeneous amount, then one can write (113) as

𝛼 MS = 𝑁 𝛾 0 Δ𝑡 𝜇 0 𝑀 s [ -∑ N i=1 Δ𝜀 i (∑ N i=1 Δ𝐦 i ) 2 ] (114) 
According to the Cauchy-Schwarz inequality in mathematics one can obtain.

𝛼 𝑀𝑆 ≥< 𝛼 > (115) 
Using this time-accurate control method, the magnetic dynamics processes of the system can be accurately simulated.

In addition to the energy method, the field method can be used to solve for the micromagnetic processes of the system. In the field method, it is also necessary to find the total energy of the system. The difference is that the field method only uses the system energy as a means of solving for the effective field. The resulting effective field is then used directly in the state iteration of the system, and Figure 29 illustrates the general flow of the field method. In this case, for the time interval 𝛥𝑡 of control can be used in the same way as the energy method.

The field method is mathematically equivalent to the energy method, and the appropriate method can be used flexibly depending on the nature of the object of study.

To summarize, we introduced the continuous medium approximation approach to investigate the dynamical phenomena of the magnetic moment system and obtain the analytical models and equations. Then, we introduced the finite difference method into the analytical model of the magnetic moment system, which led to the numerical calculation method for micro-magnetism. Chapter 3 Magnetization dynamics of ferrimagnetic materials

Lattice structure and properties of ferrimagnetic materials

The properties of ferrimagnetic materials are intermediate between those of ferromagnetic and antiferromagnetic materials. On the one hand, within ferrimagnetic materials, the spin states of adjacent unpaired electrons tend to be anti-parallel aligned [START_REF] Cai | Ultrafast and energy-efficient spin-orbit torque switching in compensated ferrimagnets[END_REF] . On the other hand, the spins of electrons presenting antiparallel alignment in ferrimagnetic materials do not fully compensate each other, which leads to ferrimagnets still maintaining a certain strength of magnetic moment under macroscopic conditions, and thus the same method of probing ferromagnetic materials can be used to probe the magnetic moment state of ferrimagnetic materials.

Furthermore, as shown in Figure 30 and Figure 31, there exist two special phase points in ferrimagnetic, namely the magnetic moment compensation point and the angular momentum moment compensation point [START_REF] Siddiqui | Current-induced domain wall motion in a compensated ferrimagnet[END_REF] . Near the magnetic moment compensation point and angular momentum moment compensation point, ferrimagnets will exhibit unique magnetic dynamics properties and have the potential to become ideal materials for the preparation of highperformance spintronic devices. 

Magnetic dynamics properties of ferrimagnetic two-sublattice systems

Dynamic equations for the ferrimagnetic two-sublattice system

The intrinsic frequency of ferromagnetic materials limits the upper limit of the device operating frequency, and in order to achieve higher speed electronic devices, researchers have started to try to find other materials to build electronic devices [START_REF] Finley | Spintronics with compensated ferrimagnets[END_REF] . Ferrimagnetic materials have much higher intrinsic frequencies than ferromagnetic materials and can exhibit ultrafast magnetic dynamics properties under external excitations such as magnetic fields and currents, making them a highly desirable material for realizing ultrafast spintronic devices.

The unique magnetic dynamics properties of ferrimagnetic materials are due to their special lattice structure. Unlike ferromagnetic materials, the magnetic moments of ferrimagnetic materials usually originate from two different elements, and this property determines that the magnetic moment structure of ferrimagnetic materials needs to be described by the "lattice-sublattice magnetic moment" model [START_REF] Bryant | Spin-wave dynamics in a ferrimagnetic sphere[END_REF][START_REF] Göbel | Beyond skyrmions: Review and perspectives of alternative magnetic quasiparticles[END_REF] . In contrast to the simple "latticemoment" structure of ferromagnetic materials, the emergence of sublattice layers increases the complexity of the magnetic dynamics phenomena in ferrimagnetic materials and gives rise to many new properties. In the "lattice-sublattice magnetic moment" structure of ferromagnetic materials, each lattice unit contains two sublattices, and each sublattice is equivalent to a magnetic moment. The interaction between the two sublattices is antiferromagnetic coupling, and thus generally appears to be in an antiparallel arrangement. The lattice-to-lattice exchange is ferromagnetic, so the ferrimagnetic material inherits some of the properties of the ferromagnetic material. When the temperature of the material is above the Curie temperature, the ferrimagnetic exhibits the same properties as the general paramagnetic material, and the special properties due to the sublattice structure are not revealed. Below the Curie temperature, some ferrimagnetic materials, such as ferrimagnetic alloys, exhibit a macroscopic magnetism similar to that of ferromagnetic materials. This macroscopic magnetism arises from the equivalent magnetic moments of the ferrimagnetic material lattice, which, in general, are assumed to be the same if the magnetic moments of the sublattice of the ferrimagnetic material are 𝑀 1 and 𝑀 2 , then 𝑀 = 𝑀 1 -𝑀 2 then it can be taken as the equivalent magnetic moment of the ferrimagnetic. However, in most cases, the calculations made directly using the equivalent magnetic moment M do not match the experimental results of ferrimagnetic oscillations. This suggests that the sublattice structure has other important roles in the magnetic dynamics processes of ferrimagnetic materials besides the equivalent magnetic moment. In a subsequent study, researchers discovered the equivalent magnetic damping and equivalent spin ratio effects caused by the sublattice structure and used them to finally explain the experimental phenomenon of high-frequency magnetic moment oscillations in ferrimagnetic materials.

In ferromagnetic materials, the gyro-magnetic ratio is the ratio of the magnetic moment of an element atom to its angular momentum, which directly determines the intrinsic frequency of the material. In ferromagnetic materials, the element that provides the magnetism is a single element, and the spin ratio is derived directly from the spin ratio of the element. For the equivalent magnetic moment of a ferrimagnetic material, the equivalent spin ratio will be determined by the spin ratios of all the magnetic elements and will be influenced by the interaction between the magnetic moments in the sublattice. It follows that in order to obtain the equivalent spin-magnetism ratio of a ferrimagnetic material, the interactions between sublattices must be studied. Based on the LLG equation mentioned earlier in this manuscript, the equation of motion of the sublattice in the ferrimagnetic contemporary can be listed as.

𝑑𝑀 𝑖 𝑑𝑡 = 𝛾 𝑖 𝑀 𝑖 × 𝐻 𝑖 (116) 
where 𝛾 𝑖 represents the spin-to-magnetic ratio of each element itself, and𝐻 𝑖 represents the equivalent magnetic field applied to the i-th (i=1,2) sublattice magnetic moment, and 𝑀 𝑖 represents the magnetic moment of the sublattice. To simplify the calculation, the damping effect is neglected here, and the system is assumed to be at a thermodynamic temperature of 0 degrees, and the results obtained from the simplified model can be easily generalized to the real situation. First, we will study the action of the sublattice under a constant magnetic field, which we assume to have a magnitude H and a direction pointing to the z-axis. Also, let the interaction coefficient between the lattices in the ferrimagnetic material be 𝜆 11 , the interaction coefficients between sublattices inside the ferrimagnetic lattice are𝜆 12 and𝜆 21 , it is clear that there is 𝜆 12 = 𝜆 21 . The demagnetizing field originating from the material is given by 𝑁 𝑥 , 𝑁 𝑦 and 𝑁 𝑧 .The demagnetization factor from the magnetic lattice anisotropy is denoted by 𝑁 1𝑥 , 𝑁 1𝑦 ,𝑁 1𝑧 𝑁 2𝑧 .

Thus, the effective field acting on lattice-1 can be written as 

Obviously, the effective fields acting on lattice-2 will have a similar expression form.

Substituting them into equation (117) yields the magnetic dynamics equation for the ferrimagnetic two-lattice system.

{ 𝑑𝑀 1 𝑑𝑡 = 𝛾 1 𝑀 1 × 𝐻 1 𝑑𝑀 2 𝑑𝑡 = 𝛾 2 𝑀 2 × 𝐻 2 (118)

Ultra-high precession frequency

The eigenfrequencies of a ferrimagnetic magnetic dynamics system can be derived by solving the magnetic dynamics equations of the ferrimagnetic bilattice system. In the solution process, we can consider that the applied magnetic field is a uniform field pointing in the +z direction, so the magnetic moment will rotate periodically about the z-axis. For computational convenience, we can assume that 𝑀 𝑖𝑥 = 𝑐𝑜𝑛𝑠𝑡 = 𝑀 𝑖 . At this point, the 𝑀 𝑖 The components in all other directions will be approximately proportional to 𝑒 𝑖𝑤𝑡 . Substituting these conditions into equation (118), the expression for the frequency can be solved for as

𝜔 2 = 𝐹 ± [𝐹 2 -(𝐴 𝑥 𝐵 𝑥 -𝐶 𝑥 𝐷 𝑥 )(𝐴 𝑦 𝐵 𝑦 -𝐶 𝑦 𝐷 𝑦 )] 1 2 (119) 
Of which:

{ 𝐹 = 1 2 (𝐴 𝑥 𝐴 𝑦 + 𝐵 𝑥 𝐵 𝑦 + 𝐶 𝑥 𝐷 𝑦 + 𝐶 𝑦 𝐷 𝑥 ) 𝐴 𝑗 = 𝛾𝑃 + 𝐸 𝑗+ , 𝐵 𝑗 = 𝛾𝑄 𝑗 + 𝛿(𝑁 𝑗 -𝜆)Δ + 𝐸 𝑗+ 𝐶 𝑗 = 𝛿𝑃 + 𝐸 𝑗- 𝐷 𝑗 = 𝛿𝑄 𝑗 + 𝛾(𝑁 𝑗 -𝜆)Δ + 𝐸 𝑗 𝑗 𝐸 𝑗 𝑗 = 1 2 (𝑁 1𝑗 -𝑁 1𝑧 )𝛾 1 𝑀 1 ± 1 2 (𝑁 2𝑗 -𝑁 2𝑧 )𝛾 2 𝑀 2 𝑃 = 𝐻 + (𝜆 -𝑁 𝑧 )𝑀 𝑄 𝑗 = 𝐻 + (𝑁 𝑗 -𝑁 𝑧 )𝑀, 𝑗 = 𝑥, 𝑦 (120) 
and:

{ 𝑀 = 𝑀 1 + 𝑀 2 , Δ = 𝑀 1 -𝑀 2 𝛾 = 1 2 (𝛾 1 + 𝛾 2 ), 𝛿 = 1 2 (𝛾 1 -𝛾 2 ) (121) 
As can be seen from the above equation, the solution to the equation is of a complex form and it is difficult to obtain directly from it the effect of the gyromagnetic ratio of the element on the equivalent gyromagnetic ratio of the ferrimagnetic material, and further simplifications must be made. However, it is worth mentioning that when we assume 𝛾 1 = 𝛾 2 when the above equation degenerates to the solution of the ferromagnetic oscillation equation.

For ease of calculation, we set the magnetic anisotropy energy of the system to 𝐸 𝑗 = 0 . and assume that the system is far from the Curie temperature and the spontaneous magnetization strength is much higher than the degenerate field strength, i.e.,|𝜆| ≫ 𝑁 𝑥,𝑦,𝑧 . Thus, by simplifying the equation we get.

{ 𝐴 𝑗 = 𝛾𝑃, 𝐵 𝑗 ∼ 𝛾𝑄 𝑗 -𝜆𝛿𝛥, 𝐶 𝑗 = 𝛿𝑃 𝐷 𝑗 ≃ 𝛿𝑄 𝑗 -𝜆𝛾𝛥 (122) 
Also, since among our assumptions there is 𝑃 ≅ 𝜆𝑀, it is only necessary to keep the squared term in the expression to make a better approximation of 𝐹. Thus, we can obtain. 

{

𝛾 eff = 𝑃(𝛾 2 -𝛿 2 )/(𝛾𝑃 -𝜆𝛿Δ) 𝛾 eff = (𝑀 1 + 𝑀 2 )[(𝑀 1 /𝛾 1 ) + (𝑀 2 /𝛾 2 )] -1 (124)
Equation ( 124) retains the general form of the spin-magnetism ratio among ferromagnetic materials, however, because of the sublattice structure in ferrimagnetic materials, the expression for equivalent spin magnetism is again different from the simple ratio of elemental magnetic moment to elemental angular momentum but is related to both sublattices of ferrimagnetic. If we also use the expressions for spin angular momentum and g-factor, then the expression for the equivalent spin-magnetism ratio can be rewritten as

𝑔 𝑒𝑓𝑓 = (𝑔 1 𝑆 1 + 𝑔 2 𝑆 2 ) (𝑆 1 + 𝑆 2 ) ⁄ (125) 
From the above equation, when the angular momentum moments of the ferrimagnetic lattice cancel each other near the angular momentum moment compensation point, the equivalent spin ratio of the ferrimagnetic material will rise rapidly to the point of divergence, which leads to the ultrafast magnetic dynamics of the ferrimagnetic material. Due to the special sublattice structure of the ferrimagnetic material, the ferrimagnetic material will have a very high intrinsic frequency near the angular momentum moment compensation point, and if this physical property of the ferrimagnetic material is fully utilized, it is possible to realize ultrafast spintronic devices.

Equivalent damping effect

In addition to the equivalent gyromagnetic ratio, another magnetic dynamic phenomenon arising from the double sublattice structure of ferrimagnets is the equivalent damping effect.

The study of the equivalent damping phenomenon also needs to start from the kinetic equations of the ferrimagnetic double lattice system.

By solving equation (118), we obtain a general expression for the equivalent spin-magnetic ratio among ferrimagnetic materials. Using the same method, the expression for the equivalent magnetic damping factor can be obtained as.

𝛼 eff (𝑇) = 𝜆 RE |𝛾 RE | 2 + 𝜆 TM |𝛾 TM | 2 𝑀 RE (𝑇) |𝛾 RE | - 𝑀 TM (𝑇) |𝛾 TM | = 𝐴 0 𝐴(𝑇) (126) 
It can be seen from the above equation that the equivalent damping coefficient also tends to diverge near the angular moment compensation point. This shows another property of ferrimagnetic near the angular moment compensation point, that is, the two sublattices of ferrimagnetic will be more strongly bonded near the angular moment compensation point and their magnetic moment vectors will be closer to the ideal state that remains fully antiparallel during the magnetic dynamics.

Numerical micromagnetic simulation system for ferrimagnetic dynamics systems

Numerical micromagnetic simulation system for ferrimagnetic magnetic dynamics systems

The discussion of the magnetic dynamics' properties of the ferrimagnetic double sublattice structure in the previous section laid the foundation for the establishment of a ferrimagnetic micromagnetic simulation platform in this thesis. The special magnetic dynamics properties of ferrimagnetic originate from its double sublattice structure and the coupling between sublattices, which can be incorporated into a novel numerical micromagnetic computational model by modifying the nature of the finite difference method and finite cell in the ferromagnetic numerical micromagnetic simulation, including the dynamics induced by spin current. The effective field and system energy in the new computational model can be obtained by using the computational methods on field and energy in numerical micromagnetics. Combined with the numerical solution of the LLG equation the simulation of the evolution process of the ferrimagnetic magnetic dynamics system can be realized, and finally a micromagnetics simulation system that can accurately simulate the ferrimagnetic magnetic dynamics process can be established. Based on the nature of the ferrimagnetic double sublattice structure, we will present two discretization models that simulate the ferrimagnetic lattice structure. A schematic of the first model is shown in Figure 32, where we add a first-level structure to the original finite difference cells of the ferromagnetic material. In this model, each finite difference cell contains two secondary magnetic moment cells that form a double sublattice structure. There is an antiferromagnetic coupling between these two secondary magnetic moment units, which can be used to model the sublattice of a ferrimagnetic material. The sum of the magnetic moments of the two secondary units can be considered as the equivalent magnetic moment of this finite difference unit. It will be involved in the interaction with the other magnetic moment units in the material, as well as the external excitation applied to the material. There are ferromagnetic exchange interactions between the individual finite difference cells, and they can be treated as finite difference cells in a ferromagnetic material for the purpose of calculating their response to external excitation. Based on these prior assumptions, we can first obtain the exchange interaction energy in the system according to the numerical micromagnetic approach. of which 𝛼 and 𝛽 represents the index of the secondary magnetic moment unit in each finite difference cell, the first term of the equation represents the energy generated by the ferromagnetic exchange interaction between each finite difference cell in the material, and 𝐴 1 represents the ferromagnetic exchange interaction constant. And 𝑟 𝑖 + 𝜖 𝑗 will run through the nearest 6 cells around a cell as 𝑗 changes. The second term in the equation represents the energy generated by the antiferromagnetic interaction within each finite difference cell of the material, and 𝐴 2 represents the antiferromagnetic exchange constant.

𝐸 exch ≈ -∑ 𝑖 |𝑉 𝑖 |𝐴 1 ∑ 𝑗 (
The calculation of the anisotropic energy for ferrimagnets also requires consideration of the role of secondary magnetic moment units, which may possess different anisotropic energy properties. Taking the uniaxial magnetic anisotropy as an example, its computational expression can be written as

𝐸 𝐾, uniaxial ≈ -∑ (𝐾 1 (𝑟 𝑖 ) (𝑚 𝑖,𝛼 (𝑟 𝑖 ) ⋅ 𝑢 𝑖,𝛼 (𝑟 𝑖 )) 2 + 𝐾 2 (𝑟 𝑖 ) (𝑚 𝑖,𝛽 (𝑟 𝑖 ) ⋅ 𝑢 𝑖,𝛽 (𝑟 𝑖 )) 2 ) |𝑉 𝑖 | (128)
of which 𝐾 1 (𝑟 𝑖 ) , the 𝐾 2 (𝑟 𝑖 ) denote the anisotropy constants of the two different secondary magnetic moment units, respectively.

In calculating the demagnetization energy of the system, each finite difference cell can be treated as a small magnet that is uniformly magnetized, as in the case of ferromagnetic systems, resulting in a similar expression. 

𝐸 demag ≈ - 𝜇 0 8𝜋 ∑ 𝑖,𝑗 ∫ 𝑉 𝑖 𝐌 𝒆𝒇𝒇 (𝐫 𝑖 ) ⋅ ∫ 𝑆 𝑗 𝐌 𝒆𝒇𝒇 (𝐫 𝑗 ′ ) ⋅ 𝐧 ̂(𝐫 ′ ) 𝐫-𝐫 ′ |𝐫-𝐫 ′ | 3 𝑑 2 𝑟 ′ 𝑑
Subsequently, considering the effect of the secondary magnetic moment unit in each finite difference cell, the equivalent magnetic moment in (129) is found using the secondary magnetic moment unit𝑀 𝑒𝑓𝑓 (𝑟 𝑖 ).

𝑀 𝑒𝑓𝑓 (𝑟 𝑖 ) = 𝑀 𝑖,𝛼 (𝑟 𝑖 ) -𝑀 𝑖,𝛽 (𝑟 𝑖 )

A similar strategy can be used when solving for the Zeeman energy of the system. One can first use the equivalent magnetic moment 𝑀 𝑒𝑓𝑓 , treating all finite difference cells as if they were in a ferromagnetic material, to obtain a similar calculation of the Zeeman energy as follows.

𝐸 Z ≈ -𝜇 0 ∑ 𝑖 𝐌 𝒆𝒇𝒇 (𝐫 𝑖 ) ⋅ 𝐇 app (𝐫 𝑖 )|𝑉 𝑖 | (131) 
The secondary magnetic moment unit is then used to calculate 𝑀 𝑒𝑓𝑓 (𝑟 𝑖 ) , and finally the Zeeman energy of the system is obtained.

Numerical solution of the equations of the ferrimagnetic dynamics system

After finding the magnetic dynamics energy of the system, the dynamical equations of the system can be listed on this basis. For each finite difference cell among 𝑀 𝑒𝑓𝑓 (𝑟 𝑖 ) for which it will satisfy the LLG equation. 

of which𝛾 1 ,𝛼 1 and𝛾 2 and𝛼 2 denote the spin-to-magnetic ratio and damping coefficient of the two secondary magnetic moment units, respectively.𝐻 𝑖 (𝑡) are derived from the interaction between the two secondary magnetic moment units and the effective field to which the finite difference unit is subjected. Using a similar approach used in ferromagnetic materials, the ferrimagnetic magnetic dynamics processes in the model can be simulated numerically according to the algorithmic flow shown in Figure 33. Where 𝐴 ′ represents the exchange interaction constant, and according to the model setting𝐴 ′ is the exchange interaction constant for the antiferromagnetic type. Also, it is worth noting that if the𝑟 𝑖 the magnetic moment unit at the location is an A-type magnetic moment unit𝑚 𝐴 (𝑟 𝑖 ) then its nearest neighbor 𝑟 𝑖 + 𝜖 𝑗 at the nearest magnetic moment unit becomes a B-moment unit𝑚 𝐵 (𝑟 𝑖 + 𝜖 𝑗 ) and vice versa.

When calculating the magnetic anisotropy energy, it is convenient to first find the anisotropy energy of each cell and then add them together. The difference with ferromagnetic materials is that in this model, the A-type magnetic moment unit and the B-type magnetic moment unit will have different magnetic anisotropy constants and magnetic anisotropy directions, which can be expressed when written as Eq.

𝐸 𝐾, uniaxial ≈ -∑𝐾 1 (𝑟 𝑖 )(𝑚(𝑟 𝑖 ) ⋅ 𝑢(𝑟 𝑖 )) of which 𝐾 𝐴 (𝑟 𝑖 ) , 𝑢 𝐴 (𝑟 𝑖 ) are the anisotropy constants and anisotropy axes of the A -type magnetic moment unit, 𝐾 𝐵 (𝑟 𝑖 ), and 𝑢 𝐵 (𝑟 𝑖 ) is the anisotropy constant and anisotropy axis of the B-type magnetic moment unit.

The case of the demagnetization energy is similar to the magnetic anisotropy energy, and it is also possible to treat all finite difference cells as if they were among ferromagnetic materials.

This leads to. 

𝐸 demag ≈ - 𝜇 0 8𝜋 ∑ 𝑖,𝑗 ∫ 𝑉 𝑖 𝐌(𝐫 𝑖 ) ⋅ ∫ 𝑆 𝑗 𝐌(𝐫 𝑗 ′ ) ⋅ 𝐧 ̂(𝐫 ′ ) 𝐫-𝐫 ′ |𝐫-𝐫 ′ | 3 𝑑 2 𝑟 ′ 𝑑
It is still necessary to distinguish between A-and B-moment cells in this expression because the demagnetization energy essentially comes from the action of the dipole field of the magnetic moment in the system on itself, and A-moment cells and B-moment cells have different magnetic moment magnitudes and naturally have different magnetic dipole fields.

In solving for the Zeeman energy, using the same principle, we get. 

of which 𝐻 𝑖,𝑒𝑓𝑓,𝐴 (𝑡) and 𝐻 𝑖,𝑒𝑓𝑓,𝐵 (𝑡) represent, respectively, the equivalent fields to which the Aand B-type magnetization cells are subjected. Combined with the numerical solution of the LLG equation mentioned in the previous sections, the simulation of the magnetic dynamics process in ferrimagnetic materials can be achieved using this discrete model by using the algorithmic flow in Figure 35. The Object Oriented MicroMagnetic Framework (OOMMF) is a widely used platform for the simulation of ferromagnetic materials, and the OOMMF code contains methods for calculating energy and effective fields in ferromagnetic materials. By using the OOMMF code as a base and implementing the calculation of energy and effective field in ferrimagnets mentioned above, we can extend the OOMMF module to provide simulation tools for ferrimagnetic systems.

To summarize, we introduce the two-sublattice structure of ferrimagnetic materials in the numerical micromagnetic calculation method for ferromagnetic systems, rewrite the formulae for calculating the micromagnetic energy and effective field in ferrimagnets, and finally obtain the two simulation algorithms for ferrimagnetic micromagnetism based on system energy and effective field respectively. 

Spin-orbit torque driven ultrafast presession

In order to exploit the magnetic dynamics properties of ferrimagnets for ultrafast switching, we will first introduce current excitation in the ferrimagnetic system to study the effect of SOT effects on the ferrimagnetic magnetic dynamics system. To this end, we have modified the LLG equation in ferrimagnets as follows.

𝑑𝑀 𝑖 𝑑𝑡 = -𝛾 𝑖 (𝑀 𝑖 × 𝐻 eff,i ) + 𝛼 𝑖 𝑀 𝑖 (𝑀 𝑖 × 𝑑𝑀 𝑖 𝑑𝑡 ) + 𝐶𝑂 -𝛾 𝑖 𝐽 sot ℏ 2𝑒𝜇 0 𝑀 𝑆,𝑖 𝑡 (𝑀 𝑖 × 𝜎 𝑆𝑂𝑇,𝑖 × 𝑀 𝑖 ) (139) 
Equation ( 139) is a ferrimagnetic magnetic dynamics equation considering SOT excitation, where the CO term represents the interaction between the two sublattices, i.e., the exchange interaction between the magnetic moment of two sublattice. And the last two terms of the equation represent SOT excitation. 𝐽 sot is the charge current density, 𝜗 is spin Hall angle, and 𝑡 is the film thickness. Substituting it into the numerical micromagnetic model of ferrimagnetic one can simulate the effect of SOT excitation on the kinetic system of the ferrimagnetic material.

A 60 nm × 40 nm × 2 nm film is investigated to validate the above numerical simulation methods, this is because these simulation conclusions can also be utilized to design logic devices. Figure 36 shows the schematic of the simulated ferrimagnetic system. The current density is 8 × 10 11 A/m 2 . Our simulation will verify that the ferrimagnetic material layer will exhibit the feeding of net magnetic moment with the support of SOT current. Due to the excitation generated by the SOT current, the equilibrium of the ferrimagnetic sub-lattice will be broken and, as we described in Section 3.2.2, the magnetic moment of two sub-lattice will oscillate rapidly along the direction of spin polarization in SOT current. The numerical simulation model we have built can simulate this situation. In this case, the alternative model is performed, and the simulation parameters are based on previous experiments results to ensure the correctness of the simulation (Table I). As shown in Figure 36, we simulated the periodic high-speed feeding of the ferrimagnetic film under SOT current using the ferrimagnetic Table I shows the simulation parameters, and after calculation it can be determined that the ferrimagnetic material will be near the angular momentum moment compensation point when the element ratio x = 0.165. Therefore, three points x = 0.15, 0.16 and 0.165 were chosen to simulate the incoming process of the ferrimagnetic material respectively. The curves in Figure 37 represent the variation of the average magnetic moment in the z-direction in the ferrimagnetic material. It can be seen from the figure that for the three ferrimagnetic materials possessing different elemental ratios, they all make periodic feeds under the action of SOT currents, and when the elemental ratios are 0.15 and 0.16, the feed frequencies of the ferrimagnetic materials are of the order of GHz, while when the elemental ratios are 0.165, the feed frequencies of the ferrimagnetic materials reach the order of THz. This situation shows that the precession frequency of the ferrimagnetic material increases sharply near the angular momentum moment compensation point, which is consistent with the experimental results [START_REF] Cai | Ultrafast and energy-efficient spin-orbit torque switching in compensated ferrimagnets[END_REF] .

Therefore, verifies the correctness of the ferrimagnetic micromagnetic simulation. 

Ferrimagnetic ultrafast deterministic switching driven by STT+SOT

From the above discussions, it can be seen that the injection of SOT current into a ferrimagnetic film can induce the ultra-fast oscillating of net magnetic moment, however, it cannot lead to a directional switching of the ferrimagnetic film. This is because, in the presence of SOT only, the energy of the system in the z-axis direction is symmetric and cannot support a stable directional switching. In order to be able to induce a directional switching, we continue to introduce STT current into the system and try to break the energy symmetry. For simulating the dynamics of the magnetic moment under the joint effect of STT and SOT currents, we can also resort to the above numerical simulation model. To accomplish this and to ensure the consistency of the simulation results, we also use the alternative model to implement the simulation. At the same time, the STT term is added to the dynamic equations as follows: 

𝑑𝑀 𝑖 𝑑𝑡 = -
The last term of equation ( 140) represents the action of the spin-transfer moment, where 𝐽 𝑠 denotes the density of spin current. Using a micromagnetic simulation system considering the spin transfer moment, we proceeded to simulate the fast switching process of a ferrimagnetic film under the effect of SOT+STT. As shown in Figure 38, we applied the STT current at the same time as the previous SOT current. The simulation parameters are the same as the Table I.

Current density of SOT current is 2.2*10 10 A/m 2 , and current density of STT is 1.8*10 10 A/m 2 .

The ferrimagnetic film, which is excited by the SOT current and exhibits a periodic incoming motion, achieves a directional switching with the assistance of the STT current. This combined excitation of STT and SOT can make the ferrimagnetic thin film complete the directional switching in a few picoseconds. This is a method that can realize the ultra-fast non-volatile magnetic signal writing. Therefore, this magnetic dynamic property has the potential to design ultra-high speed spintronic devices. I).

The principle that STT can produce directional flip is explained in terms of energy symmetry in Figure 39, from which it can be seen that the energy distribution of the equivalent magnetic moment in the z-direction is symmetric when there is no spin transfer moment current in the system, while the introduction of the spin transfer moment current breaks this symmetry and causes directional flip of the ferrimagnetic recording layer. 

Properties of the motion of ferrimagnetic skyrmions

Skyrmions Hall angle

For spintronic devices, in addition to whole magnetic films, various magnetic solitons are also very promising information carriers. The main magnetic solitons found in magnetic materials today include magnetic domain walls, skyrmion, anti-skyrmion, skyrmion modes, skyrmion-bags, etc [START_REF] Göbel | Beyond skyrmions: Review and perspectives of alternative magnetic quasiparticles[END_REF] . Figure 40 illustrates the different kinds of magnetic solitons which are topologically protected and less susceptible to impurities and material defects and have high stability. The linearity of magnetic solitons can be as small as several nanometers, and the storage density of spintronic devices can be greatly increased by using magnetic solitons as information carriers [67] . Not only that, some of the magnetic solitons also have very high speed of motion and can be used to make ultrafast spin computing systems. The production, annihilation and motion of magnetic solitons also bring a wealth of research into magnetic dynamics [START_REF] Fert | Magnetic skyrmions: advances in physics and potential applications[END_REF][START_REF] Conte | Tuning the properties of zero-field room temperature ferromagnetic skyrmions by interlayer exchange coupling[END_REF] . At present, scholars have made many important findings about the nature of magnetic domain walls and skyrmions. A skyrmion is a vector field configuration with topological conservation, and skyrmions in magnetic materials have some physical properties similar to those of physical particles. As shown in Figure 41, in ferromagnetic materials, researchers have found that the skyrmions can be driven by the action of electric currents, magnetic fields, etc., with the equation of motion [70] .

𝑀𝑅 ¨= 𝑄𝑅 ˙× 𝐵 -𝐷𝑅 ˙+ 𝐹 ( 141 
)
where M is the equivalent mass of the skyrmion, D is the viscosity coefficient, and F is the sum of the effective field originating from the internal potential energy action and the external driving action of the material. From equation (141), the direction of motion of the skyrmion and the driving direction of the effective field will not coincide exactly, but there will be a certain angle of entrainment. This angle is the Skyrmions Hall angle, and this phenomenon is known as the Skyrmions Hall effect, which has two sources, one reflected in the first term to the right of the equation of motion above, i.e., the Magnus force defined by the topological charge of the Skyrmions, and the other being the equivalent drag magnetic field𝐵 = -4𝜋𝑠 𝑛𝑒𝑡 𝑧 ^ .

In ferromagnetic materials, neither the topological charge nor the drag magnetic field of the skyrmion can have a value of zero, so the skyrmion Hall effect cannot be avoided, which would cause the skyrmion to deviate from its orbit or even annihilate it too close to the boundary.

Therefore, the presence of the Skyrmions Hall effect makes the manipulation of the Skyrmions more difficult and may lead to information loss, which is very detrimental to the design of the device [START_REF] Kang | Skyrmion-electronics: An overview and outlook[END_REF][START_REF] Woo | Spin-orbit torque-driven skyrmion dynamics revealed by time-resolved X-ray microscopy[END_REF][START_REF] Nagaosa | Topological properties and dynamics of magnetic skyrmions[END_REF] . To reduce or eliminate the effect of the Skyrmions Hall effect, researchers have devised many methods. However, in ferromagnetic materials, in order to eliminate the effect of the Skyrmions Hall effect, it is inevitable to introduce new structures or new components, which makes the complexity of the whole system rise and adversely affects the performance of the device [START_REF] Iwasaki | Current-induced skyrmion dynamics in constricted geometries[END_REF] .

In ferrimagnetic materials, the skyrmion Hall effect also tends to disappear when the state of the system approaches the angular momentum moment compensation point, which is an ideal way to eliminate skyrmion Hall effect in spintronics device [75]. We investigated the motion law of the current-driven ferrimagnetic skyrmion using the established ferrimagnetic University experimentally demonstrated that the skyrmions Hall angle in ferrimagnets will vanish near the temperature compensation point, which is consistent with our simulation results [76].

To summarize, we investigate the properties of the two widely used information carriers in spintronics, i.e., the thin film and skyrmions in ferrimagnets, through the ferrimagnetic micromagnetism simulation tool. We verify the ultrafast switching of the ferrimagnetic thin film and the variation of skyrmion Hall angle by numerical methods and compared them with experimental results, which not only proved the correctness of our simulation tool but also provided material for the design of ferrimagnetic spintronic devices. I).

Topological number multiplication

In addition to the vanishing Skyrmions Hall angle, we have discovered another interesting property of the ferrimagnetic Skyrmions using the newly established ferrimagnetic micromagnetism simulation system, namely, the proliferation property of the ferrimagnetic Skyrmions topological number. As shown in Figure 43(a), a "fishtail groove" can be created in the film by proper film engineering, and the ferrimagnetic skyrmion can proliferate under the action of this "fishtail groove". To study the proliferation effect of skyrmions, we perform numerical simulations in a 400nm × 200n × 2nm film. In our scenario, the size of the skyrmions is several tens of nanometers, the size of the "fishtail groove" structure is similar to that of the skyrmion, and the driving force of the skyrmion motion is the SOT current. We have likewise selected simulation parameters from the previous experiments in TABLE I, allowing our simulation results to be applied to guide device design, where we have a current density of 10 10

A/m 2 . As shown in Figure 43(b), the magnetic moment at the boundary of the groove is deflected due to the DMI effect, and when the ferrimagnetic skyrmion approaches the edge of groove, the deflected magnetic moment will destroy its original topology and split it as two parts. The two parts will move along the upper and lower edges of the groove, respectively.

When the two mutilated skyrmion parts move to the right end of the groove, they will fall off the notch and eventually merge with each other again and become a complete skyrmions under the influence of topological protection, respectively. The most common method of making a new skyrmion is to use current to flip a certain circular region of the magnetic material and then withdraw the current to wait for this region to stabilize and eventually form a skyrmion, which is also known as skyrmion injection or skyrmion nucleation. Because of the need to flip the magnetic moment of the material, the current density required for skyrmion injection is often orders of magnitude higher than for skyrmion motion. It follows that skyrmion injection is a very energy intensive operation compared to skyrmion motion. However, in the process of increasing the number of skyrmions using the "fishtail notch", new skyrmions can be generated simply by driving the skyrmion motion, giving us the possibility of generating skyrmions in a low-power manner and further reducing the power consumption of the skyrmion device.

Based on this property of the ferrimagnetic skyrmion, it is possible to design a structure that consists of several "fishtail notch" structures cascaded together. As shown in Figure 43(c 

High-speed velocity of ferrimagnetic skyrmions near the angular momentum moment compensation point

Thanks to the ultrafast magnetic dynamics properties of the ferrimagnetic system, ultrafast directional flipping of ferrimagnetic films can be achieved using a multi-effects coupling approach, providing a possible option for the preparation of ultrafast spintronic devices [START_REF] Ostler | Ultrafast heating as a sufficient stimulus for magnetization reversal in a ferrimagnet[END_REF][START_REF] Lecraw | Angular momentum compensation in narrow linewidth ferrimagnets[END_REF] .

In this section, we will investigate the nature of the motion of the ferrimagnetic skyrmion under the action of the spin-orbit moment through the newly established ferrimagnetic micromagnetism simulation system and demonstrate that the ferrimagnetic skyrmion will possess a high motion speed near the momentum moment compensation point.

As shown in Figure 44, the ferrimagnetic skyrmions can move driven by the spin-orbit moment current. Figure 45 illustrates the variation of the velocity of the ferrimagnetic skyrmion with the elemental ratio of the ferrimagnetic material, from which the velocity of the motion of the ferrimagnetic skyrmion gradually increases as the elemental ratio of the material moves closer to the angular momentum moment compensation point. And when the elemental ratio of the material is far away from the angular momentum moment compensation point, the velocity of the ferrimagnetic skyrmion decreases, which is consistent with the experimental data [START_REF] Hirata | Vanishing skyrmion Hall effect at the angular momentum compensation temperature of a ferrimagnet[END_REF] .

When the elemental ratio of the material is located near the momentum moment compensation point, the ferrimagnetic skyrmion is subjected to a current density of In our subsequent studies, we found that the introduction of other physical mechanisms affecting the motion of the skyrmions in the ferrimagnetic system does not affect the nature of the high-speed motion of the ferrimagnetic skyrmions near the momentum moment compensation point. For example, the introduction of the VCMA effect in a ferrimagnetic system is able to use the VCMA effect to change the trajectory of the ferrimagnetic skyrmion while allowing the ferrimagnetic skyrmion to maintain its nature of high-speed motion in the system [START_REF] Zhang | Control and manipulation of a magnetic skyrmionium in nanostructures[END_REF][START_REF] Sampaio | Nucleation, stability and current-induced motion of isolated magnetic skyrmions in nanostructures[END_REF] . This property gives us the possibility to design given orbits among the ferrimagnetic and to keep the skyrmions moving along the given orbits at high speed. As shown in Figure 46(a), three voltage gates that can regulate the trajectory of the skyrmions are added to the ferrimagnetic film. According to the simulation results, when the voltage gate is energized, the region where it is located will exert a repulsive force on the skyrmions and prevent the skyrmions from passing through. At this point the voltage gate becomes a tool that can be used to regulate the trajectory of the skyrmion. When the voltage gate is disconnected, it has no effect on the motion of the skyrmion. The voltage gate can be energized and de-energized to produce different trajectories of the skyrmion.

We show in Figure 46(b) the trajectory of the skyrmion when two of the voltage gates are turned on. In this scenario, the skyrmions can be treated as an approximate rigid blob, so the trajectory of the ferrimagnetic skyrmions can be understood with the help of a force analysis like that in classical mechanics. Referring to the force analysis diagram shown in Figure 47, it can be seen that at the beginning, the ferrimagnetic skyrmions will be subjected to the pushing force from the current as well as the repulsive force between each of them, so they will keep a certain distance together and move forward. Near the voltage gates #1 and #2, they will be subjected to the thrust from the current, the repulsive force between them, and the pressure from the voltage gates, and will reach equilibrium, thus stopping their motion. Similarly, Figure 48 shows the trajectory of the skyrmions when only one voltage gate is energized. To understand the results of this simulation, it is still possible to consider the skyrmions as rigid spheres and to analyze them for forces. At the beginning, the skyrmions will be equally subjected to the pushing force from the current and the repulsive force between the two skyrmions, and under these two forces, they will keep a certain distance together and move forward, and when the two skyrmions reach the area controlled by the voltage gate #3, due to the position of the center of the skyrmions relative to the voltage gate and the rigid sphere nature of the skyrmions, it will be subjected to the repulsive force from the area controlled by the voltage gate #3. region controlled by the voltage gate and be bounced off by this repulsion, a phenomenon that can be likened to a small steel ball being bounced off the corner of a table in classical mechanics. The skyrmion will then bypass this region under the driving force of the current and the pressure from the region controlled by voltage gate 3. Notably, due to the nature of the ferrimagnetic skyrmions that can maintain high speed motion, the motion processes of the above-mentioned skyrmions can all be completed in tens of picoseconds. These physical properties of the ferrimagnetic skyrmions provide rich material for the design of spintronic devices. The double lattice coupled system of ferrimagnetic materials produces equivalent spinmagnetic ratio effect and equivalent damping effect, which makes ferrimagnetic exhibit ultrafast magnetic dynamics properties. The asymmetry of the ferrimagnetic bilattice system also has an important effect on the ferrimagnetic dynamical system, giving it some properties that neither the ferromagnetic nor the antiferromagnetic dynamical system possesses [START_REF] Kim | Bulk Dzyaloshinskii-Moriya interaction in amorphous ferrimagnetic alloys[END_REF][START_REF] Streubel | Experimental evidence of chiral ferrimagnetism in amorphous GdCo films[END_REF] . In this section, we will introduce the topologically relevant ill-posed nature of the ferrimagnetic dynamical system by taking the injection process of the ferrimagnetic skyrmion-bag as an example.

Topologically relevant ill

As shown in Figure 49 In order to be able to accurately describe the evolution of the ferrimagnetic film under the action of the locally injected current, we need to simulate this process using the ferrimagnetic micromagnetism simulation system established in the previous sections, with the simulation parameters shown in Table I. In order to more conveniently analyze the kinetic properties of ferrimagnetic materials under the action of local spin currents using theoretical methods, we have simplified the micromagnetic model of ferrimagnetic materials and established a one-via ferromagnetic model as shown in Figure 50(a). In this model, we assume that the two elements contributing to the magnetic moment in the ferrimagnetic material, i.e., the RE element and the TM element, show a staggered arrangement on a line and there are antiferromagnetic interactions between them.

After the one-dimensional modeling of the ferrimagnetic magnetic moment vector field, the presence of topological charges in the ferrimagnetic system also has a new representation at the same time. Figure 50(b) shows the representation of the topological charge in the one-dimensional model, from which the topological charge in the one-dimensional model is represented as a kink structure resulting from the continuous variation of the magnetic moment in the z-direction. Without loss of generality, it can be assumed that all magnetic moments in the one-dimensional model lie in the same plane, and then two spherical coordinates can be used to represent the pointing of the ferrimagnetic magnetic moments. We choose to use the zenith angle𝜃 to represent the vector of magnetic moments of the RE elements𝑢(𝑥) and the zenith angle𝜑 to represent the magnetic moment vector of the TM element 𝑣(𝑥) , where the𝑥 represents the spatial coordinates among the one-dimensional model. Thus, using𝑢(𝑥) and𝑣(𝑥) two vector fields can represent the magnetic moment pointing distribution of the RE and TM elements in the whole model, and the magnetic dynamics evolution of the one-dimensional ferromagnetic model can thus be translated into solving 𝑢(𝑥) and 𝑣(𝑥) two vector fields with time. In order to solve the 1D model using numerical methods, it is first necessary to solve for the continuous vector fields 𝑢(𝑥) and 𝑣(𝑥) are discretized, and we use 𝑢(𝑥 𝑖 ) and 𝑣(𝑥 𝑖 ) In place of the original vector fields, a cross-sectional structure is selected from the initial micromagnetics model and it is simulated separately as the equivalent structure of the 1D model.

Figure 51 shows the simulation results for the one-dimensional model, from which it can be seen that the topological charge number in the one-dimensional model also changes drastically under the action of the current. Not only that, for the same size of current, a small change in the exchange constant in the system can also lead to a drastic change in the final simulation results.

In addition, all topological charge number change curves have a mutation point and they all diverge after the mutation point and end up with different values. These features indicate that the formation of topological charges is very rapid during the evolution of the magnetic spin dynamics of the system and is particularly sensitive to the parameters of the system as well as to the initial conditions. Small changes in the system parameters or in the initial state can cause the state of the system to deviate significantly from the evolutionary trajectory and eventually converge to a completely different steady state [START_REF] Mitchell | Complex systems theory and evolution[END_REF][START_REF] Funtowicz | Emergent complex systems[END_REF] . Based on a series of results from numerical simulations, it can be seen that during this dynamical evolution, the ferrimagnetic magnetic moment system exhibits some properties that are unique to complex systems: the final results are very sensitive to the initial state and the settings of the system parameters, and the initial state will eventually converge to a finite number of steady states. In order to find out the essential reasons why the dynamical evolution of ferrimagnetic systems presents a complex manifestation, and the properties of sublattice dynamic systems. Further study of the evolution process of the ferrimagnetic one-dimensional model by other methods is needed. In the following, we analyze the one-dimensional model using mathematical methods.

First, using the zenith angle𝜃 and𝜑 it is possible to combine the𝑢(𝑥) and𝑣(𝑥) respectively, as𝑢(𝑥) = (𝑠𝑖𝑛𝜃, 0, 𝑐𝑜𝑠𝜃) and𝑣(𝑥) = (𝑠𝑖𝑛𝜑, 0, 𝑐𝑜𝑠𝜑) . To simplify the analysis, only the exchange interaction energy can be considered in the model, so that the energy of the whole system can be expressed as

𝐸 = 𝐴 𝑒𝑥 𝑢(𝑥) • 𝑣(𝑥) (142) 
where𝐴 𝑒𝑥 denotes the exchange interaction constant characterizing the strength of the antiferromagnetic coupling between the RE and TM elements. Based on the form of the system energy, the kinetic equations representing the evolution of the magnetic moments of the RE and TM elements in the one-dimensional model can be written.

{ 𝑢 ˙= 𝛽 1 𝑣 𝑥𝑥 × 𝑢 + 𝛼 1 𝑢 × 𝑢 v ˙= 𝛽 2 𝑢 𝑥𝑥 × 𝑣 + 𝛼 2 𝑣 × 𝑣 ˙ (143)
of which 𝛼 1 𝛼 2 denote the Gilbert damping constants, 𝛽 1 = -2𝛾 𝐶𝑜 𝐴 𝑒𝑥 𝜇 0 ⁄ 𝑀 𝐶𝑜 𝛽 2 = -2𝛾 𝑇𝑏 𝐴 𝑒𝑥 𝜇 0 ⁄ 𝑀 𝑇𝑏 are two constants indicating the effect of exchange interaction on the RE elements and on the TM elements during the evolution, respectively.𝑢 ˙ is the vector field 𝑢 derivative with respect to time, which represents the rate of change of the magnetic moment of the RE element with respect to time. Similarly, the 𝑣 ˙ is the vector field 𝑣 The derivative with respect to time, which represents the rate of transformation of the magnetic moment of the TM element with respect to time. 𝑢 𝑥𝑥 is the vector field𝑢 The second order derivative with respect to the coordinate x contains the magnetic moment vector field 𝑢 of spatial variation information. 𝑣 𝑥𝑥 is the vector field 𝑣 The second-order derivative with respect to the coordinate x contains information about the spatial variation of the magnetic moment vector field𝑣 of the spatially varying information. From the above analysis, it is easy to see that by solving equation (143) exactly, one can have all the information about the dynamical evolution of the ferrimagnetic one-dimensional model occurring under the action of local currents. To accomplish this task, (143) can first be regularized by rewriting it as

{ 𝑠𝑖𝑛𝜃𝜃 𝑥 2 -𝑠𝑖𝑛 2 𝜃 𝑥𝑥 + 𝑐𝑜𝑠𝜑𝑠𝑖𝑛𝜑𝜃 𝑥 2 -𝑐𝑜𝑠 2 𝜃𝜑 𝑥𝑥 = 0 𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜃𝜑 𝑥 2 -𝑠𝑖𝑛 2 𝜃 𝑥𝑥 + 𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜑𝜑 𝑥 2 -𝑐𝑜𝑠 2 𝜃𝜑 𝑥𝑥 = 0 (144) 
Based on the form of equation ( 144), it can be seen that solving the original equation directly is very difficult and requires a variable substitution process, using ∆= 𝜃 -𝜑 Reducing the variables in the equation, Leigh can transform equation ( 144) to

∆ ˙= -𝛽 1 𝛼 1 𝑐𝑜𝑠∆∆ 𝑥𝑥 + 𝛽 1 𝛼 2 -𝛽 2 𝛼 1 𝛼 1 𝛼 2 [ 1 4 𝑠𝑖𝑛∆∆ 𝑥 2 - 1 2 𝑐𝑜𝑠∆∆ 𝑥𝑥 ] (145) 
According to the relevant mathematical knowledge, (145) is a standard ill-posed equation [START_REF] Bakushinsky | Ill-posed problems: theory and applications[END_REF] .

Its solution will be ill-posed, that is, the solution is unstable, and extremely sensitive to the initial conditions and parameters. Since the∆ the solution represents a vector field, its nonadaptivity suggests that small changes in the initial conditions and system parameters will lead to a completely different vector field. Also, considering the existence of damping effects in the whole system, it can be concluded that the final vector field will definitely converge to a stable solution. Taking the above analysis together, it can be seen that∆ also exhibits complexity, its evolutionary process and evolutionary results are extremely sensitive to both the initial conditions and the system parameters and will eventually converge to a stable state. It is thus clear that the∆ the dynamical behavior of the system is consistent with that obtained from the numerical simulation. Also, on the other hand, considering the∆ origin of the zenith angle representing the direction of the magnetic moments of the RE and TM elements𝜃 and𝜑 of the difference, possessing some physical significance. In fact, according to the general structure of ferrimagnetic, it can be considered as the equivalent magnetic moment in ferrimagnetic materials, so that∆ the distribution of is the distribution of the equivalent magnetic moment in the ferrimagnetic material, which determines the topological nature of the whole system. From the above theoretical derivation and numerical simulations, it can be concluded that the magnetic dynamics evolution process of the ferrimagnetic equivalent magnetic moment can exhibit complexity under the action of local spin-polarization currents, which means that the evolution process of the magnetic moments of RE elements and TM elements in the ferrimagnetic material, as well as the topological charge number of the whole system, can exhibit complexity. We refer to this property as the "topologically relevant non-appropriateness" of ferrimagnetic materials. In summary, it is this intrinsic property of ferrimagnetic materials that leads to the formation of skyrmion-bags with high topological charge numbers induced by local polarization currents in ferrimagnets.

Topologically relevant ill-posed principles for ferrimagnetic dynamic systems

In this section, we reveal the intrinsic parameters which can be used to predict the final states of the topology-related ill-posed dynamics in ferrimagnetic system through investigating the annihilation and nucleation of topological charge during the ill-posed dynamics process. As shown in Figure 52(a), we demonstrate the entire process of random generation of the system Skyrmion-bag at three different DMI strengths.

It can be seen from the figure that by changing the strength of the DMI, the number of topological charges eventually carried by the Skyrmion-bag will change considerably. Not only that, but we can also find from the figure that the change in topological charge number is actually a period of drastic change focused on a short period of time relative to the whole process of Skyrmion-bag formation. Figure 52(b) shows this dramatic change process in detail, from which it can be seen that the annihilation and formation of the system topological charges do not occur simultaneously. In fact, the annihilation of the original topological charge of the system leads to the formation of a more chaotic form of the magnetic moment vector field configuration, and under the combined influence of the exchange and DMI effects, this chaotic magnetic moment vector field configuration gradually becomes orderly due to the damping effect and eventually forms a new topological charge. From the change curve on the graph, it can be seen that the process of topological charge formation follows closely the process of topological charge annihilation, and in this sense, the formation of new topological charge of the system actually originates from the annihilation of the old topological charge. We have analyzed qualitatively the physical mechanism of the stochastic encoding process of the ferrimagnetic Skyrmion-bag topological charge in terms of energy changes in the previous content. However, as a complex process, a purely qualitative analysis cannot provide a reliable prediction of its final evolutionary outcome. In order to allow a quantitative analysis of the stochastic encoding process of the Skyrmion-bag and to verify the conclusions we obtained in the qualitative analysis, we will investigate the annihilation and regeneration of topological charges in the ferrimagnetic magnetic moment system using the proposed method.

It is worth noting that the ferrimagnetic material, as a material with an asymmetric sublattice structure, possesses four relatively stable states in its basic lattice unit, namely (↑ 𝐶𝑜 ↓ 𝑇𝑏 ), (↓ 𝐶𝑜 ↑ 𝑇𝑏 ), (↓ 𝐶𝑜 ↓ 𝑇𝑏 ), (↑ 𝐶𝑜 ↑ 𝑇𝑏 ). Among them (↑ 𝐶𝑜 ↓ 𝑇𝑏 ) and (↓ 𝐶𝑜 ↑ 𝑇𝑏 ) are stable states, which we denote as stable state A and stable state B, respectively. Based on these states, as shown in Figure 53(a), we set a proposed initial condition for the random encoding process of the ferrimagnetic Skyrmion-bag. In this proposed initial condition, the ferrimagnetic film is divided into three regions, and in the first region, which is at the center of the ferrimagnetic film, the states of all magnetic moments are set to the sub-stable-B state. In the immediate vicinity of the central region, which is the second region, the states of all magnetic moments are set to the steady-state-A state. Then, in the other regions, which are the remaining regions of the thin, all magnetic moment states are set to the steady-state-B state. In order to allow the system to evolve driven by the exchange action, the regions set to the steady-state-A state are set one angle away from their equilibrium positions as a whole, so that there will be an exchange action between the first and second regions in the initial state. Under this setting, the sub-stable state of the first region will start to disintegrate under the influence of the exchange action, thus causing the whole system to enter a spontaneous dynamical evolution process. Also, by fine-tuning the size of the deviation angle of the second region, it is possible to study the sensitivity of the dynamical evolution of the proposed system to the initial conditions and to verify our previously drawn conclusions. Figure 53(b) demonstrates that the proposed setup then has different evolutionary results after fine-tuning the system parameters and initial conditions, from which it can be seen that the ideal proposed setup we set up inherits well the complexity characteristics of the original dynamical system. It can be seen from the micromagnetic simulation process of the proposed system that the process of annihilation and establishment of the topological charge number in the ferrimagnetic system is actually like the process of establishment and stabilization of the Ising model island in the Ising model [START_REF] Cipra | An introduction to the Ising model[END_REF][START_REF] Wu | Ising model with four-spin interactions[END_REF] . In contrast, in the system we study, the lattice units of ferrimagnetic have a total of four states and the principles and laws of their interactions are more diverse, which is the reason why ferrimagnetic dynamical systems can emerge with more complex physical phenomena. 

Feature parameters for the evolution of ferrimagnetic magnetic dynamics systems

In this section, we will derive a feature parameter of the ferrimagnetic magnetic dynamics evolving system using some tools of the Ising model. Similar to the Ising model, in order to study the evolutionary properties of the system, one should first study the nature of the interactions and transformations between the various states. First of all, it is clear that in our model, the sub-stable-B state is an extremely unstable state that will gradually transform into the stable-A state and the stable-B state due to the exchange effects exerted on it by the stable-A state present in its vicinity. The whole process of topological charge generation and annihilation of the ferrimagnetic system is actually the result of the gradual transformation of the sub-stable-B process into the steady-state-A process and the steady-state-B process. It is worth noting that due to the asymmetry of the ferrimagnetic sublattice, the energy difference between the sub-stable-B state and the two steady states is actually different. 

Combined with the simulation parameters set previously, one can in fact obtain𝜀 𝑔𝑎𝑝1 < 𝜀 𝑔𝑎𝑝2 .

This result shows that, ceteris paribus, the probability of transformation of the sub-stable-B state into the steady-state-A state is greater than the probability of transformation into the steady-state-B state. Thus, in the initial stage of the evolution of the proposed system, it can be assumed that a large number of sub-stable-B regions all evolve into steady-state-A regions. As the steady-state-A region expands, and as it becomes more intertwined with the sub-state-B region in terms of contact area, its influence on the evolutionary direction of the sub-state-B region becomes stronger. If one examines the influence of the other major energy affecting the evolution of the system -that is, the DMI action energy -then we have. From Eq. ( 147), it can be seen that the DMI energy tends to give spin to the vector field of the magnetic moment. Thus, in the presence of the appearance of steady-state-A, the DMI action energy will support more conversion of sub-state-B to steady-state-B. From the results of the simulation, the steady-state-B state converted from the sub-state-B state is actually the state that constitutes the core region of the skyrmion in the skyrmion sub-packet. Therefore, the conversion rate of the sub-stable-B into the steady-state-B state in fact determines the total efficiency of the formation of the skyrmion core region in the skyrmion sub-packet. Combined

with the above analysis it can be determined that the reason for the appearance of the steadystate-B region is due to the fact that in the beginning stage a large number of sub-state-B is converted to the steady-state-A state under the influence of the exchange action, and as the region of the steady-state-A state increases, a part of the sub-state-B state is then converted to the steady-state-B state under the influence of the DMI action. From the above process, it can be seen that steady-state-B must be generated before the sub-state-A has been fully converted to the steady-state-A state by the exchange action. Thus, the ratio of the USSR of sub-stable-B converted to steady-state-A by the exchange action and the USSR of sub-stable-B converted to steady-state-B by the DMI action determines the area of the final steady-state-B region. To be able to estimate the area of these two regions, the evolutionary process of the proposed model needs to be examined from different sides. First, the two sublattices of ferrimagnetic can be considered as a whole, that is, from the equivalent magnetic moment of ferrimagnetic. In this state, it is still possible to distinguish between the steady-state-A state and the steady-state-B state, while the exchange action becomes at this point an action within each lattice cell. Thus, the evolution of the system can be estimated in this case by considering only the DMI action.

The equivalent magnetic moment in the steady-state-A state needs to be flipped to the steadystate-B state using the DMI action for the equivalent magnetic moment in the sub-steady-state state, and we can estimate its time as follows.

𝑡 𝐷 𝑑𝑚𝑖 ∝ ∫ 𝜃 𝐷 𝑑𝑚𝑖 𝑐𝑜𝑠𝜃 𝜋 0 𝑑𝜃 (148) 
In order to estimate the time for the transformation of the sub-stable-B state to the steady-A state, it is necessary to consider the ferrimagnetic magnetic moment structure containing sublattices, this is because, the exchange action between sublattices is responsible for the transformation of the sub-stable-B state to the sub-stable-A state of ferrimagnetic. Under the influence of the exchange action, each lattice will undergo a transformation from the sub-stable to the steady state internally, and since this intra-lattice action can be undisturbed by inter-lattice interactions and completed only under the influence of the exchange action, it follows that its time can be estimated as

𝑡 𝐴 ∝ ∫ 𝜃 𝐴 𝑒𝑥 𝑐𝑜𝑠𝜃 𝜋 0 𝑑𝜃 (149)
From the form of equation ( 148) and equation ( 149), the time of conversion of sub-stable-B to steady-state-A𝑡 𝐴 to sub-stable-B to steady-state-B conversion time𝑡 𝐷 𝑑𝑚𝑖 ratio actually depends on the ratio of the exchange action constant and the DMI action constant of the material. It can therefore be concluded that the ratio D/A of the exchange action constant and the DMI action constant can be used to predict the efficiency of the conversion of sub-stable-B to steady-state-B, which will be demonstrated using numerical simulations as well. As shown in Figure 54(a), we redo its evolution using the proposed conditions and track the change in area of the steadystate-B state region within the region marked by the green circle over time during this process.

The detection area marked by the green circle is specified because the object to be studied is the area of the steady-state-B region transformed from sub-state-B. The presence of areas in the system that are themselves in steady-state-B will interfere with the object of our study, so they must be isolated. In Figure 54(b), we show the curves of the area of the steady-state-B in the calibrated region with three different D/A ratios, and we can see that the curve with the highest D/A value grows at a higher rate than the other two curves, while the curve with the lowest D/A value grows at the slowest rate among the three curves. It is noteworthy that after the end of the growth interval of the curves, there is no significant relationship between the area of the final steady-state-B state region and the value of D/A taken. This phenomenon does not contradict our previous conclusions; in fact, after all the sub-stable-B regions have been transformed into steady-state-A regions and steady-state-B regions, the system will enter the relaxation phase. In this phase, the individual formed steady-state-B regions are individual skyrmion core embryos, which will gradually evolve into a stable skyrmion core during the relaxation process if the size is appropriate, and the area of a stable skyrmion core is certain, so that the area of the eventually retained steady-state-B regions in the probe region is proportional to the final number of skyrmion cores. However, the area of the steady-state-B regions we measure here only indicates the total area converted from sub-steady-state-B and does not characterize the relative positions of these steady-state-B regions. What is clear is that for the same area of steady-state-B regions, they are more likely to form more skyrmions cores when properly dispersed than when clustered together, and finally the area of steady-state-B regions in the system is the largest. In summary, the results in Figure 54(b) allow us to verify that D/A can indeed determine the efficiency of the transformation of the sub-stable-B state to the steady-state-B during the topological charge generation and annihilation of the ferrimagnetic system, and thus the total area of the region that has the potential to evolve into a skyrmional core. In addition, we also studied the relationship between the probability of the appearance of the steady-state-B region and the initial conditions of the system. As shown in Figure 54(c), we fine-tuned the tilt angle of the initial state among the second region for three sets of simulations with a constant D/A ratio. From the simulation curves, we can see that the evolution curves of the steady-state-B area almost overlap under different initial conditions, which indicates that the efficiency of the transformation of the sub-state-B state to steady-state-B is independent of the initial conditions of the system and is an intrinsic property determined by the system parameters, and therefore D/A can be used as a feature parameter to characterize the evolution law of the system. From the above discussion, it is clear that D/A can characterize the area of the steady-state-B region from the transformation, i.e., the area of the region that has the potential to evolve into a skyrmion core, and this value determines the maximum number of skyrmion cores that the system can eventually produce. When the total area of the steady-state-B regions is the same, the relative location and dispersion of these regions then determines the eventual generation of skyrmions cores. In contrast, the relative positions and dispersion degrees of the steady-state-B regions are very sensitive to the initial state of the system evolution and are strongly influenced by the thermodynamic random field, which is stochastic in nature. It follows that the randomness of the number of skyrmion cores that eventually form in the system, i.e., the number of topological charges of the system, essentially stems from the randomness of the distribution of the steady-state-B regions. By influencing the distribution of the steady-state-B region, the true random information contained in the thermodynamic random field is eventually able to be encoded into the structure of the Skyrmion-bag. Since the thermodynamic random field is a normal distribution, it is reasonable to assume that the topological charge number obtained by the encoding process of the ferrimagnetic Skyrmion-bag will also obey a normal distribution [START_REF] Němec | Antiferromagnetic opto-spintronics[END_REF] .

In order to verify the distribution law of the topological charge numbers obtained from the injection process, we did a large number of independent repetitions of the experiments using numerical simulations and counted the topological charge numbers of the resulting Skyrmion sub-packages. As shown in Figure 55(a), we conducted 1000 independent repetitions of the experiment using three groups of systems with different D/A feature parameters at a temperature of T = 280 K and counted the topological charge numbers of the Skyrmion-bags in their final simulation results. It can be seen from the figure that the curves exhibit a Gaussian bell-shaped curve for all three different feature parameters, indicating that the distribution of the topological charge numbers does conform to the law of normal distribution. It can also be seen that as the value of D/A increases, the probability distribution curve will shift to the right as a whole, this characteristic shows that the D/A will determine the mean of the normal distribution and its increase will be accompanied by an increase in the mean of the normally distributed system, implying that the system has a higher probability of obtaining a higher topological charge number, which is in full agreement with the conclusions obtained previously.

Figure 55(b) shows the effect of temperature change on the number of topological charges generated, from which it can be seen that an increase in temperature causes an overall shift of the system curve to the right, with the form of the Gaussian bell curve of the curve remaining unchanged. Therefore, it can be seen that temperature does not affect the basic law of topological charge number formation, but as the temperature increases, the thermal random field in the system becomes stronger and the initial magnetic moment state of the system is more chaotic after the current is withdrawn, which can make the distribution of the steady-state -B state region more dispersed and favor the formation of more topological charges. Therefore, an increase in the system temperature will result in an increase in both the mean and maximum values of the topological charge distribution. In Figure 55(b)-(c), we investigate the pattern of the maximum topological charge number that has appeared in the results of the system evolution process with the system parameters and the system temperature. From the data on the figure, it can be seen that the maximum topological charge number in the final evolution result increases as the ratio of D/A increases, however, when the ratio of D/A exceeds a certain limit, the maximum topological charge number shrinks sharply again. The reason for the increase of the maximum topological charge number we have already analyzed, while the maximum topological charge number decreases when the ratio of D/A is too large because the ratio of D/A affects the area of the skyrmion core itself, and when the value of D/A is too large, the area of the skyrmion core itself becomes large, thus reducing the number of ultimately stable skyrmion cores with the same steady-state -B area. Furthermore, according to Figure 55(c), it can be seen that temperature increases the value of the maximum number of Skyrmions cores overall yet does not affect the pattern of decreasing the number of Skyrmions cores when D/A is too large.

Putting together the above description, we can conclude that the process of local spin currents inducing the formation of skyrmion-bags among ferrimagnetic materials is a complex process, and the ratio D/A derived from the parameters of the system's dynamical equations can be regarded as a feature parameter of this complex process, characterizing a certain invariance of the complex process independent of the initial conditions and related only to the system's dynamical equations (reflected here as the rate of growth of the area of the steady-state -B region) and allows to make certain predictions about the final evolutionary outcome of the system. To summarize, we look at the properties of the sigmoid using a ferrimagnetic simulation tool in these chapters. First, we verified the high-speed movement of the ferrimagnetic skyrmions near the compensation point and the zero skyrmions Hall angle and comparing these simulation results with experiments to further demonstrate the validity of our simulation tool.

Then, we explored the proliferation of ferrimagnetic skyrmions with the help of thin film shapes and the principle of non-adaptivity exhibited by topological charges when generating ferrimagnetic skyrmion bags using electric currents through simulation tools. These numerical conclusions not only provide some reference for the experimental investigation of ferrimagnets but also provide material for the design of ferrimagnetic spintronic devices.

high-velocity and high-density electronic devices [START_REF] Higo | Anomalous Hall effect in thin films of the Weyl antiferromagnet Mn3Sn[J][END_REF][START_REF] Matsuda | Room-temperature terahertz anomalous Hall effect in Weyl antiferromagnet Mn3Sn thin films[END_REF] .

Noncollinear antiferromagnetic dynamics properties

Free energy in noncollinear antiferromagnets

Noncollinear antiferromagnets has many special properties and studying the magnetic dynamics properties of noncollinear antiferromagnetic materials can provide a solid theoretical basis for realizing higher performance spintronic devices.

However, the magnetic lattice structure of nonlinear antiferromagnets is fundamentally different from that of ferromagnetic and antiferromagnetic materials and cannot be studied using models that have been previously developed. We will use continuum medium theory in this section to study the nature of the free energy and effective field in noncollinear antiferromagnets and to develop a continuum medium theory model of nonconcurrent antiferromagnets. We will prepare for further realization of the use of numerical micromagnetic methods to accurately simulate the magnetic dynamics processes of noncollinear antiferromagnets and establish a micromagnetic simulation system for noncollinear antiferromagnets.

To obtain a continuum expression for the free energy of a noncollinear antiferromagnetic material, it is necessary to first identify the function that can describe the position of each lattice point in the noncollinear antiferromagnetic lattice based on the characteristics of the lattice structure of the noncollinear antiferromagnetic material. As shown in Figure 56, we have resolved the typical hexagonal structure of noncollinear antiferromagnets. We find that the hexagonal structure in a noncollinear antiferromagnetic lattice can be viewed as two square triangles stacked together. According to the experimental results on the structural aspects of noncollinear antiferromagnetic materials, the atoms constituting these two orthorhombic triangles are in different planes in the material [START_REF] Khadka | Kondo physics in antiferromagnetic Weyl semimetal Mn3+xSn1-x films[END_REF] . It is natural to group these two sets of triangles and write them down as Group A magnetic moments and Group B magnetic moments.

If we assume that the coordinates of the center point of the Group A magnetic moment are(𝑥 1 , 𝑦 1 , 𝑧 1 ) , since the Group B magnetic moments form a positive hexagonal structure with the Group A magnetic moments, their centers must be on an axis perpendicular to both the Group A plane and the Group B plane. By choosing the proper coordinates, this axis can fall exactly on the z-axis, and from this the coordinates of the center of the group B magnetic moment can be written as(𝑥 1 , 𝑦 1 , 𝑧 1 + ℎ) , whereℎ is a constant representing the distance between the two layers of atoms in the noncollinear antiferromagnetic structure. According to the characteristics of the noncollinear antiferromagnetic lattice structure, if we assume that the distance between two atoms of the magnetic moments of group A is a, we can find the coordinates of the three atoms of the magnetic moments of group A according to the geometric properties of the square triangle and the coordinate system shown in the figure as (𝑥 𝑎, 𝑧 1 ) . Similarly, the coordinates of the three atoms of the magnetic moment of group B can be found separately where the first term denotes the exchange interaction energy within the group A positive triangular cell, and𝐽 1 is the exchange interaction constant. The second term represents the exchange interaction energy in the group B orthotriangular cell, and 𝐽 2 is the exchange interaction constant. The third term represents the exchange energy between the orthotriangular cell of group A and the orthotriangular cell of group B.𝐽 3 is the exchange interaction constant.

(𝑥 1 , 𝑦 1 - √3 3 𝑎, 𝑧 1 + ℎ) , (𝑥 1 -
Then, the exchange interaction between adjacent hexagonal structural units needs to be considered, and to simplify the calculation, only the exchange interaction between the nearest neighboring hexagonal units is considered. Also, between the two nearest neighboring hexagonal cells, only the interaction between the nearest neighboring atomic magnetic moments in the two hexagonal cells is considered. According to the characteristics of the lattice arrangement of nonlinear antiferromagnetism, we have marked in Figure 57 the six hexagonal cells located in the same plane and nearest neighbors to our selected object of study. It is then possible to write down the exchange interaction energy between the neighboring hexagons among nonlinear antiferromagnets as. The first of these describes the exchange interaction energy between the group A orthotriangular structure and the nearest-neighbor magnetic moment in the hexagonal structure adjacent to it. The second term describes the exchange interaction energy between the group B orthotriangular structure and the nearest-neighbor magnetic moment in the hexagonal structure adjacent to it. 𝐽 4 is their common exchange interaction constant. 𝜖 𝜂 , 𝜖 𝛼 is a small quantity that represents the lattice displacement. If the continuity assumption is used for (151), it will be 𝜖 𝜂 , the𝜖 𝛼 as an infinitesimal displacement expansion, and considering the interlayer exchange interaction, we get

𝑒𝑥 2 = 𝐽 4 ∑ 𝜁∈𝐴 (∇𝑚 ⃗⃗⃗⃗⃗⃗ 𝜁 ) 2 +𝐽 4 ∑ 𝛽∈𝐵 (∇𝑚 ⃗⃗⃗⃗⃗⃗ 𝛽 ) 2 +𝐽 5 ∑ 𝛼∈𝐵,𝜂∈𝐴 ∇𝑚 ⃗⃗⃗⃗⃗⃗ 𝛼 ⋅ ∇𝑚 ⃗⃗ 𝜂 (152) 
Where 𝐽 4 denotes the exchange interaction constant between adjacent hexagonal units within the same atomic layer.𝐽 5 denotes the exchange interaction constant between adjacent atomic layers, between adjacent hexagonal units. From ( 151) and ( 152), the continuity expression for the exchange interaction of nonlinear antiferromagnetism can be derived as The first three terms of Equation ( 153) represent the exchange interaction energy between magnetic moments within the noncollinear antiferromagnetic hexagonal structural unit, and the last three terms represent the exchange interaction energy between the hexagonal structural units. 

𝑒𝑥 = ∫ 𝐽 1 ∑ 𝜁,

Effective fields in noncollinear antiferromagnets

In this section, we consider the magnetic anisotropy energy of the system. Since in noncollinear antiferromagnetism, different magnetic moments have different magnetic anisotropy constants and magnetic anisotropy axes, it is necessary to first calculate the magnetic anisotropy energy within a hexagonal cell and then add up the energies of all hexagonal cells in the system to obtain the magnetic anisotropy energy of the whole system. ) 𝑑𝑉 (155)

For the calculation of the Zeeman energy of the system, one can first represent each magnetic moment in the system by the coordinates of the position of the hexagonal center and treating them all as a small magnet that is uniformly magnetized, find their respective Zeeman energies and sum them. The demagnetizing fields in antiferromagnetic materials are generally very weak, so it is also straightforward to ignore the degenerate fields in noncollinear antiferromagnets.

With the above discussion, we have obtained the continuity expressions for the exchange action energy, magnetic anisotropy energy and Zeeman energy in noncollinear antiferromagnets, which can be used as a basis for finding the form of the effective field in noncollinear antiferromagnets. For the exchange action, the effective field can be found by the generalized derivative of the exchange action energy with respect to the target magnetic moment. Using the same method, the effective field of the magnetic anisotropy energy can be found. For a magnetic moment in a group A positive triangular magnetic moment cell, the equivalent field of magnetic anisotropy to which it is subjected is

ℎ 𝑎𝑛𝑖,𝜂 = 𝛿𝐸 𝐾, uniaxial 𝛿𝑚 𝜂 = 𝐾 𝜂 (𝑟) (𝑚 𝜂 (𝑟) ⋅ 𝑢 𝜂 (𝑟)) 𝑢 𝜂 (𝑟) (159) 
For the magnetic moments among the group B positive triangular magnetic moment cells, the magnetic anisotropic equivalent field to which they are subjected is

ℎ 𝑎𝑛𝑖,𝛼 = 𝛿𝐸 𝐾, uniaxial 𝛿𝑚 𝛼 = 𝐾 𝛼 (𝑟)(𝑚 𝛼 (𝑟) ⋅ 𝑢 𝛼 (𝑟))𝑢 𝛼 (𝑟) (160) 
The Zeeman field to which the magnetic moment is subjected apparently naturally has a simple effective field form 𝐻 𝑎𝑝𝑝 , which is not repeated here in this manuscript.

Numerical micromagnetic simulation for noncollinear antiferromagnets 4.3.1 Numerical calculation of physical quantities for noncollinear antiferromagnetic dynamics systems

Due to the strong exchange interaction in noncollinear antiferromagnetic materials, some researchers have tried to investigate its magnetic properties using atomic-level simulation. For example, similar tools have been developed by Evans R. F. L.'s group of Sheffield Hallam University and Olena Gomonay's group of Johannes Gutenberg-Universität Mainz [START_REF] Evans | Atomistic spin model simulations of magnetic nanomaterials[END_REF][START_REF] Chirac | Ultrafast antiferromagnetic switching in NiO induced by spin transfer torques[END_REF] .

However, when the number of spins contained in the system is enough large, atomic-level simulations often take a long computational time. In contrast, micromagnetic simulations can just overcome this drawback, and at the same time, strong exchange effects are theoretically allowed to exist in micromagnetic simulations. Therefore, the micro-magnetism simulation tool for noncollinear antiferromagnets is also a worthy research topic.

The lattice structure of noncollinear antiferromagnets has a completely different spatial configuration from that of antiferromagnetic and ferrimagnetic materials, and the discretization model based on densely stacked rectangular magnetic moment cells can no longer be followed.

In order to establish a discretization model that can accurately simulate noncollinear antiferromagnets, a new finite difference magnetic moment cell and discretization method are needed to establish a numerical micromagnetic system suitable for the characteristics of noncollinear antiferromagnetic lattice structure according to the structural characteristics of nonlinear antiferromagnets.

As shown in Figure 58, we will build up a non-dense discretized model. In this model, the smallest constituent unit is a square, which contains a magnetic moment. The squares are arranged in the same way as the spatial arrangement of the magnetic moments among the noncollinear antiferromagnets, and the six closest squares will form a hexagonal structure. The distance between the orthorhombic is determined by the lattice constant of the object of study, rather than using a simple dense stacking. In our model, each orthographic magnetic moment unit is subject to exchange effects from other magnetic moment units, the magnetic lattice anisotropy of its own spatial location, and other external excitation containing various forms.

This new discretized model reproduces the unique magnetic moment arrangement of noncollinear antiferromagnets and can be used as the basis for numerical micromagnetic models and simulation systems oriented to noncollinear antiferromagnets. In order to achieve the numerical solution of the evolution process of the new model magnetization dynamics, the calculation of the energy and effective field among the discretized model needs to be discussed. As shown in Figure 59, if only the nearest neighbor case is considered, each magnetic moment cell will be surrounded by 4 magnetic moment cells of the same layer and 2 other magnetic moment cells coming from different layers. When calculating the effective field for the exchange action, we need to consider the action of these 6 magnetic moment cells at the same time. Thus the effective field of the exchange action on a magnetic moment cell can be written as

𝐁 ⃗⃗ 𝑒𝑥 = 𝐽 𝑒𝑥1 ∑ 𝑖 (𝐦 ⃗⃗⃗ 𝑖 -𝐦 ⃗⃗⃗ ) Δ 𝑖 2 + 𝐽 𝑒𝑥2 ∑ 𝑗 (𝐦 ⃗⃗⃗ 𝑗 -𝐦 ⃗⃗⃗ ) Δ 𝑗 2 (161) 
The first term in equation ( 161) represents the exchange action field produced by the six magnetic moment cells in the same plane for our object of study.𝐽 𝑒𝑥1 denotes the exchange action constant in the plane, and ∆ 𝑖 represents the distance between the nearest neighbor magnetic moment cells in the plane. The second term represents the exchange interaction field produced by the magnetic moment cells in different layers above and below the plane on the object of study. 𝐽 𝑒𝑥2 is the exchange action constant of the nearest-neighbor magnetic moments between the adjacent planes, and ∆ 𝑗 represents the distance between nearest-neighbor magnetic moment units between adjacent planes. For the calculation of the exchange energy, the exchange energy in a hexagonal magnetic moment cell can be calculated using the conclusions already obtained from the theory of noncollinear antiferromagnetic continuum media, and then the exchange energy of all hexagonal cells in the system can be summed. The exchange energy in a hexagonal cell is calculated as.

𝐸 𝑒𝑥,𝑖𝑛𝑛𝑒𝑟 = 𝐽 1 ∑ 𝜁,𝜂∈𝐴 𝑚 ⃗⃗ 𝜁 ⋅ 𝑚 ⃗⃗ 𝜂 + 𝐽 1 ∑ 𝛼,𝛽∈𝐵 𝑚 ⃗⃗ 𝛼 ⋅ 𝑚 ⃗⃗ 𝛽 + 𝐽 2 ∑ 𝛼∈𝐵,𝜂∈𝐴 𝑚 ⃗⃗ 𝛼 ⋅ 𝑚 ⃗⃗ 𝜂 (162) 
In the equation, we divide the magnetic moment cells in the hexagonal structure into two groups, similar to the strategy adopted in the continuous medium model, defining the three magnetic moment cells in the same plane forming a square triangle as group A and the other three magnetic moment cells in the same plane also forming a square triangle as group B. The first two terms in the equation represent the exchange interaction between the magnetic moments in the same plane, and𝐽 1 represents the exchange interaction constant in the plane. The third term represents the exchange interaction energy between different planes, and 𝐽 2 represents the exchange interaction constant between different planes. After obtaining the exchange energy within the hexagonal cell, the exchange energy between the hexagonal cells can be considered, and according to the characteristics of the magnetic moment distribution in the discrete model shown in Figure 59, the exchange energy between the hexagonal cells can be obtained as follows.

𝐸 

The exchange action energy of the whole system can be found by accumulating the exchange action energy obtained from Eq. (164). It is worth noting that using this algorithm, the energy of exchange between each hexagonal cell is calculated twice, and therefore needs to be multiplied by 1/2 after the summation.

𝐸 𝑒𝑥 = ∑ 𝐸 𝑒𝑥,𝑖𝑛𝑛𝑒𝑟,𝑖 𝑖 + 1 2 𝐸 𝑒𝑥,𝑖𝑛𝑡𝑒𝑟,𝑖 (165) 
In the discrete model, we have developed, the magnetic anisotropy energy to which each magnetic moment cell is subjected will yet depend on the position it is in, from which the expression for the equivalent field of the magnetic anisotropy energy to which each magnetic moment cell is subjected can be written as

𝐵 ⃗ 𝑎𝑛𝑖 = 𝐾(𝑟 𝑖 )(𝑚(𝑟 𝑖 ) ⋅ 𝑢(𝑟 𝑖 ))𝑢(𝑟 𝑖 ) (166) 
of which𝐾(𝑟 𝑖 ) ,𝑢(𝑟 𝑖 ) are, respectively, the𝑟 𝑖 the magnetic anisotropy energy constant and the magnetic anisotropy axis vector at. For the solution of the magnetic anisotropy energy, the same cumulative method can be used.

𝐸 𝑎𝑛𝑖 = ∑ 𝐾(𝑟 𝑖 )(𝑚(𝑟 𝑖 ) ⋅ 𝑢(𝑟 𝑖 )) 2 𝑖 (167)
The above solution procedure assumes that only uniaxial magnetic anisotropy exists for all the magnetic moment cells in the model and can be solved in a similar way for other cases.

The Zeeman field to which each magnetic moment is subjected is obvious. For the Zeeman energy of the system, the same method of solving one by one and then accumulating can be used to find.

𝐸 𝑒𝑥𝑡 = ∑ 𝜇 0 𝑀 𝑠 𝑚(𝑟 𝑖 ) • 𝑖 ℎ 𝑎𝑝𝑝 (168)
We have already mentioned in the continuous medium theory of nonlinear antiferromagnets that the demagnetization energy of the system can be neglected and thus it does not need to be considered in the discrete model.

Numerical solution of the magnetic dynamics equation in noncollinear antiferromagnetic system

After solving for the free energy and the effective field of each magnetic moment in the system, the magnetic dynamics process of the whole system can be modeled by the LLG equation that is satisfied by each magnetic moment. Although we consider the hexagon lattice structure in noncollinear antiferromagnets, the parameters in in our model are still at the micromagnetic level, therefore our proposed is a micromagnetic simulation model. In the noncollinear antiferromagnetic discrete model, each magnetic moment satisfies the LLG equation as (169)

After giving a discretized model of the system and calculating the free energy and effective field of the system, it is possible to combine the numerical method of the LLG equation mentioned in the context of ferromagnetic materials, treating each magnetic moment unit as a small magnet that is uniformly magnetized, and to accurately simulate the magnetic dynamics in nonlinear antiferromagnets by the algorithmic process shown in Figure 60. To summarize, we introduce the hexagon sublattice structure of noncollinear antiferromagnetic materials in the numerical micromagnetic calculation method for ferromagnetic systems, rewrite the formulae for calculating the micromagnetic energy and effective field in noncollinear antiferromagnets, and finally obtain the simulation algorithms for noncollinear antiferromagnetic micromagnets based on system energy.

Properties of the motion of noncollinear antiferromagnetic domain walls

Types of noncollinear antiferromagnetic domain walls

The morphology of magnetic domains and magnetic domain wall structures formed by magnetic materials at mesoscopic scales is affected by their microscopic properties such as lattice structure and anisotropic properties, and for uniaxial magnetic anisotropic materials with orthorhombic lattice structure or amorphous morphology, they generally have only two stable magnetic domain states and only one stable magnetic domain wall morphology [START_REF] Quintela | Controlling spin current polarization through noncollinear antiferromagnetism[END_REF] .

Noncollinear antiferromagnets have a hexagonal configuration lattice structure and special anisotropy, and we will study its magnetic domain and magnetic domain wall morphology structure in this section. As shown in Figure 61(a), we demonstrate the general lattice structure of a noncollinear antiferromagnetic material, in which the atoms providing the magnetic moments are arranged in a honeycomb-like hexagonal array and the nonmagnetic atoms are embedded in the center of the hexagon. The non-magnetic atoms can induce anisotropic energy, and due to the atomic configuration of the noncollinear antiferromagnets, the anisotropic field will appear in the plane where the hexagon is located and allow the existence of six stable states of the magnetic moment [START_REF] Sugimoto | Electrical nucleation, displacement, and detection of antiferromagnetic domain walls in the chiral antiferromagnet Mn3Sn[END_REF] . Figure 61(b) illustrates these states, and we can distinguish these states based on the deflection angle of the magnetic moment with respect to the reference direction, which can be well calibrated by the six deflection angles. When different stable states of magnetic domains contact each other, all of them will form a magnetic domain wall at their edges. And the combination between the 6 magnetic domain states allows the generation of different types of magnetic domain walls in noncollinear antiferromagnets. In order to study the morphological of the magnetic domain walls in noncollinear antiferromagnets, we have simulated the formation of the magnetic domain walls based on the numerical simulation method described above. The object of the simulation is a 120 nm × 20 nm × 4 nm thin film, where the noncollinear antiferromagnets can form an ideal hexagonal structure. We start the simulation by setting the magnetic moment in the middle part of the film to point differently from the rest of the film and make the magnetic moment system of the film enter the natural relaxation process without apply any external force. As in the case of the ferrimagnetic model, the parameters from the previous theoretical and experimental results are used to ensure the validity of the simulation results. The magnetic parameters about Mn3Sn as the basis for our following simulations are all based on the previous experimental and theoretical results and have been exhibited it in Table II. In previous work, it has been suggested that atomic-level simulation tools can be used to investigate the magnetic properties of Mn3Sn, and atomic-level simulation tools have been used to study hysteresis lines. Our proposed unitary noncollinear antiferromagnetic simulation tool borrows some ideas from atomic-level simulations when considering the interaction in hexagonal lattice structures. As shown in Figure 61, we calculated the hysteresis loops of the 10 nm bulk film using the simulation model (the parameters of simulation are in Table II) as well and compared them with the atomic-level model (Evans R.F.L. et al., Sheffield Hallam University) and found them to be consistent [START_REF] Evans | Atomistic spin model simulations of magnetic nanomaterials[END_REF] . As shown in Figure 61(c), we have simulated several configurations of magnetic domain walls in noncollinear antiferromagnets using the newly established micromagnetics simulation system for noncollinear antiferromagnets, and the hexagonal basic structure on which this simulation model is based can be clearly seen by enlarging the local information in the picture. The simulation shows that there are five different types of magnetic domain walls in the noncollinear antiferromagnets. The type of the domain wall can be determined by the absolute value of the difference between the declination of the domain states on both sides of the domain wall. The anomalous Hall resistance of noncollinear antiferromagnetic domains varies greatly from state to state and is a reliable information carrier. In order to be able to effectively use the noncollinear antiferromagnetic domain walls for information processing, the motion law of the noncollinear antiferromagnetic domain walls needs to be studied.

To summarize, we first investigated the properties of the static magnetism (magnetic hysteresis loop) in noncollinear antiferromagnets using the micromagnetic simulation tool and compared the results with previous atomic-level simulation work to demonstrate the reliability of the simulation tool. Then we used the simulation tool to study the morphological properties of the magnetic domain walls in noncollinear antiferromagnets, laying the foundation for the subsequent investigations.

Type-dependent velocity of noncollinear antiferromagnetic domain walls

In order to obtain the laws of motion of the walls of noncollinear antiferromagnetic magnetic domains, we propose an approximate structural model of noncollinear antiferromagnetic from the theoretical level. And based on this, the approximate equations of motion of the noncollinear antiferromagnetic magnetic domains under the action of the spinorbit moment current are derived by a semiclassical analytical method based on the Hamiltonian quantities of the system and the LLG equation [START_REF] Takeuchi | Chiral-spin rotation of non-collinear antiferromagnet by spin-orbit torque[END_REF] . As shown in Figure 62, we simplify the noncollinear antiferromagnetic magnetic domains to a one-dimensional double-chain model. In the double-chain model, the six magnetic moments that form a hexagon will be treated as a cell, and a set of three magnetic moments that form a square triangle will be selected as a sub-cell within it, and they are represented by red spheres, noted as A-type sub-cells. The other three magnetic moments in the hexagonal unit will also form a positive triangle, which will be labeled as another set of subunits and denoted by blue spheres as type B. The combination of type A subunits and type B subunits forms the complete hexagonal unit, and according to the above discussion on noncollinear antiferromagnetic steady states, the magnetic moment pointing configuration of the hexagonal unit in the double chain model will also have six steady states.

The transition region between the hexagonal cells of different configurations is the magnetic domain wall structure. The double chain model allows us to estimate the energy of the nonlinear antiferromagnetic domain wall system. In our study, the energy to be considered includes the energy of exchange between magnetic moments, the energy of magnetic lattice anisotropy and the energy of DMI interaction. Among them, the exchange interaction energy can be divided into intra-unit exchange interaction energy and inter-unit exchange interaction energy, and if each of these energies is taken into account, the Hamiltonian of the system can be written as Of these, 𝐽 1 and 𝐽 2 represent the exchange interaction constants within the hexagonal cell, 𝐴 1 , 𝐴 2 and 𝐴 3 represent the exchange interaction constants between the hexagonal cells, and 𝐷 𝑖𝑗 is the DMI interaction constant, and K denotes the magnitude of the anisotropy energy. The equations include all the internal interactions of the noncollinear antiferromagnets, however, in studying the effect of the current on the motion of the walls of the noncollinear antiferromagnetic domains, it is also necessary to introduce the effect of the spin-orbit moment current on the magnetic moments in the system.

𝜏 𝑆𝑂𝑇 = 𝜏 𝑆𝑂𝑇 (𝑚 × (𝑚 × 𝑦 ̂)) (171) 
After considering the action of the current, the equation of motion for the magnetic moment of a noncollinear antiferromagnetic material can be written as

𝜕𝑆 𝑖 𝜕𝑡 = -𝑆 𝑖 × 𝛾𝐻 𝑒𝑓𝑓 + 𝛼𝑆 𝑖 × 𝜕𝑆 𝑖 𝜕𝑡 + 𝛾𝐻 𝐹𝐿 (𝑆 𝑖 × 𝑢 ̂𝑆𝑂𝑇 ) +𝛾𝐻 𝑆𝐿 × (𝑆 𝑖 × 𝑢 ̂𝑆𝑂𝑇 ) (172)
where the effective field𝐻 𝑒𝑓𝑓 originates from the interactions within the noncollinear antiferromagnets, and its expression can be written as

-𝐻 𝑒𝑓𝑓,𝑖 = 𝛿𝑢 𝛿𝑆 𝑖 = 𝐽 1 ∑ ⟨𝑗⟩𝑥𝑦 𝑆 𝑗 + 𝐽 2 ∑ ⟨𝑗⟩ 𝑧 𝑆 𝑗 -𝐴 1 ∑ ⟨𝑖⟩ 𝑥𝑦𝑧 ∇ 2 𝑆 𝑖 + 𝐴 2 ∑ ⟨𝑗⟩𝑥𝑦 ∇ 2 𝑆 𝑗 +𝐴 3 ∑ ⟨𝑗⟩ 2 ∇ 2 𝑆 𝑗 + ∑ ⟨𝑗 𝑥𝑦 [𝑠 𝑗𝑦 𝑥 ̂+ 𝑆 𝑗 𝑥 𝑦 ̂] -∑ ⟨𝑖⟩ 𝐾(𝑆 𝑖 𝑛 ̂𝑖)𝑛 ̂𝑖 (173) 
To make the solution of the equation more convenient, the following substitution of variables can be made.

{ 𝑚 1 = 1 3√2 (2𝑆 1 -𝑆 2 -𝑆 3 ), 𝑚 2 = 1 √6 (𝑆 2 -𝑆 3 ), 𝑚 2 = 1 3 (𝑆 1 + 𝑆 2 + 𝑆 3 ) 𝑚 4 = 1 3√2 (2𝑆 4 -𝑆 5 -𝑆 6 ), 𝑚 5 = 1 √6 (𝑆 5 -𝑆 6 ), (174) 
Taking the above substitution into the original equation and expressing the magnetic moments in the system in spherical coordinates, equation ( 172) can be solved in each of the three directions.

{ 𝐙:

∂Δ𝑚 𝑧 ∂𝑇 = -𝛾(𝐴 1 + 2𝐴 

(𝛾(𝐴 1 + 2𝐴 2 + 𝐴 3 )𝛻 2 -[𝛾(8𝐽 1 + 4𝐽 2 )] -1 𝜕 𝑡 2 )𝜃 -𝐾𝑠𝑖𝑛 𝜃𝑐𝑜𝑠 𝜃 - 𝛾𝐻 𝑆𝐿 2 (8𝐽 1 +4𝐽 2 ) 𝑐𝑜𝑠 𝜃𝑠𝑖𝑛 𝜃 = 2𝐷𝑐𝑜𝑠 𝜃 + 𝛼𝜃 ˙ (176)
Then, a fitting needs to be done for the magnetic domain wall configuration.

𝜃(𝑥) = 𝐵𝑡𝑎𝑛 -1 [𝑒𝑥𝑝 (𝐶 𝑥-𝑥 0 𝛥 0 )] (177) 
where∆ 0 is the width of the magnetic domain wall, and𝑥 0 is the position of the center of the magnetic domain wall, and substituting this proposed equation into the equation of motion of the system yields the equation for the velocity of motion of the magnetic domain wall as

𝑣 = 𝐻 𝑆𝐿 𝐶 2𝛼 𝛥 0 (178) 
From this result, it can be seen that the speed of motion of the noncollinear antiferromagnetic domain walls will be affected by the width of the domain walls, which means that for different types of domain walls, they will also exhibit different speeds of motion under the same SOT current.

Compression and expansion of noncollinear antiferromagnetic domains

After the above discussion, we have theoretically demonstrated the variation of the motion velocity of the noncollinear antiferromagnetic domain wall under the influence of the driving current and the domain wall structure. In this section, we will use the noncollinear antiferromagnetic micromagnetic simulation system mentioned above to study the motion of noncollinear antiferromagnetic domain walls under the effect of SOT current. As shown in Figure 63, our object of study is still a 120 nm × 20 nm × 4 nm film, and we add a heavy metal film at its bottom to generate SOT current. The driving current used in our simulation is 10 8 A/m 2 . We first investigate the motion velocity of different types of magnetic domain walls driven by SOT currents, which can be characterized using the difference in the magnetic direction difference of the steady state on both sides of the domain wall. It can be seen that the velocities of all types of domain walls are linearly related to the current density of the driving current, which is consistent with our theoretical derivation. In 2020, Yoshichika Otani of the University of Tokyo also experimentally observed that the velocity of the magnetic domain walls in noncollinear antiferromagnets is proportional to the current density, in agreement with our simulation results [START_REF] Sugimoto | Electrical nucleation, displacement, and detection of antiferromagnetic domain walls in the chiral antiferromagnet Mn3Sn[END_REF] . It can also be seen that different types of domain walls have different velocities for the same current density, and that the domain wall type determines the slope of the domain wall velocity with respect to the current density.

In addition, this conclusion implies a very interesting phenomenon, namely that the magnetic domains themselves will be compressed or stretched by the current due to the difference in the velocity of the domain walls on both sides.

In the simulation in Figure 64, we confirm this phenomenon. The simulation parameters are the same as Table II. As shown in the figure, the initial state of the simulation is configured with a magnetic domain region, which has two domain walls. When the two domain walls are set to be of the same type, driven by the current, both domain walls will move in the same direction with the same speed, and the area of the domain region itself will remain the same, behaving as if it were translating in the direction of the current. If the domain walls on both sides of the domain area are not of the same type, when the current drives the domain walls, the left domain will gradually catch up with the right domain wall as the speed of the left domain wall is greater than the speed of the right domain wall, and the domain area will reduce its area while moving in the current-driven direction. When the domain area represents a certain amount of information units, compressing the area is equivalent to erasing the information, while widening the area is equivalent to copying the information. This property of noncollinear antiferromagnetic materials allows the current to perform some simple information processing while performing information transfer operations, offering new possibilities for more complex in-store computations. III).

To summarize, we use simulation tools to investigate the motion of magnetic domain walls in noncollinear antiferromagnetic domain wall driven by current and compared them with experimental results to further demonstrate the effectiveness of the simulation tools and provide a basis for designing noncollinear antiferromagnetic spintronics devices.

Chapter 5 Design of High-performance

Spintronics Device

Ferrimagnetic ultrafast all-spin logic device

In 2010, the concept of all-spin logic devices was introduced by B. Behin-Aein et al. Allspin logic devices use the spin flow of electrons to transfer information, which can avoid the Joule heat generated in information transfer and is a very promising ultra-low power logic device [START_REF] Behin-Aein | Proposal for an all-spin logic device with built-in memory[J][END_REF][START_REF] Fukuma | Giant enhancement of spin accumulation and longdistance spin precession in metallic lateral spin valves[END_REF][START_REF] Iraei | A proposal for a magnetostriction-assisted allspin logic device[A[END_REF] . Figure 65 shows an all-spin logic computing system whose basic unit is a structure known as a transverse spin valve. Figure 66 shows the detailed structure of the transverse spin valve, which contains three parts, namely the input, the spin transport channel, and the output. The role of the output is to input signals into the spin channel, which contains a layer of ferromagnetic material, a tunneling layer and a spin transport layer of non-magnetic material at the bottom of the structure. The role of the ferromagnetic material layer is to store information, and the different points of the magnetic moments inside the material store 0 and 1.

approaches yet.

As mentioned above, the transverse spin valve is the basic unit of an all-spin logic device that can transfer information using pure spin flow, and by applying an injection voltage at the injection side, a spin voltage can be generated at the receiver side that can be detected. The ratio of the detected spin voltage to the injected current is defined as the nonlocal spin resistance 𝑅 𝑁𝐿 . It directly reflects the information transfer efficiency of the spintronic device and is a very important performance parameter.

To study the performance of spintronic devices, we will use the spin current model to calculate 𝑅 𝑁𝐿 . As shown in Figure 67(b), the structure of the transverse spin valve can first be split into some subparts. Among them, the nonmagnetic spin transport channel can be disassembled into three parts: their lengths are denoted by 𝑙 1 , 𝑙 2 and 𝑙 . Each part of the disassembled transverse spin valve can be treated as a transport medium unit, and thus the spin circuit model can be used to calculate the spin transport in the transverse spin valve. As we have discussed in previous chapters, the transport processes of spin currents in materials also satisfy the transport equation. Based on this principle, researchers have proposed a "spin circuit" model to describe the transport properties of spin currents in a medium, which can be used to solve for the nonlocal spin resistance in transverse spin valves [START_REF] Srinivasan | Modeling multi-magnet networks interacting via spin currents[END_REF] . As shown in Figure 68, the transport of spin-polarized currents in a medium can be equated to having two independent transport channels, "spin-up" and "spin-down", which are connected together by a spin-flip channel. In general, due to the spin decoherence phenomenon, the spin-dependent transport channels can be neglected in non-magnetic materials and only the charge transport effects of a single channel are considered. However, in order to solve the transport problem of spin-polarized currents, the transport of each spin-dependent channel must be considered precisely.

For a one-dimensional spin-dependent electron transport process, if the resistive line as 𝜆 𝑠𝑓 -2 = 𝑟 +𝑔 𝑠𝑓 . ) . When the spin circuit model describes a magnetic material, it can be seen that in addition to the charge flow, the non-diagonal elements of the resistance matrix contribute a component of the spin flow. In contrast, when the spin circuit model describes a non-magnetic material𝑝 = 0 , it can be seen that the matrix elements contributing a spin component are all zero, indicating that the current in the non-magnetic material does not undergo spontaneous polarization, which is consistent with the experimental observations.

The transport properties at the interface between magnetic and non-magnetic materials have a critical impact on spin injection and spin polarization effects. The initial experimental setups for spin injection were generally all-metal structures, in which case the interface could be approximated as an ohmic resistance. Later, with the introduction of semiconductor materials into the system, researchers found that a "resistive mismatch" effect occurs at the interface, significantly reducing the efficiency of spin current transport. In fact, one of the most important advances in spin injection experiments in the last decade or so has been the addition of a resistive tunneling layer at the interface of spin-injected devices in semiconductor systems, addressing the resistance mismatch effect. While researchers have determined that the energy band structure of certain tunneling layers (e.g., MgO) materials enhances the conductivity of electrons in each spin state, and thus the spin injection efficiency. But researchers have also found that for tunneling layers whose energy band structure does not distinguish between spin states, they can similarly enhance the spin injection efficiency by increasing the resistance near the interface.

Figure 69 explains the principle of the spin mismatch effect. When a current is injected into a semiconductor material through an interface between a ferromagnetic material and an ohmic material, the conductivity of the ferromagnetic material is several orders of magnitude higher than that of the semiconductor material, and even though the spin currents have a high spin polarization rate in the ferromagnetic material, when they pass through the interface, a large number of electrons fill up all the Fermi surfaces near the when they pass through the interface, the large number of electrons fills all the states near the Fermi plane of the semiconductor material, so that only currents with a spin polarization rate of zero are actually available in the semiconductor material, which is the resistive mismatch effect. By increasing the overall resistivity of the interface region, the tunneling layer suppresses the number of electrons entering the semiconductor material so that the states near the Fermi energy level of the semiconductor material are not completely filled, maintaining a high spin polarization rate by keeping the electrons of a particular spin state in the spin polarization current in the majority. From the principle of the role of the tunneling layer, it is clear that the interface of the tunneling layer can be equated to a region with different resistivities for spinup and spin-down electrons.

Since interfaces of the Ohmic type do not require any special matrix elements, only transport models with tunneling layer interfaces need to be considered. For this type of interfaces, the spin circuit model is similar to that of ferromagnetic materials, although the principles of their spin-polarization effects are different. In general, the thickness of the interface region is very thin, so that one can obtain𝐿 ≪ 𝜆 𝑠𝑓 , using this relation the resistance matrix can be simplified in the form of

{ 𝐺 𝑇 𝑠𝑒 = 𝑔 𝑇 ( 1 𝑝 𝑇 𝑝 𝑇 1 ) 𝐺 𝐹𝑇 𝑠ℎ = (0) (186) 
where 𝑔 𝑇 is the interfacial tunneling resistance, and 𝑝 𝑇 is the equivalent spin polarization rate. It is worth noting that the spin polarization rate using a constant in the interface model is only applicable when the bias voltage is small. If the interface is subjected to a very large injection voltage, it will have different spin polarization rates for different conducting energy band channels due to energy band effects. In this case, the equivalent spin polarization rate is equal to the integral of the polarization rate over all conducting energy band channels.

Using the above spin circuit model the spin transport among the full spin logic devices can be derived, and Figure 70 illustrates the equivalent spin circuit model for the transverse spin valve. where 𝐼 𝑖𝑗 is a 2D vector containing both spin and charge currents as components.

According to the transport principle of the spin circuit model, for each junction '𝑖 ', one can also obtain.

𝐼 𝑖𝑗 = 𝐺 𝑠𝑒 (𝑉 𝑖 -𝑉 𝑗 ) + 𝐺 𝑠ℎ 𝑉 𝑖 (188) 
Combining the two equations above, we can obtain the equations for the junction voltage and junction current for the entire system The subscripts F, T, and N distributions indicate, ferromagnetic, tunneling interface and non-magnetic regions. By solving the equation, the nonlocal spin resistance 𝑅 𝑁𝐿 can be obtained.

𝑅 𝑁𝐿 = ±2𝑅 𝑆𝑁 𝑒 -𝐿/𝜆 𝑁 ( 𝑃 𝑇1 𝑅 𝑇1 𝑅 𝑆𝑁 1-𝑃 𝑇1 2 + 𝑃 𝑓1 𝑅 𝐹1 𝑅 𝑆𝑁 1-𝑃 𝑓1 2 )(× 𝑃 𝑇2 𝑅 𝑇2 𝑅 𝑆𝑁 1-𝑃 𝑇2 2 + 𝑃 𝑓2 𝑅 𝐹2 𝑅 𝑆𝑁 1-𝑃 𝑓2 2 ) (1+ 2 𝑅 𝑇1 𝑅 𝑆𝑁 1-𝑃 𝑇1 2 + 2 𝑅 𝐹1 𝑅 𝑆𝑁 1-𝑃 𝑓1 2 )×(1+ 2 𝑇2 1-𝑃 𝑇2 2 + 2 𝑅 𝐹2 𝑅 𝑆𝑁 1-𝑃 𝑓2 2 )-𝑒 -2𝐿/𝜆 𝑁 ( 191 
)
where P is the spin polarization rate and R is the equivalent resistance. As in Figure 71(a), using the equation, one can draw an𝑅 𝑁𝐿 image of the with the spin circuit model, the magnitude of the final spin flow to the probe end can be found. However, as shown in Figure 71(b), considering the detailed structure of the probe end, it can be found that only a part of the magnetic film at the probe end can directly contact the spin flow diffusing through the transport layer. It follows that, when modeling the flip process of the ferromagnetic film at the probe end, it cannot simply be assumed that the film is subjected to uniform spin flow everywhere, but rather, the existence of asynchronous local switching of the magnetic film should be considered.

In general, the spin flow transferred to the probe end is very weak, and the magnetic dynamics process at the probe end needs to be accurately simulated and appropriately optimized on this basis in order to enable the probe end to have good flipping properties and to ensure that the all-spin electronic device achieves its proper function. To ensure the accuracy of the simulation, we use a micromagnetic model to model and operating current leads to a decrease in device performance from or even loss of advantage.

Therefore, the flip-flop process at the probe end must be reasonably optimized so that it can flip properly even under the action of the limited spin flow density. To achieve such an effect, we will optimize with the help of the VCMA effect. As Using the optimized model, we simulated the flipping process again, as shown in Figure 74, where the spin flow can completely flip the probe end with the assistance of the VCMA effect. Based on the above discussion, the basic working principle of the all-spin logic device can be summarized: the input current is converted into spin flow through the magnetic material film at the injection end and injected into the non-magnetic transmission channel, and through the spin diffusion effect, the electron spins in the transmission channel diffuse to the detection end and are absorbed by the detection end. The magnetic moment of the magnetic film at the probe end will be deflected after absorbing enough spin flow, and the information at the injection end is thus transmitted to the probe end. By interlinking a large number of lateral spin valves, various complex logic operations can be performed, and various storage and computational functions can be realized. According to the characteristics of the working principle of the allspin logic device, it can be divided into the spin injection and transport part, and the magnetic dynamics part where the spin flow drives the magnetic film flip. Among them, the former part can be described by the spin circuit model, and the latter part can be described by using the micromagnetic model. As shown in Figure 75(a), by combining the two, we propose a "spin transport-magnetic dynamics" model that can describe the whole process of the operation of an all-spin logic device and use it as a basis to simulate and optimize the performance of an allspin logic device. The ratio of can greatly affect the efficiency of spin transport and spin absorption. From the simulation results, it can be seen that decreasing the 𝑅 𝑐1 𝑅 𝑐2 ⁄ ratio can effectively improve the efficiency of spin absorption, but there is a threshold value around 10 -2.6, after which changing the ratio alone 𝑅 𝑐1 𝑅 𝑐2 ⁄ ratio can no longer have an effective effect 123 on the spin absorption efficiency. In the previous section, we mentioned that the VCMA effect can be used to achieve an effective flip-flop at the probe side, thus ensuring that the spin logic device can function smoothly. And the voltage can do more than that; it can also effectively reduce the flip-flop time of the probe layer and improve the performance of the full spin logic device. As shown in Figure 76(a), by increasing the VCMA voltage, the flip-flop time of the device can be decreased by an order of magnitude. However, it can also be observed that there is a limit to the utility of VCMA, and multiple methods must be utilized simultaneously if the performance of the all-spin logic device is to be optimized to the maximum. For all-spin logic devices, the power consumption per unit of logic operation is an important indicator of their performance. Using the "spin transport-spin dynamics" model, the power consumption per unit logic operation of an all-spin device can be estimated very easily.

As shown in Figure 76(b), we investigate the effect of the ratio of𝑅 𝑐1 𝑅 𝑐2

⁄

As shown in Figure 76(b), we investigate the effect of the ratio on the power consumption of the full-spin logic, and select the optimal resistance ratio to optimize the performance of the device.

In addition, the effect of injection current on device power consumption is also investigated in Figure 77(a), and from the results, it is found that although the increase in injection current speeds up the flip time, the power consumption of the system still increases with the increase in injection current. After specifying the basic structure and performance of the full spin logic device, we also optimize the performance of the full spin logic device by using the ultrafast magnetic dynamics properties of the ferrimagnetic material to design the ultrafast full spin logic device. The ultrafast magnetic dynamics properties of ferrimagnetic can be introduced by replacing the magnetic material in the all-spin logic device with a ferrimagnetic material. As shown in Figure 78, we have redesigned the structure of the full spin logic device to use the ferrimagnetic material to replace the ferromagnetic material as the information carrier and use the ultra-high intrinsic frequency of the ferrimagnetic material near the momentum moment compensation point to achieve ultrafast full spin logic calculations.

The purple square in the figure shows the recording layer based on a ferrimagnetic material, and a rare earth-transition group metal (RE-TM) alloy was chosen as the material for the preparation of the ferrimagnetic recording layer. By controlling the ratio of rare earths to transition group elements in the preparation process, the relative magnitudes of magnetic moments and angular momentum moments between ferrimagnetic sublattices can be adjusted, and this property can be used to obtain ferrimagnetic materials near the angular momentum moment compensation point by precisely controlling the ratio of elements in the preparation process, thus ensuring that the devices can exploit the ultrafast magnetic dynamics of ferrimagnetic materials. This ensures that the devices can exhibit the ultrafast magnetic dynamics properties of ferrimagnetic materials. Above the recording layer made of RE-TM material, there is a layer of heavy metal material. This heavy metal layer can be used to inject SOT currents into the ferrimagnetic recording layer by using the SHE effects to excite the magnetic moment of the ferrimagnetic layer. Since the ferrimagnetic recording layer is in the vicinity of the angular momentum moment compensation point, the excitation of the SOT current will result in an ultra-high frequency magnetic moment feed. According to our results on ferrimagnetic magnetic dynamics in previous chapters, a single SOT current does not produce a directional flip of the ferrimagnetic layer, nor does the SOT current itself carry any meaningful information worth passing on. Therefore, our design still inherits the spin injection effect present in ferromagnetic all-spin logic devices. As shown in Figure 78, the purple column tabulates the spin injection interface of the device, and through the spin injection effect, information stored in the left ferrimagnetic recording layer is injected as a spin stream into the spin transport channel indicated by the green square. By spin diffusion effect, this spin flow can reach the right end of the device and be absorbed by the ferrimagnetic recording layer there.

After the recording layer of the ferrimagnetic material at the right end absorbs the spin flow, the energy symmetry of its system is broken and the directional inversion is finally achieved, enabling the transfer of information from the injected end to the receiving end.

Similar to the ferromagnetic material-based all-spin logic devices, the ferrimagnetic allspin logic devices transfer information through spin flow, which enables the devices to have low power consumption. Not only that, by exploiting the ultrafast magnetic dynamics properties of the ferrimagnetic material near the momentum moment compensation point and the directional flip mechanism of SOT+STT, the ferrimagnetic material layer at the receiver side can achieve high-speed directional flip. According to the research results on ultrafast directional flipping of ferrimagnetic films in previous chapters, it can be seen that the recording layer of ferrimagnetic all-spin logic devices can be flipped within a few picoseconds with the same order of magnitude of the current density of the operating current, and the response speed of the device is improved by a factor of 1000 compared to that of ferromagnetic all-spin logic devices.

Since the operating currents are the same, the faster response time also means lower power consumption. This shows that ferrimagnetic full spin logic devices are the ideal technology route to achieve ultra-low power, ultra-high speed spin logic device devices. 

Ferrimagnetic Skyrmions Logic Gates

Skyrmions are nanoscale magnetic moment structure with chiral spins, which are considered to be ideal information carriers for realizing the next generation of high speed, high density, and low power memory devices. However, in ferromagnetic materials, the Skyrmions Hall effect will always accompany the motion of the Skyrmions, which is detrimental to the design of Skyrmions devices. To reduce the detrimental effects of the Skyrmions Hall effect, researchers have proposed many methods. We have found in the previous chapters for the study of ferrimagnetic magnetic dynamics properties that for ferrimagnetic materials, the Skyrmions Hall effect also tends to disappear when the state of the system approaches the angular momentum moment compensation point. Not only that, the motion speed of the skyrmions near the momentum moment compensation point is also greatly increased, offering the possibility of designing ultra-high speed skyrmions electronics. From the above analysis, it can be seen that using the ferrimagnetic skyrmion at the momentum moment compensation point as the information carrier can not only exclude the influence of the Hall effect of the skyrmion and make the motion of the skyrmion easier to manipulate, which is beneficial to the device design, but also can greatly increase the operating frequency of the device. Based on such an idea, we designed an ultra-high-speed reconfigurable logic gate based on ferrimagnetic skyrmions, which implemented reconfigurable logic functions including XOR and NXOR and enabled the device to reach a high operating frequency. the presence or absence of skyrmions in the ferrimagnetic film layer will cause this MTJ to be in both parallel and antiparallel states, resulting in two different outputs of 0 and 1. The role of the conversion voltage is that it can change the state of the ferromagnetic material layer in the probe end, thus enabling the conversion of the probe end output data from 0 to 1 and 1 to 0.

With the help of the method of designing the determined motion trajectory of the skyrmions using the VCMA effect as discussed in the previous chapters, the output results at the probe side can be controlled by switching of the gate voltage and finally the corresponding logic functions can be realized. skyrmions is formed at the input. This skyrmions will be driven to the right end by the current, and since the ferrimagnetic skyrmions at the angular momentum moment compensation point has no skyrmions Hall effect, the skyrmions will move along a straight line. However, the ferrimagnetic skyrmion in the device is subject to weak repulsion from the boundary, and thus its motion will be slightly closer to the middle of the device. Eventually, the ferrimagnetic skyrmion will reach below the detection end on the right side of the device, be captured by the detection end, and output a detection result of 1. When the input end is 11, i.e., two skyrmions are formed, the current will drive both skyrmions to move at the same speed directly ahead at the same time. At the same time, the repulsion between the two skyrmions will be balanced by the repulsion from the boundary, and they will move together at a certain distance directly below the detection end. Thus, when the voltage gates 1, 2 and 3 are all disconnected, the output of the output is 1 when the input is 01; when the input is 11, the output of the output is still; and when the input is 00, the output of the output is naturally 0. Therefore, the function realized by the logic gate at this time is OR. When the voltage gates 1 and 2 are disconnected and the voltage gate 3 is on the device will implement the AND function. As shown in Figure 82, when the device input is 01, again, a skyrmions will be formed at the input, and this skyrmions will move towards the right end of the device driven by the current. At the same time, its trajectory will be slightly tilted towards the center of the device due to the slight repulsive effect of the boundary. When the skyrmions moves near the region controlled by the voltage gate 3, the position where the center of the ferrimagnetic skyrmions is located is directly in front of the region controlled by the voltage gate #3, so according to the force analysis in Figure 82, the ferrimagnetic skyrmions will be blocked by this region and cannot reach the detection region, and thus the signal output from the detection end is 0. When the signal at the input end is 11, there will be two skyrmions forming in , and it is clear from the previous discussion that these two skyrmions will maintain a certain distance while moving towards the right end of the device. When they reach the vicinity of the region controlled by the voltage gate No. 3, the position of their center point will be beyond the region controlled by the voltage gate No. 3 because the repulsion between the two skyrmions keeps them at a certain distance, so they will bypass this region and return to the track near the center of the device again under the effect of the boundary repulsion, and finally reach the bottom of the detection region. At this point, the presence of the skyrmions can be detected at the detection end and the output detection result is 1. It follows that the device will function as an AND gate when voltage gates 1 and 2 are de-activated and voltage gate 3 is activated.

From the above discussion, it is clear that by controlling the switching state of voltage gates 1, 2 and 3, different logic functions such as AND, OR and XOR can be implemented.

Based on this, converting the output signal at the probe with the help of conversion voltage also In a skyrmions logic device, the energy consumption generated by skyrmions injection will generally be much larger than the energy consumption generated by driving the skyrmions motion. Therefore, finding generation methods for generating other skyrmions can greatly reduce the device-based power consumption. We have already discovered the topological number increasing property of ferrimagnetic skyrmions in previous sections, and if it is introduced to replace skyrmions injection, it can undoubtedly reduce the power consumption of skyrmions logic gates even further. Based on this idea, we have extended the initial skyrmions logic gate by adding the structure of skyrmions multiplication to make it a parallel reconfigurable logic device that can obtain different logic computation results simultaneously.

As shown in Figure 83(a), the whole of our designed device is located on a ferrimagnetic film, and the structure of the device can be divided into three parts, containing an input part, a Skyrmions/information multiplication part, and a logic operation part. In the input section, the input information is transformed into skyrmions by skyrmion injection; in the value-added section, the input skyrmions are self-replicated with low power consumption by means of "fishtail grooves" to prepare enough skyrmions carrying the input information for the next level of operation; in the operation section, there are rails and logic gates. The multiplied skyrmions are transported through the rails to different logic gates to participate in the computation. Each logic gate is controlled by different voltages, and by adjusting their voltages, it is possible to make them capable of producing different logical calculations. With this device, it is possible to obtain the results of reconfigurable logic operations with different sets of inputs simultaneously after only one input. This feature not only increases the speed of computation, but also enables information reuse, laying the foundation for more complex computational functions. Not only that, through a more detailed analysis, we can also find that the device has a great advantage in terms of power consumption to complete a single logic due to the increase of the number of skyrmions using the skyrmion multiplication effect. As shown in Figure 83(b), for simple logic gates before expansion, if more logic outputs are desired, the number of devices and the number of skyrmions injection operations must be increased, causing the energy consumption of the entire system to increase linearly with the number of outputs and the energy required to consume a single logic output to remain constant. For the extended parallel logic device, the energy consumed by a single output is significantly reduced as the number of outputs increases, making the device significantly more efficient, due to the use of the skyrmions multiplication method to replicate the information and avoid the energy consumption caused by the skyrmions injection operation. theory or experiment as to how to generate skyrmion-bags in magnetic materials, without any conclusions that can be used. Therefore, if topological magnetic solitons are to be used to build high-density multi-bit electronic devices, a method must first be found that can effectively generate magnetic skyrmion-bags carrying high topological charge numbers in magnetic materials. On the other side, the generation and processing of random information is becoming increasingly important due to the widespread use of brain-like computing, machine learning, and other algorithms in information technology. In modern communication, storage and computing systems, electronic devices are required to process and generate a lot of random information. However, currently known methods and techniques are only able to process deterministic information using magnetic topological solitons, limiting their usefulness in this fast growing and important field. To summarize the above discussion, it can be seen that achieving effective high topological charge number skyrmion-bags injection in magnetic materials using proper physical mechanisms and finding methods to generate and process random information using topological magnetic solitons have become two very critical problems on the path of magnetic soliton device development. In order to solve the above problems, we propose a method that can encode random information among stable magnetic topologies based on the results of research on topologically relevant ill-posed properties of ferrimagnetic dynamical systems and design a random number generator based on ferrimagnetic skyrmion-bags, which provides a solid foundation for solving these two key problems.

We have shown in previous sections that the injection of high topological number magnetic skyrmion-bags can be achieved in ferrimagnetic materials using local spin flow of appropriate density. Based on the topologically relevant non-appropriateness of the ferrimagnetic dynamical system, it is possible to encode random information in the ferrimagnetic Skyrmionbag by introducing only thermodynamic random effects in the system. In order to model the role of thermal effects in the ferrimagnetic magnetic dynamics, it is first necessary to extend the original model by considering the effect of thermal effects on the magnetic moments of RE elements and TM elements. First, it is known from previous research results that thermal effects will affect the saturation magnetization strength of the affected elements. In particular, in ferrimagnetic materials, RE and TM elements are differently sensitive to thermal effects.

Therefore, the thermal effect will lead to a change in the equivalent magnetic field of the ferrimagnetic material and potentially shift the state of the ferrimagnetic material to its magnetic moment compensation point or momentum moment compensation point. According to the previous research results, the temperature dependence of the magnetic moments of RE and TM elements can be expressed as

{ 𝑀 𝐶𝑜 (𝑇) = 𝑀 𝐶𝑜 (0) (1 - 𝑇 𝑇 𝑐 ) 𝛽 𝐶𝑜 𝑀 𝑇𝑏 (𝑇) = 𝑀 𝑇𝑏 (0) (1 - 𝑇 𝑇 𝑐 ) 𝛽 𝑇𝑏 (193) 
of which𝑀 𝐶𝑜 (0)𝑀 𝑇𝑏 (0) are the saturation magnetization intensities of the elements Co and Tb at thermodynamic zero degrees.𝑇𝑇 𝑐 are the local temperature and the Curie temperature of the elements in the region of the material affected by the thermal effect. 𝛽 𝐶𝑜 𝛽 𝑇𝑏 are the experimentally derived conversion coefficients with respect to temperature. Also, the equivalent spin-magnetization ratio of the ferrimagnetic material is

𝑀 𝑠 (𝑇) 𝛾 𝑒𝑓𝑓 = 𝑀 𝐶𝑜 (𝑇) 𝛾 𝐶𝑜 - 𝑀 𝑇𝑏 (𝑇) 𝛾 𝑇𝑏 (194) 
where 𝑀 𝑠 denotes the equivalent saturation magnetization strength of the ferrimagnetic material, 𝛾 𝑒𝑓𝑓 is the equivalent gyromagnetic ratio of the ferromagnetic material, 𝛾 𝐶𝑜 𝛾 𝑇𝑏 is the gyromagnetic ratio of Co and Tb elements. From equation (194) and the corresponding parameters, we can calculate the angular moment compensation temperature of the material we are using as 𝑇 = 302 𝐾 which we can denote as 𝑇 𝐴 . In addition to the effect on the saturation magnetization intensity of the different elements in the material, the thermal excitation also generates a thermal random field that affects the magnetic dynamics processes in the material.

Based on previous research results, it is known that the thermal random field generated by the thermal excitation applied to the material can be expressed as [START_REF] Evans | Atomistic spin model simulations of magnetic nanomaterials[END_REF][START_REF] Ma | Micromagnetic simulation of ferrimagnetic TbFeCo films with exchange coupled nanophases[END_REF] .

𝐻 𝑡ℎ = 𝜂 √ 2𝜇 0 𝛼𝑘 𝐵 𝑇 𝑀 𝐶𝑜(𝑇𝑏) 𝛾 𝐶𝑜(𝑇𝑏) 𝛥𝑉𝛥𝑡 (195) 
where 𝜇 0 vacuum magnetic permeability, 𝜂 is a random vector field which follows a standard normal distribution for all three components, 𝛼 is the Gilbert damping constant, 𝑘 𝐵 is the Boltzmann constant, ∆𝑉 is the volume of space occupied by a unit magnetic moment cell in the micromagnetic model, and ∆𝑡 is the minimum time interval used in the micromagnetics simulation. If we consider both the effect of thermal variation with field and temperature on the magnetic moments of the elements, then the equations for the magnetic dynamics in ferrimagnetic materials after considering the effect of thermal effects can be written as follows. 

where 𝐻 𝑒𝑓𝑓 is the equivalent magnetic field to which the magnetic moment is subjected, 𝑗 represents the current density driving the motion of the magnetic moment, and𝑚 𝑝 is the vector of angular momentum moments carried by the polarization current. If the effect of thermal effects on the saturation magnetization intensity of both elements is taken into account and brought into equation (195), then the final expression of the moment, entirely generated by the current and incidental to the thermal effects of the current, is obtained in the form

{ 𝜏 𝐶𝑜 = |𝛾 𝐶𝑜 | 𝑗 𝑀 𝐶𝑜 (𝑚 × 𝑚 𝑝 × 𝑚) + 𝐻 𝑡ℎ × ∆𝑀 𝐶𝑜 𝜏 𝑇𝑏 = |𝛾 𝑇𝑏 | 𝑗 𝑀 𝑇𝑏 (𝑚 × 𝑚 𝑝 × 𝑚) + 𝐻 𝑡ℎ × ∆𝑀 𝑇𝑏 (195) 
Taking the above discussion as a basis, we can model the dynamics of a ferrimagnetic material driven by a local spin polarization current considering thermal effects. In order to more clearly represent the magnetic dynamics of the introduced thermal effects on the ferrimagnetic magnetic moments, we will first investigate the role of thermal effects on the magnetic moment feed using a macrospin model. Figure 84 shows the magnetic dynamics trajectory of the ferrimagnetic moment under the influence of thermal effects obtained using the macrospin model. The kinetic formulation used in the simulations is the ferrimagnetic magnetic moment feed formulation mentioned above considering thermal effects, using simulation parameters consistent with those in Table I. In order to be able to study the effect of thermal effects more clearly and systematically, we have studied the flip trajectories of the ferrimagnetic magnetic moments for three different system temperatures under the same conditions using the macrospin model. It can be seen from the figure that the spin polarization current applied to the system can make the magnetic moment of the system flip when the temperature of the system is 200 K.

When the temperature of the system is 260 K, the flip trajectory of the magnetic moment changes significantly, but it is clear from the results that the current can still switch the magnetic moment in the system. However, when the temperature of the system increased to 320 K, the situation changed, and the same current could no longer continue to flip a given magnetic moment in the system. This result shows that the temperature of the system can not only affect the trajectory of the magnetic moment dynamics process but can even change the outcome of the magnetic moment switching. Specifically, for the example we are studying, the reason why the system changes the polarity of the flip at a temperature of 320 K is because the angular moment compensation point of the system is 302 K. When the temperature of the system exceeds the angular moment compensation point, the polarity of the equivalent spin of the system will be reversed. Therefore, for the same current, it can no longer continue to flip the ferrimagnetic equivalent magnetic moment that has changed its polarity. The simulation results of the macrospin model show that the thermal effect can have a strong and even decisive influence on the dynamics of the ferrimagnetic flip, and it can be expected that it will profoundly change the dynamics of the ferrimagnetic film. To demonstrate this, we apply the ferrimagnetic kinetic equations with thermal effects to the previous micromagnetic model and investigate the formation process of the skyrmion-bags with the introduction of thermal effects by numerical methods.

Figure 85 illustrates the whole process of the formation of a skyrmion-bags in a ferrimagnetic film under the combined effect of thermal excitation and local spin current, which we derived using the equation for the ferrimagnetic thermal effect. We have divided the ferrimagnetic film into three regions, region I, region II and region III. Among them, region I will be excited by a combination of thermal effect and spin current action. Due to the energy dissipation, it can be assumed that region II will no longer be affected by the thermal effect but will still be affected by the local spin current flip effect. region III is the other region on the ferrimagnetic film that will not be directly affected by the current. The whole simulation is carried out with the same parameters as before, and the system temperature is set to 300 K.

Observing the simulation, it can be seen that at the beginning of the simulation, the current and the thermal effect will act simultaneously, and both region I and region II will be affected by the system is still sub-stable, the system will start to evolve spontaneously. As can be seen from the figure, the topological charges of the system also undergo a complex process of decomposition and recombination, and eventually, the system stabilizes to a more stable topology, forming a Skyrmion-bag structure with a high topological charge number. What is illustrated in Figure 85 is only one possible outcome of this injection process. In order to be able to explore more deeply the formation mechanism of the skyrmion-bag and the principle and process by which random information is encoded into the skyrmion-bag structure, we have focused on the entire skyrmion-bag formation process in terms of topological charge disintegration and formation, as shown in Figure 86(a), where we intercepted the magnetic dynamics of the ferrimagnetic thin film magnetic moment between t=36.0 ps and t=40.0 ps during the simulation the detailed evolution state of the system. During this evolution, the external current excitation driving the system has been withdrawn, and the original topological charges of the system are annihilated, and new topology and topological charges are formed again under the effect of internal damping of the system. In Figure 86(b), we examine the physical events that occur during this process from the perspective of energy change. Based on the characteristics of the energy change during the evolutionary process, we have roughly divided it into several stages. First, in the first stage, we can observe a slow decrease in the exchange action energy, as well as a slow decrease in the DMI action energy, but this process is followed shortly by an inflection point. After the inflection point, the DMI energy of the system drops sharply, which we call the "DMI avalanche" phenomenon.

Combining the micromagnetic simulation images of the system and the energy changes, we can speculate on the changes in the system before the first "DMI avalanche" and the reasons for the "DMI avalanche". From the micromagnetic simulation images, it can be seen that when the excitation current is withdrawn from the system, the most central region of the ferrimagnetic film is flipped to the "sub-stable-B" state, and the region between the non-switching region (stable-B state) and the intermediate sub-stable-B state is flipped to the stable-A state. When the current is withdrawn, there is still an exchange effect between the sub-stable-B-state and the stable-A-state, under the influence of which the sub-stable-B-state at the edge starts to deviate from the original sub-stable state and transforms to the stable-A-state and the stable-Bstate. This transition process is dominated by the exchange action energy, which makes the exchange action energy of the system decrease, and this is the reason why the exchange action energy decreases slowly at the very beginning of the evolution. In the context of the exchange action driving the evolution of the system, the DMI action is also driving the evolution of the system in the direction of letting itself decrease, so that the DMI action energy also decreases gradually during this phase. However, since the initial state at the beginning of the system, the boundary between the sub-stable-B state region and the stable-A state region is not homogeneous, resulting in an uneven distribution of the exchange action energy. Not only that, the distribution of magnetic moments in this region is scattered in the initial state that we intercepted due to the thermodynamic random field that the center of the film is subjected to.

Since the propagation rate of the exchange action will be largely influenced by the relative pointing between the magnetic moments, the propagation rate of the exchange action in the center of the film will also be non-uniform. Whereas the DMI action arises from the spin between the magnetic moments in the ferrimagnetic material, when the current is first withdrawn, the magnetic moments at the center of the material are all in the sub-stable-B state, and thus the entire magnetic moment vector field has no spin. Subsequently, under the influence of the exchange action, the magnetic moments in the sub-stable-B state start to deviate from the original direction, and due to the non-homogeneity of the propagation speed of the exchange action, the transformation speed of the sub-stable-B state in the center of the material is also different, so the magnetic moment distribution is no longer homogeneous, which destroys the spin-free distribution of the magnetic moment vector field in the original material. Since the exchange action is stronger than the DMI action, this change is rapid compared to the spontaneous change of the DMI action. After the exchange action destroys the spin-free state of the magnetic moment vector field, the DMI action starts to evolve rapidly so that the system energy can adapt to the new magnetic moment distribution, which leads to the first "DMI avalanche This leads to the creation of the first "DMI avalanche". As a result of the DMI avalanche, the energy of the system decreases rapidly, and the magnetic moment distribution gradually approaches the new steady state. From the graph of the micro-magnetic simulation results of the system, we can see that after the first "DMI avalanche", the center of the system has already completed part of the annihilation and formation process of the topological charge.

If we continue to examine the energy change diagram, it is easy to see that after the first "DMI avalanche", the DMI energy transformation of the system enters a relatively stable phase of change. In this phase, again, the exchange energy is slowly decreasing. This segment of the energy change curve occurs for the same reason as the previous segment. In this phase, the substable-B states in the regions not affected by the thermal effect are gradually disintegrating, and since they are in regions not affected by the thermodynamic random field, the homogeneity of the magnetic moment distribution is relatively higher, leading to a slower propagation of the exchange interaction in this region relative to the central part of the region affected by the thermodynamic random field. However, since the boundary of this region is still inhomogeneous, the propagation of the exchange action still causes a disruption of the homogeneity of the magnetic moment distribution in the initial state of the system. In the same way as the first "DMI avalanche", the new state of the magnetic moment distribution due to the exchange energy requires the DMI energy to change itself to accommodate it, resulting in a rapid burst of change in the DMI energy and thus a second "DMI avalanche" in the energy curve. This causes the second "DMI avalanche" phenomenon on the energy curve. Combined with the micromagnetic simulation image of the system, it can be seen that after the second "DMI avalanche" phenomenon, the process of annihilation and reconstruction of the spin charge in the system is basically finished, and the final number of topological charges that can be generated by the system can be basically determined. As shown in the picture, a large number of prototypes of skyrmion cores have been formed at this stage, and in the subsequent evolution process, these prototypes will gradually stabilize into real skyrmion cores, contributing topological charges to the system with a stable structure. From the graph of the energy curve, we can find that after the second "DMI avalanche", the transformation of both the exchange energy and the DMI energy tends to level off, so we also call the later evolutionary process the relaxation phase of the system. From the above analysis of the system energy profile, it can be seen that the whole process of annihilation of the old topological charge and formation of the new topological charge can be summarized as the non-uniform transformation of the sub-stable state in the system dominated by the exchange energy and the rapid adaptation of the DMI energy to the new magnetic moment configuration state, which intertwine to lead to the annihilation and regeneration of the topological charge. The role of the thermodynamic random field can also be seen initially from the above analytical process, i.e., the thermodynamic random field will lead to the non-homogeneity of the magnetic moment state in the heated region. The randomness of the thermodynamic random field also implies the randomness of the magnetic moment vector field configuration in the heated region of the system after the thermodynamic effect is withdrawn. From the "topologically relevant non-appropriateness" of the ferrimagnetic magnetic dynamics process mentioned in the previous section, it is clear that the initial magnetic moment vector field configuration at the time of the withdrawal of the thermodynamic effect will strongly influence the subsequent evolution of the system and eventually lead to the formation of different numbers of topological charges, so that the random information generated by the thermodynamic effect is encoded into the number of topological charges. 

Noncollinear antiferromagnetic domain wall memory

We have studied the magnetic dynamics properties of noncollinear antiferromagnets in previous chapters, especially regarding the motion of the walls of noncollinear antiferromagnetic domains. From the results, it is found that noncollinear antiferromagnets not only have ultra-high intrinsic frequencies of general antiferromagnets but are also easy to detect.

In addition, noncollinear antiferromagnets possess six different stable magnetic domain morphologies, which are expected to realize multi-state information storage and are ideal materials for designing and implementing ultra-high-speed and high-density memories.

As shown in Figure 88(a), the basic structure of our designed non-common-wire antiferromagnetic memory device is a nano-strip, and this design configuration is inherited from the track memory made of ferromagnetic material. Similar to the ferromagnetic track memory, we need to lay a layer of heavy metal material under the antiferromagnetic film as the information storage medium, and when a current passes through this layer of heavy metal material, through the SOT effect, a spin flow is generated to drive the information storage unit in the antiferromagnetic medium to move, thus realizing the propagation of information in the memory. In the noncollinear antiferromagnetic memory, the information storage unit we have selected is a noncollinear antiferromagnetic magnetic domain.

Since there are six stable states of magnetic domains in noncollinear antiferromagnets, we have more information storage states to use than in ferromagnetic materials. There is a probe on the top of the nanostrip, and when the domains located below the probe are in different stable states, the probe can read out different resistances and thus the information in the memory can be read out. In the schematic we have drawn, the nanopillar are colored to represent the antiferromagnetic domains in different states. For the probe side, each color represents a definite information state corresponding to a specific resistance. In order to achieve practical read-write functionality using magnetic domains that are not co-linearly antiferromagnetic, it is also necessary to find a method that can effectively peg the motion of the domain walls and enrich the library of tools for manipulating them. With this goal in mind, we investigate the pegging function of boundary defects on magnetic domain walls.

For magnetic domain walls in ferromagnetic materials, boundary defects are a very effective means of pinning, as shown in Figure 89(a), where the geometric configuration of boundary defects in antiferromagnets is consistent with that in ferromagnetic materials. However, defects in noncollinear antiferromagnetic materials simultaneously disrupt the periodicity of the lattice, suggesting that it may possess a stronger pegging function. We can measure the strength of the pegging field based on the current density of the pegging force of the magnetic domain wall breaking through the boundary defect, and it can be seen from the figure that for different types of boundary defects, different sizes of pegging fields will be generated, and these pegging structures can be effectively used as a way to fix the noncollinear antiferromagnetic magnetic domain wall. Based on the law of current-driven magnetic domain wall motion and the pegging method, we designed and simulated an ultra-high-density multi-bit track memory based on noncollinear antiferromagnetic materials. From the previous simulation results, it is clear that the domain wall motion of the noncollinear antiferromagnet is extremely fast, providing the basis for the ultra-fast operating frequency of the device. In addition, the information multiplication and elimination can be done by the driving current, which makes our designed memory have the function of simple in-store computing. In summary, noncollinear antiferromagnetic domains are a good choice for implementing new high-performance memories.

dynamics system, the influence of the double lattice structure of the ferrimagnetic material on its magnetic dynamics properties is investigated with the Macrospin theory as the basic framework, and the origin of the ultrafast dynamical phenomena and the evolutionary properties of the magnetic dynamics of the ferrimagnetic system are pointed out. Subsequently, two different numerical micromagnetic models of ferrimagnetic are constructed. By using the continuous medium model theory, the calculation method of the physical quantities of magnetic dynamics in the ferrimagnetic material system and the numerical solution of the magnetic dynamics equations are clarified. A ferrimagnetic numerical micromagnetic simulation system that can accurately simulate the ferrimagnetic magnetic dynamics process is established. Finally, the magnetic dynamics properties of ferrimagnetic materials are investigated based on the numerical simulation platform: (i) the nature of the high-speed motion of current-driven ferrimagnetic skyrmions near the angular momentum moment compensation point, the nature of the variation of the skyrmion Hall angle with the ratio of material elements, and the nature of the topological number proliferation of ferrimagnetic skyrmions are found; (ii) the nature of the flip of ferrimagnetic material films is investigated, and a method is proposed to use the spinorbit transfer moment effect combined with spin-orbit moment effect to realize the fast directional flip of the ferrimagnetic film; (iii) we have discovered the topologically relevant illposed nature of the ferrimagnetic dynamical system and a feature parameter that can describe the evolution process of the ferrimagnetic dynamical system, and proposed a method for the formation of the ferrimagnetic skyrmion-bags with full current excitation.

2. A micromagnetic simulation system for noncollinear antiferromagnetic materials has been developed to investigate the nature of current-driven noncollinear antiferromagnetic domain wall motion. Firstly, the influence of the hexagonal lattice structure of noncollinear antiferromagnetic materials on their magnetic dynamics properties is investigated, using Macrospin theory as the basic framework. Secondly, a numerical micromagnetic model suitable for the noncollinear antiferromagnetic lattice structure is constructed. By using the continuous medium model theory, the calculation method of the physical quantities of the magnetic dynamics in the noncollinear antiferromagnetic material system and the numerical solution of the magnetic dynamics equations are clarified. A noncollinear antiferromagnetic numerical further optimization.

2. The angular momentum moment compensation state of ferrimagnetic is a less stable and new principles need to be investigated to enhance the stability of the device.

3. The size of the devices required to detect AHE is large and new detection methods need to be investigated to minimize the size of the devices.

Résumé en Français

Avec les avantages de la haute densité, de la haute vitesse, de la non-volatilité et Bien que des progrès aient été accomplis dans le cadre de cette thèse, l'examen de ces travaux montre toutefois que certaines questions doivent encore être approfondies :

1) La distance de propagation du flux de spin dans les dispositifs logiques à spin complet est encore relativement courte à l'heure actuelle et il faut trouver de nouveaux matériaux ou de nouvelles structures pour obtenir une propagation à longue distance des signaux de spin afin de garantir l'efficacité des fonctions du dispositif. Pour les dispositifs logiques tout-spin en cascade, l'efficacité du basculement de la couche d'enregistrement doit encore être améliorée. L'approche assistée par VCMA n'est applicable qu'aux dispositifs de grande taille, qui doivent encore être optimisés.

2) L'approche subferromagnétique des dispositifs spintroniques ultrarapides repose sur l'accord précis de l'état de compensation du moment angulaire. Cependant, l'état de compensation du moment angulaire des sous-ferromagnétiques est extrêmement instable, dépend du processus de préparation du dispositif et est sensible à l'état de fonctionnement du dispositif. 

Figure 2 :

 2 Figure 2: Physical schematic of electron spin.

Figure 3 :

 3 Figure 3: Spintronic devices based on the principle of spintronics. (a) Racetrack memory based on magnetic domain walls. (b) Skyrmions-based memory[START_REF] Parkin | Magnetic domain-wall racetrack memory[END_REF] .
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 4 Figure 4: Magnetic memory probe based on GMR effect[START_REF] Fert | Nobel Lecture: Origin, development, and future of spintronics[END_REF] .

Figure 6 :

 6 Figure 6: Schematic diagram of the principle of the TMR effect.

Figure 7 :

 7 Figure 7: Schematic diagram of the spin injection principle[START_REF] Kimura | Room-temperature generation of giant pure spin currents using epitaxial Co2FeSi spin injectors[END_REF] .

Figure 8 :

 8 Figure 8: (a) The schematic of spin valve. (b) The schematic of spin polarization near Fermi surface[START_REF] Xu | A brief review of ferroelectric control of magnetoresistance in organic spin valves[J][END_REF] .

  𝜌 is the charge density, 𝑗 𝑄 is the charge flow density, and𝑑𝑖𝑣𝐴 = (

Figure 9 :

 9 Figure 9:The schematic of spin transport[START_REF] Oyanagi | Spin transport in insulators without exchange stiffness[END_REF] .

{

  𝑗 𝑆,𝐷𝑟𝑖𝑓𝑡 = 𝑣 + 𝑠 + + 𝑣 -𝑠 --𝜎 -)𝐸 𝑗 𝑄,𝐷𝑟𝑖𝑓𝑡 = 𝑣 + 𝜌 + + 𝑣 -𝜌 -= (𝜎 + + 𝜎 -)𝐸 (5) Equation (5) is the transport equation for the spin flow. To simplify the model, it neglects the role of spin waves.

Figure 10 :

 10 Figure 10: Interfacial effects of spin transport[START_REF] Fontcuberta | On the Role of Interfaces on Spin Transport in Magnetic Insulator/Normal Metal Heterostructures[END_REF] .

Figure 11 :

 11 Figure 11: The brown arrows represent the spin transfer torque (STT) effect on the magnetic moment. Through STT effect, magnetic moment can be directly switched by current.

  show the change in the domain wall position before and after the introduction of the polarization current, and the symbols in the diagrams indicate the direction of magnetization. In 1978, L. Berger et al. proposed the idea of current induced motion of magnetic domain walls by spin-transfer moment effect, and in 1985, P.P. Freitas and L.

  Rashba effective field, leading to the magnetization flip of the magnetic layer. Many experiments have demonstrated that the direction of current can control the magnetic moment of PMA Co thin film layer upward or downward under an external field parallel to the current, exhibiting the role of the Rashba effect on the magnetization switching of the Co layer. For similar structures, the flip of the CoFeB magnetic moment by horizontal current was observed in the Ta/CoFeB/MgO system by L. Liu et al. and the directional flip of the current on CoFeB was achieved under a horizontal external magnetic field. In the Pt/Co/AlOx structure, combining the experimental results of current-induced magnetization flipping with the analysis of magnetic dynamics models, L. Liu et al. suggested that the spin Hall effect in Pt is the main mechanism of magnetization flipping
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 18 Figure 18: Structure and principle of the MTJ.
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 19 Figure 19: Structure and principle of SOT-MTJ.

Figure 23 :

 23 Figure 23: Schematic diagram of the main content structure of the thesis.
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 24 Figure 24: Magnetic moment from circular motion of charge.

Figure 25 :

 25 Figure 25: Damping effect during magnetic moment spinning.

Figure 26

 26 Figure 26 Study of magnetic thin films using the macrospin model.

Figure 27 :

 27 Figure 27: Cube lattice structure.

Figure 28 :

 28 Figure 28: Magnetic (local) moment vs. a distant magnetic moment.

Figure 29 :

 29 Figure 29: Flow chart of the field method algorithm.

Figure 30 :

 30 Figure 30: Magnetic moment structure of ferrimagnetic materials.

Figure 31 :

 31 Figure 31: Magnetic moment compensation point and angular momentum moment compensation point for ferrimagnetic materials (the experimental data from Dr. Zhenyi Zheng of Beihang University).

Figure 32 :

 32 Figure 32: Numerical micromagnetic model of ferrimagnetic.

Figure 33 :

 33 Figure 33: Flow chart of the ferrimagnetic algorithm 1.In addition to the above discrete model, another type of model can be used to describe the special properties of the ferrimagnetic double sublattice structure. An alternative discretization

Figure 34 :

 34 Figure 34: Alternative ferrimagnetic discrete model. Based on the basic assumptions in the model, we can write the calculation of the energy of exchange in the system as. 𝐸 exch ≈ -∑ 𝑖 |𝑉 𝑖 |𝐴 ′ ∑ 𝑗 𝐦 𝑨 (𝐫 𝑖 ) ⋅ (𝐦 𝑩 (𝐫 𝑖 + 𝜖 𝑗 ) -𝐦 𝑨 (𝐫 𝑖 )) /|𝜖 𝑗 | 2

Figure 35 :

 35 Figure 35: Flow of numerical micromagnetic algorithm for ferromagnetic.

Figure 37 .

 37 Figure 37. It can be seen from the figure that the ferrimagnetic recording layer makes a periodic motion under the SOT current with a period of only a few picoseconds, and the ferrimagnetic material possesses an advantage of 2-3 orders of magnitude with respect to the feed rate of the ferromagnetic material. As shown in Figure37, in order to verify whether the ferrimagnetic materials have ultrahigh feeding frequencies only near the angular momentum moment compensation point, we investigated the feeding process of ferrimagnetic films possessing different elemental ratios under the same SOT current.

Figure 36 :

 36 Figure 36: Fast switching of a ferrimagnetic film under the effect of SOT.

Figure 37 :

 37 Figure 37: Precession rate of ferrimagnetic films versus elemental ratio.

Figure 38 :

 38 Figure 38: Fast directional switching of ferrimagnetic films under SOT+STT effect (Simulation parameters are in TableI).

Figure 39 :

 39 Figure 39: STT current induced energy asymmetry.

Figure 40 :

 40 Figure 40: Morphology of magnetic solitons.

Figure 41 :

 41 Figure 41: (a)-(c) The motion of skyrmions. The existence and non-existence of skyrmion can present "1" and "0" respectively. (d) Driven current and spin orientation. (e) The analysis of forces during skyrmions motion.

  micromagnetic simulation system and found that the topological charge carried by the ferrimagnetic skyrmion near the momentum moment compensation point is close to zero, which makes the skyrmion Hall effect disappear. The object of our investigation is a skyrmion in a thin film, and we focus on the motion of the skyrmion driven by the SOT current. First, we study the effect of the variation of the DMI constant, which is necessary in the skyrmion stabilization regime, on the velocity of skyrmion motion. As shown in Figure42, we plotted the velocity about two mutually perpendicular directions and Hall angle of the ferrimagnetic skyrmions motion versus the ferrimagnetic element ratio and temperature based on the simulation results. The simulation parameters are the same as TableI, the schematic is a thin film about 400nm*200nm*2nm. The results reveal the relationship between the ferrimagnetic skyrmions Hall angle and the existence of the ferrimagnetic momentum moment compensation point. In particular, the skyrmion spin Hall angle will tend to disappear when the ferrimagnetic material is near the momentum moment compensation point. In 2019, Teruo Ono of Kyoto

Figure 42 :

 42 Figure 42: Relationship between Skyrmions Hall angle and compensation point (Simulation parameters are the same as TableI).

  ), with this multi-stage structure, the input sigma can reproduce itself with the help of the "fishtail notch" and prepare enough skyrmions carrying the input information for the next stage of operation. This reduces the power consumption of the whole device and increases the functionality of the device.

Figure 43 :

 43 Figure 43: (a) "Fishtail" structure prepared by thin film engineering. (b) Fishtail structure with the proliferation process of skyrmions. (c) Skyrmions proliferator composed of cascaded fishtail structures.

  10 10 𝐴 𝑚 2 ⁄ of the spin-orbit moment current reaches a velocity of several kilometers per second.

Figure 44 :

 44 Figure 44: SOT driving skyrmion motion.

Figure 45 :

 45 Figure 45: Sensitive variation of the Skyrmions velocity to the ratio of material elements.

Figure 46 :

 46 Figure 46: (a) Three additional voltage gates on a ferrimagnetic film. (b) Trajectory with two voltage gates activated.

Figure 47 :

 47 Figure 47: Force analysis of two voltage gates.

Figure 48 :

 48 Figure 48: Force analysis of a voltage gate.
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 361 Ill-posed nature of the dynamical processes in the onedimensional ferromagnetic model

  figure represents the ferromagnetic material layer and the gray cylinder represents the oxide tunneling layer, which together form the tunnel junction structure growing on top of the ferrimagnetic film. The transparent box in the figure is the RE-TM ferrimagnetic film. By applying an injection voltage to the tunnel junction, the spin polarization current can be generated by the ferromagnetic material in the tunnel junction and injected into the ferrimagnetic film below the tunnel junction to complete the local injection of spin current.

Figure 49 (

 49 b) directly shows our simulation results, from which by applying a local spin polarization current, skyrmion-bags carrying high topological charge numbers can be formed among the ferrimagnetic films, and these formed skyrmion-bags can carry topological charge numbers up to even 13. In addition, an interesting phenomenon can be observed in the figure: by slightly varying the spin injection current density, one can have a dramatic effect on the number of topological charges carried by the formed skyrmion-bags. This phenomenon arises from the "topologically relevant non-appropriateness" intrinsically possessed by ferrimagnetic magnetic dynamics systems.

Figure 49 :

 49 Figure 49: (a) Schematic diagram of the structure of the current-injected skyrmion-bags (b) Simulation results of the nucleation of the ferrimagnetic skyrmion-bags.

Figure 50 :

 50 Figure 50: Structure of the one-dimensional model and the form of the one-dimensional topological charge.

Figure 51 :

 51 Figure 51: Formation of topological charges in the ferromagnetic model.

Figure 52 :

 52 Figure 52: Topological charge number annihilation and reconstruction of the ferrimagnetic topological charge number change process.

Figure 53 :

 53 Figure 53: (a) The proposed initial configuration. (b) The results of the proposed evolution.

  𝐸 = -𝐴 𝑒𝑥 [𝑚 𝐶𝑜 (𝑟) • 𝛻 2 𝑚 𝑇𝑏 (𝑟) + 𝑚 𝑇𝑏 (𝑟) • 𝛻 2 𝑚 𝐶𝑜 (𝑟)] + 𝐷 𝑑𝑚𝑖 [𝑚 𝐶𝑜 (𝑟) • (𝛻 × 𝑚 𝑇𝑏 (𝑟)) + 𝑚 𝑇𝑏 (𝑟) • (𝛻 × 𝑚 𝐶𝑜 (𝑟))] (147)

Figure 54 :

 54 Figure 54: Variation of steady-state -B area in the calibration area during the proposed evolution.

Figure 55 :

 55 Figure 55: Probability distribution statistics of the number of skyrmion cores with the maximum number of skyrmion cores under various parameters.

  𝑧 1 + ℎ) . If we assume that the lattice vectors of the noncollinear antiferromagnetic material in are 𝒂, b, c, then the center of any positive triangular magnetic moment cell present among the noncollinear antiferromagnets can be denoted as (𝑥 1 , 𝑦 1 , 𝑧 1 ) +n𝒂 +mb+lc, and(𝑥 1 , 𝑦 1 , 𝑧 1 + ℎ) +n𝑎 It follows that if we take the center of a positive triangular magnetic moment cell as a function of position, we can find the coordinates of any atomic magnetic moment in a noncollinear antiferromagnet, and we can further express the energy in a noncollinear antiferromagnet as a function of spatial coordinates.

Figure 56 :

 56 Figure 56: Hexagonal lattice structure of noncollinear antiferromagnets. First, examining the calculation of the exchange action energy, a pair of group A positive triangles and group B positive triangles is chosen as a unit of study, and the exchange action energy within the unit can be expressed as 𝑒𝑥 1 = 𝐽 1 ∑ 𝜁,𝜂∈𝐴 𝑚 ⃗⃗ 𝜁 ⋅ 𝑚 ⃗⃗ 𝜂 +𝐽 1 ∑ 𝛼,𝛽∈𝐵 𝑚 ⃗⃗ 𝛼 ⋅ 𝑚 ⃗⃗ 𝛽 +𝐽 3 ∑ 𝛼∈𝐵,𝜂∈𝐴 𝑚 ⃗⃗ 𝛼 ⋅ 𝑚 ⃗⃗ 𝜂 (150)

Figure 57 :

 57 Figure 57: Calculation of the noncollinear antiferromagnetic exchange interaction energy.

2 )

 2 𝐸 K, uniaxial ≈ -∫ (∑ 𝜁∈𝐴 K 𝜁 (𝐫) (𝐦 𝜁 (𝐫) ⋅ 𝐮 𝜁 (𝐫)) 2 + ∑ 𝜁∈𝐵 K 𝛽 (𝐫) (𝐦 𝛽 (𝐫) ⋅ 𝐮 𝜷 (𝐫)) 𝑑𝑉 (156) where𝐻 𝑎𝑝𝑝 represents the applied magnetic field, and the first term in Eq. represents the Zeeman energy generated by the group A positive triangular magnetic moment unit under the action of the external magnetic field, and the second term represents the Zeeman energy generated by the group B positive triangular magnetic moment unit under the action of the external magnetic field.

Figure 58 :

 58 Figure 58: Simulation model for noncollinear antiferromagnetic lattice structure.

Figure 59 :

 59 Figure 59: Interaction and field on noncollinear antiferromagnetic lattice atoms.

  𝑑𝑀 𝑖 (𝑡) 𝑑𝑡 = -𝛾 𝑖 [𝑀 𝑖 (𝑡) × 𝐻 𝑖 (𝑡)

Figure 60 :

 60 Figure 60: Algorithm flow chart for numerical simulation of antiferromagnets.

Figure 61 :

 61 Figure 61: (a) Structure of a noncollinear antiferromagnetic crystal. (b)-(c) The comparison with atomic simulation for magnetic hysteresis loops. (d) Conformation of six stable magnetic domains. Yellow balls and red balls indicate the magnetic moment from different atom group in the lattice. (e) Magnetic domain wall morphology of noncollinear

Figure 62 :

 62 Figure 62: Dual chain model for noncollinear antiferromagnets.

Figure 63 :

 63 Figure 63: Velocity of domain wall motion versus structure and current density.

Figure 64 :

 64 Figure 64: Stretching and compression of noncollinear antiferromagnetic domains (Simulation parameters are in TableIII).

Figure 65 :

 65 Figure 65: Ferromagnetic all spin logic system. The brown is metal pat, the deep bule is oxide layer, and the light blue is ferromagnetic layer.

Figure 67 :

 67 Figure 67: (a) Schematic diagram of spin injection. (b) Decomposition of the lateral spin valve structure. TB represents the tunneling layer.

Figure 68 :

 68 Figure 68: Circuit model of spin transport.The spin-diffusion equation based on the electron can derive a spin circuit model by using the spin resistivity 𝜌 -1 = 𝑟 𝑢 -1 + 𝑟 𝑑 -1 and the spin-diffusion length 𝜆 𝑠𝑓 two parameters, the spin voltages on both sides of the medium can be ∆𝑉 𝑠 , the charge voltage ∆𝑉 𝑠 with the spin current flowing through the medium 𝐼 𝑠 and charge current 𝐼 𝑐 Establishing a quantitative relationship, the expression using the equation then has { 𝐼 𝑐 𝐼 𝑠 } 1 = [𝐺 𝑠𝑒 ] 2×2 { ∆𝑉 𝑐 ∆𝑉 𝑠 } + [𝐺 𝑠ℎ ] 2×2 { 0 𝑉 𝑠1 }

Figure 69 :

 69 Figure 69: Principle of spin-resistance mismatch.

Figure 70 :

 70 Figure 70: Equivalent spin circuit model for transverse spin valve.Using the spin circuit model, one can see that the non-local spin resistance 𝑅 𝑁𝐿 = (𝑉 3𝑐 -𝑉 7𝑐 ) 𝐼 1𝑐 ⁄ , i.e., the voltage difference between node 3 and node 7 over the external current source entering from node 1. Also, since the spin circuit model introduces virtual grounded junctions, we can use the law of charge conservation for the spin currents in the model. So, for each junction '𝑖 ', we can obtain.

  each current and voltage is a dichotomous vector possessing a spin component and a charge component, respectively.With respect to the total resistance 𝐺 𝑡𝑜𝑡𝑎𝑙 The exact expression for

Figure 71 :

 71 Figure 71: (a) Variation curve of spin resistance with interface resistance (b) Schematic diagram of the structure of the probe end of an all-spin logic device.

Figure 72 :

 72 Figure 72: Partial flip of the probe layer.

  mentioned in Chapter 1, the VCMA effect can use voltage to change the magnetic anisotropy strength of the material. As shown in Figure73, we modified the structure of the probe end by adding a relatively thick oxide layer above the probe end and connecting a VCMA voltage to the oxide layer. When the layer of magnetic material at the probe end needs to be flipped, the voltage is used to change the magnetic anisotropy of the magnetic film at the probe end. In the micromagnetic model, this optimization effect can be reflected in the anisotropy constant of the magnetic moment, which, according to the results of P. V. Ong et al. is shown to be related to the voltage as 𝐾 𝑆,𝑉 = 𝐾 𝑆,0 -

Figure 73 :

 73 Figure 73: Voltage assisted all-spin logic device.

Figure 74 :

 74 Figure 74: Full Switching of the voltage assisted magnetic layer.

First, we can

  use this model to investigate the effect of the interfacial tunneling layer resistance on the spin flow transport efficiency. As shown in Figure 75(b), where𝑅 𝑐1 represents the injection-side interfacial tunneling resistance, the𝑅 𝑐2 represents the probe end interfacial tunneling resistance, and 𝑅 𝑐1 𝑅 𝑐2 ⁄

Figure 75 :

 75 Figure 75: (a) Energy measurement algorithm for all-spin devices based on the spin transport-magnetic dynamics model. (b) Effect of interface resistance ratio on spin absorption efficiency.

Figure 76 :

 76 Figure 76: (a) The operating time versus the applied voltage on device. (b) Effect of interface resistance ratio on power consumption of device.

Finally, as

  shown in Figure77(b), we investigate the effect of transport layer materials on the power consumption of spin devices, which can be significantly improved by choosing better performance transport materials such as graphene. The application of such new materials among spin devices is also one of the main research directions in spintronics in the future.

Figure 77 :

 77 Figure 77: (a) Operating current versus device power consumption. (b) Transport layer material versus device power consumption.

Figure 78 :

 78 Figure 78: Structure of a ferrimagnetic all-spin logic device that we proposed.

Figure 79 illustrates

 79 Figure 79 illustrates our design of a ferrimagnetic ultrafast reconfigurable logic gate where𝑉 1 and𝑉 2 represent the two inputs of the logic gate, and through the two MTJs connected under them, skyrmions can be injected into the ferrimagnetic film. When there is a ferrimagnetic skyrmions being formed, it indicates that the signal at the input of the logic gate is "1". When no ferrimagnetic sigma is formed at the input, the signal at the input of the logic gate is "0".Underneath the ferromagnetic film is a heavy metal film, which can generate spin flow through the SOT effect, driving the motion of the skyrmion in the ferromagnetic layer, allowing the device to perform logic functions. At the right end of the device is a control voltage cell with three voltage gates, each structured by a nearly insulating oxide layer and a metal layer connected to the control voltage. All three voltage gates are rectangular in shape, with one of them parallel to one edge of the device and perpendicular to the direction of the current in the heavy metal layer, i.e., the direction of motion of the ferrimagnetic skyrmions, and this voltage gate is controlled by a single voltage, noted as voltage gate 3. The other two voltage gates exist at an angle to the middle voltage gate and are symmetrically distributed centered on the central axis of the device, they share a common control voltage and are noted as voltage gate #1 and voltage gate #2. The voltage control unit composed of three voltage gates has an "eight" structure. When the control voltage is applied to the voltage gate, the voltage gate will change

Figure 79 :

 79 Figure 79: Ferrimagnetic ultrafast reconfigurable logic gate When all 3 voltage gates are disconnected, the device can function as an OR gate. As shown in Figure 80, if the device has an input of 01 (or 10), this indicates that only one

Figure 80 :

 80 Figure 80: Implementation of the OR function.When voltage gates 1 and 2 are energized and voltage gate 3 is disconnected, the logic function implemented by the device is XOR. as shown in Figure81, voltage gate 3 is disconnected and voltage gates 1 and 2 are switched on and the input signal is 01, at this point a skyrmions will be formed at the input. Under the action of the current the skyrmions will move to the right and when it reaches the location of voltage gates 1 and 2, voltage gates 1 and 2 will prevent the skyrmions from passing due to the VCMA effect. Therefore, it will follow the guidance of voltage gates #1 and #2 and move below the detection end along the trajectory shown in the figure, thus being detected by the detection end and outputting the detection signal 1. And when the input end is 11's, there will be two skyrmions formed at the input end, and as discussed in the OR gate, the two skyrmions will keep a certain distance together and move to the right, and when they reach the location of voltage gates #1 When they reach the vicinity of voltage gate 1 and voltage gate 2, the two skyrmions will approach each other guided by the voltage gate due to the repulsive effect of the voltage gate on the skyrmions. However, the same repulsion between the two skyrmions prevents them from coming close enough to pass through the gap between voltage gate 1 and voltage gate 2 at the same time. Instead, the repulsion

Figure 81 :

 81 Figure 81: Implementation of the XOR function.

  allows the device to implement logic functions such as NAND, NOR and NXOR. It is worth noting that since the ferrimagnetic skyrmions in the angular momentum moment compensation state has a high speed of motion, it can complete the prescribed logic operations in a very short time. As the results of the micromagnetic simulation of AND operation shown in Figure82, all logic operations can be completed in 30 ps, giving the logic gate a good performance of ultrafast speed.

Figure 82 :

 82 Figure 82: Micromagnetic simulation and force analysis for implementing AND gate function.

Figure 83 :

 83 Figure 83: Ultra Low Power Parallel Multifunction Reconfigurable Logic Gates with Decreasing Power Consumption per Unit Logic Operation.

Figure 84 :

 84 Figure 84: Effect of temperature on switching trace of ferrimagetic domain.

  the current and start to flip. At time t=30 ps, we remove the current, and by this time, regions I and II have completed their flips. In the simulation, the initial state of the ferrimagnetic films is steady state A, and the angular momentum moment carried by the current can flip them to substable state B and steady state B. When the current is withdrawn, as shown in the figure, a part of the film has been flipped to sub-stable state B. Since the excitation of the current is lost and

Figure 85 :

 85 Figure 85: Random encoding of ferrimagnetic skyrmion-bags using thermodynamic fields.

Figure 86 :

 86 Figure 86: Energy change process of ferrimagnetic topological charge number annihilation and reconstruction micromagnetic simulation results of ferrimagnetic topological charge number annihilation and reconstruction.To finally test the effectiveness of our design and the performance of the device, we performed ferrimagnetic skyrmional packet injection experiments using the device shown in Figure87(a). In Figure87(b), we show the final results of 64 independent replications of the experiment obtained using the same set of parameters. We have clearly marked all the types of skyrmion-bags that have appeared in the middle of the picture with pink square boxes, and it can be seen from the figure that the number of topological charges carried by the skyrmionbags that can be generated by the given conditions contains cases from Q = 2 to Q = 12. (For convenience of presentation, we quote a special notation here, and we denote the skyrmionbags containing N smectic cores inside as S(N), which is clearly a valid way of representing the topological charge number of a Skyrmion-bag), and not only that, but we also note that the frequency of occurrence of each type of Skyrmion-bag is not consistent in this independently repeated experiment. To show this more clearly, we counted the frequency of occurrence of various types of Skyrmion-bags that appeared in these 64 independent repetitions of the experiment and made it into a histogram as shown in Figure87(b). It can be seen from the plot

Figure 87 :

 87 Figure 87: (a) Results of multiple independent repetitions of experiments with randomized encoding of skyrmion-bags. (b) Frequency statistics for each type of skyrmion-bag.

Figure 88 (

 88 b) shows the different anomalous Hall resistances exhibited by different steady states of the nonlinear antiferromagnets, from which it can be seen that the anomalous Hall resistance of the nonlinear antiferromagnets varies greatly between the different states and is a very reliable information carrier. A key issue in making a memory using nonlinear antiferromagnetic domains is to properly utilize the laws of current-driven nonlinear antiferromagnetic domain motion to design a corresponding method for reading and writing information. In the next section, we will design the function of the noncollinear antiferromagnetic memory based on the laws of motion of the walls of noncollinear antiferromagnetic domains obtained in the previous sections.

Figure 88 :

 88 Figure 88: (a) Noncollinear antiferromagnetic memory device. (b) Anomalous Hall resistor for noncollinear antiferromagnetic steady state.

Figure 89 :

 89 Figure 89: (a) Study of the effect of pegging on boundary-defect magnetic domain walls. (b)-(d) Principle of operation of a noncollinear antiferromagnetic memory. As shown in Figure 89(b), we can use different magnetic domain states to encode different information. The motion of these magnetic domain regions can be driven by electric current, while effective detection of the information can be achieved by using the huge anomalous Hall effect of noncollinear antiferromagnetism. Figures 89(c)-(d) show the timing signals of the resistive information received by the noncollinear antiferromagnetic detection end under current drive, verifying the information transfer and information reading functions of the

1 .

 1 de la consommation d'énergie ultra-faible, les dispositifs spintroniques ont reçu une grande attention de la part des universités et de l'industrie, et sont prometteurs pour remplacer les dispositifs CMOS traditionnels dans la prochaine génération de circuits intégrés à très grande échelle. L'étude des propriétés de la dynamique magnétique en spintronique est une condition préalable essentielle à la conception et à la fabrication de dispositifs de stockage et de logique de spin de haute performance. Actuellement, le système de matériaux de la spintronique a été étendu du ferromagnétisme aux matériaux antiferromagnétiques et ferrimagnétiques, offrant plus d'options pour la conception et la fabrication de dispositifs spintroniques de haute performance. L'exploration des propriétés magnétodynamiques du subferromagnétisme et de l'antiferromagnétisme est donc devenue un problème clé qui doit être traité de manière urgente. Le contenu principal de cette thèse est d'étudier les propriétés magnétodynamiques du ferrimagnétique et de l'antiferromagnétique pour la conception de dispositifs spintroniques de haute performance : tout d'abord, en partant de l'étude théorique, les propriétés de base de la magnétodynamique des matériaux ferrimagnétiques et antiferromagnétiques non concourants sont étudiées en utilisant la simulation numérique et la dérivation de la théorie physique, et différents systèmes de simulation magnétodynamique sont établis sur cette base ; le système de simulation micromagnétique nouvellement établi est utilisé pour étudier les effets des excitations externes telles que le courant, Le système de simulation micromagnétique nouvellement établi est utilisé pour étudier les effets des excitations externes telles que le courant, le champ magnétique et la tension sur les systèmes magnétodynamiques des matériaux, et pour explorer les lois magnétodynamiques uniques des différents matériaux ; enfin, sur la base des nouvelles propriétés physiques obtenues, une série de nouveaux dispositifs logiques et de stockage à haute performance sont conçus par une utilisation rationnelle des propriétés physiques des matériaux en conjonction avec les derniers progrès expérimentaux, et les performances des nouveaux dispositifs conçus sont vérifiées par des simulations numériques. Les performances des nouveaux dispositifs conçus sont vérifiées par des simulations numériques. Voici un aperçu des travaux réalisés et des conclusions connexes. Un système de simulation micro-magnétique pour les matériaux ferrimagnétiques est établi et ses propriétés magnétodynamiques particulières sont étudiées. Tout d'abord, pour le système magnétodynamique ferrimagnétique, l'influence de la structure à double réseau du matériau ferrimagnétique sur ses propriétés magnétodynamiques est étudiée avec la théorie du Macrospin comme cadre de base, et l'origine des phénomènes dynamiques ultrarapides et les propriétés évolutives de la magnétodynamique du système ferrimagnétique sont mises en évidence. Par la suite, deux modèles micromagnétiques numériques différents de ferrimagnétique sont construits, et en utilisant la théorie du modèle de milieu continu, la méthode de calcul des quantités physiques de la dynamique magnétique dans le système de matériau ferrimagnétique et la solution numérique des équations de la dynamique magnétique sont clarifiées, et un système de simulation micromagnétique numérique ferrimagnétique qui peut simuler avec précision le processus de dynamique magnétique ferrimagnétique est établi. Enfin, les propriétés magnétodynamiques des matériaux ferrimagnétiques sont étudiées sur la base de la plate-forme de simulation numérique : (i) mouvement à grande vitesse des skyrmions ferrimagnétiques entraînés par le courant près du point de compensation du moment angulaire, variation de l'angle de Hall du skyrmion avec le rapport des éléments du matériau et prolifération du nombre topologique de skyrmions ferrimagnétiques sont trouvées ;(ii) le basculement des films ferrimagnétiques est étudié et une méthode est proposée pour utiliser l'effet du moment de transfert de spin-orbite combiné à l'effet du moment de spin-orbite pour réaliser le basculement directionnel rapide du film ferrimagnétique ; (iii) la nature non adaptative topologiquement pertinente du système dynamique ferrimagnétique est découverte ainsi qu'un paramètre caractéristique qui peut décrire le processus d'évolution du système dynamique ferrimagnétique, enfin une méthode est proposée pour la formation du paquet smectique ferrimagnétique avec une excitation à plein courant.2. J'ai développé un système de simulation micromagnétique pour les matériaux antiferromagnétiques non colinéaires pour analyser la nature du mouvement de la paroi du domaine antiferromagnétique non colinéaire induit par le courant. L'influence de la structure du réseau hexagonal des matériaux antiferromagnétiques non colinéaires sur leurs propriétés magnétodynamiques est d'abord étudiée pour le système magnétodynamique antiferromagnétique non colinéaire, en utilisant la théorie du Macrospin comme cadre de base. Ensuite, un modèle numérique de micromagnétisme adapté à la structure de réseau antiferromagnétique non colinéaire est construit. En utilisant la théorie du modèle à milieu continu, la méthode de calcul des quantités physiques de la magnétodynamique dans le système matériel antiferromagnétique à ligne non commune et la solution numérique des équations magnétodynamiques sont clarifiées, enfin un système de simulation numérique du micromagnétisme antiferromagnétique à ligne non commune qui peut simuler avec précision le processus magnétodynamique antiferromagnétique à ligne non commune est établi. Un modèle à double chaîne de la structure et des propriétés des parois de domaine antiferromagnétique non colinéaire est proposé pour la première fois et l'équation de vitesse des parois de domaine antiferromagnétique non colinéaire entraînées par le courant de moment de transfert de spin en est déduite en utilisant la théorie de l'image seule, en outre la nature du mouvement à grande vitesse des parois de domaine antiferromagnétique non colinéaire est découverte. Enfin, un système de simulation micro-magnétique de l'antiferromagnétisme non colinéaire est utilisé pour vérifier la loi de mouvement de la paroi de domaine magnétique et les effets de contraction et d'amplification de la région de domaine magnétique dans l'antiferromagnétisme non colinéaire sous l'action du courant sont trouvés. 3. En utilisant les résultats théoriques de la dynamique magnétique, une série de dispositifs spintroniques de haute performance ont été proposés : (i) sur la base du retournement directionnel ultrarapide de films minces de matériaux ferrimagnétiques, des dispositifs logiques ferrimagnétiques ultrarapides tout spin ont été conçus pour augmenter la fréquence de fonctionnement des opérations logiques tout spin au niveau térahertz ; (ii) sur la base des propriétés de mouvement des skyrmions ferrimagnétiques, des portes logiques ferrimagnétiques reconfigurables ont été conçues pour obtenir une consommation d'énergie ultra-faible. Nous avons également étudié la conception de portes logiques ferrimagnétiques reconfigurables basées sur le mouvement des skyrmions ferrimagnétiques, qui permettent d'obtenir des fonctions logiques reconfigurables parallèles à consommation d'énergie ultra-faible et à vitesse ultra-haute et de réduire la consommation d'énergie des opérations sublogiques magnétiques simples au niveau du femtogramme ; (iii) la conception de véritables dispositifs de génération de nombres aléatoires basés sur des paquets de skyrmions ferrimagnétiques utilisant la nature non adaptative topologiquement pertinente des matériaux ferrimagnétiques, qui réalise la fonction de codage d'informations aléatoires en utilisant des solitons magnétiques ; (iv) la conception d'une mémoire à piste antiferromagnétique non colinéaire utilisant le mouvement de parois de domaines antiferromagnétiques non colinéaires, qui réalise une consommation d'énergie ultra-faible et une vitesse ultraélevée et a la capacité de coder des informations aléatoires. Une mémoire antiferromagnétique non colinéaire avec une consommation d'énergie ultra-faible, une vitesse ultra-haute et un calcul en mémoire a été réalisée.

3 )

 3 Les propriétés physiques des matériaux antiferromagnétiques non linéaires, telles que l'existence de sigmoïdes antiferromagnétiques non linéaires et les conditions de basculement des films antiferromagnétiques non linéaires, ne sont toujours pas claires et doivent être étudiées plus avant en conjonction avec des expériences. En tant que matériau magnétique idéal avec une fréquence intrinsèque élevée, un faible champ parasite et une grande détectabilité, l'étude continue de ses propriétés magnétodynamiques peut fournir plus d'options pour concevoir des dispositifs spintroniques avec de meilleures performances.

  

  

  

  

  

  Based on the above equation, it follows that 𝑅 ≪ 𝐹 2 . Based on this conclusion, one can expand the expression for𝜔 The expression is expanded to obtain

	𝜔 2 = 𝑅/2𝐹		
	= 𝛾 eff 2 [𝐻 + (𝑁 𝑥 -𝑁 𝑧 )𝑀][𝐻 + (𝑁 𝑦 -𝑁 𝑧 )𝑀]
	{		
	𝐹 ∼	1 2	(𝛾𝑃 -𝛿𝜆Δ) 2

𝑅 = (𝐴

𝑥 𝐵 𝑥 -𝐶 𝑥 𝐷 𝑥 )(𝐴 𝑦 𝐵 𝑦 -𝐶 𝑦 𝐷 𝑦 ) = 𝑃 2 (𝛾 2 -𝛿 2 ) 2 𝑄 𝑥 𝑄 𝑦

(123)

  𝐦 𝑖,𝛼 (𝐫 𝑖 ) + 𝐦 𝑖,𝛽 (𝐫 𝑖 )) ⋅ ((𝐦 𝑖,𝛼 (𝐫 𝑖 + 𝜖 𝑗 ) + 𝐦 𝑖,𝛽 (𝐫 𝑖 + 𝜖 𝑗 )) -

	(𝐦 𝑖,𝛼 (𝐫 𝑖 ) + 𝐦 𝑖,𝛽 (𝐫 𝑖 ))) /|𝜖 𝑗 |	2 + 𝐴 2 ∑ ∑ 𝐦 𝑖,𝛼 (𝐫 𝑖 ) ⋅ 𝛼,𝛽 𝑖	𝐦 𝑖,𝛽 (𝐫 𝑖 ) (127)

  𝑗 |𝑉 𝑖 |𝐌 𝑨 𝑇 (𝐫 𝑖 )𝑁 𝐴 (𝐫 𝑖 , 𝐫 𝑗 )𝐌 𝑨 (𝐫 𝑗 ) + 𝐌 𝑩 𝑇 (𝐫 𝑖 )𝑁 𝐵 (𝐫 𝑖 , 𝐫 𝑗 )𝐌 𝑩 (𝐫 𝑗 )

									3 𝑟
			≈ -	𝜇 0 8𝜋	∑	𝑖,𝑗 𝐌 𝑇 (𝐫 𝑖 ) (∫ 𝑉 𝑖	∫ 𝑆 𝑗	𝐫-𝐫 ′ |𝐫-𝐫 ′ | 3 𝐧 ̂𝑇(𝐫 ′ )𝑑 2 𝑟 ′ 𝑑 3 𝑟) 𝐌(𝐫 𝑗 )
	=	𝜇 0 2	∑	𝑖,			≈	𝜇 0 2	∑	𝑖,𝑗 |𝑉 𝑖 |𝐌 𝑇 (𝐫 𝑖 )𝑁(𝐫 𝑖 , 𝐫 𝑗 )𝐌(𝐫 𝑗 )

  𝐸 Z ≈ -𝜇 0 ∑ 𝑖 (𝐌 𝑨 (𝐫 𝑖 ) ⋅ 𝐇 app (𝐫 𝑖 ) + 𝐌 𝑩 (𝐫 𝑖 ) ⋅ 𝐇 app (𝐫 𝑖 )) |𝑉 𝑖 |

					(137)
	Among this discrete model, the equations satisfied by the two types of magnetic moment
	units are				
	𝑑𝐌 𝒊,𝑨 (𝑡) 𝑑𝑡 𝑑𝐌 𝒊,𝑩 (𝑡) { 𝑑𝑡	= -𝛾 𝐴 [𝐌 𝒊,𝑨 (𝑡) × 𝑯 𝒊,𝒆𝒇𝒇,𝑨 (𝑡)] + = -𝛾 𝐵 [𝐌 𝒊,𝑩 (𝑡) × 𝑯 𝒊,𝒆𝒇𝒇,𝑩 (𝑡)] +	𝛼 𝐴 𝑀 A 𝛼 𝐵 𝑀 B	[𝐌 𝒊,𝑨 (𝑡) × [𝐌 𝒊,𝑩 (𝑡) ×	𝑑𝐌 𝒊,𝑨 (𝑡) 𝑑𝑡 𝑑𝐌 𝒊,𝑩 (𝑡) ] 𝑑𝑡 ]

Table I : The parameters for simulations in ferrimagnets.

 I 

	𝛾 𝑇𝑀	TM sublattice gyromagnetic ratio	1.3191 × 10 11 𝑇 -1 𝑠 -1
	𝐾 𝑅𝐸	Anisotropy constant of RE sublattice	6.5 × 10 6 𝐽 𝑚 3 ⁄
	𝐾 𝑇𝑀	Anisotropy constant of TM sublattice	6.0 × 10 6 𝐽 𝑚 3 ⁄
	𝛼 𝑅𝐸	RE sublattice gilbert damping	0.02
	𝛼 𝑇𝑀	TM sublattice gilbert damping	0.019
	𝐴 𝑅𝐸-𝑇𝑀	Exchange constant between RE sublattice and TM sublattice	-2.9 × 10 -11 𝐽 𝑚 ⁄
	D	Dzyaloshinskii-Moriya interaction (DMI) constant	3.0 × 10 -3 𝐽 𝑚 2 ⁄
	𝐽 𝑠𝑜𝑡	SOT generated spin current density	8 × 10 11 𝐴 𝑚 2 ⁄
	𝐽 𝑠	Diffused spin current density	8 × 10 10 𝐴 𝑚 2 ⁄
	𝑡	Ferrimagnetic alloy thickness	1 𝑛𝑚
	Parameter	Description	Default Value
	𝑀 𝑠𝑅𝐸	RE sublattice saturation magnetization	1.40 × 10 6 𝐴 𝑚 ⁄
	𝑀 𝑠𝑇𝑀	TM sublattice saturation magnetization	0.95 × 10 6 𝐴 𝑚 ⁄
	𝛾 𝑅𝐸	RE sublattice gyromagnetic ratio	-1.9347 × 10 11 𝑇 -1 𝑠 -

  𝑒𝑥 2 = 𝐽 4 ∑ 𝜂∈𝐴 (𝑚 ⃗⃗ 𝜂 (𝑟 𝑖 ± 𝜖 𝜂 𝒂) ⋅ 𝑚 ⃗⃗ 𝜂 + 𝑚 ⃗⃗ 𝜂 (𝑟 𝑖 ± 𝜖 𝜂 𝒃) ⋅ 𝑚 ⃗⃗ 𝜂 + 𝑚 ⃗⃗ 𝜂 (𝑟 𝑖 ± 𝜖 𝜂 𝒂 ± 𝜖 𝜂 𝒃) ⋅ 𝑚 ⃗⃗ 𝜂 ) +

	𝐽 4 ∑

𝜂∈𝐵 (𝑚 ⃗⃗ 𝛼 (𝑟 𝑖 ± 𝜖 𝛼 𝒂) ⋅ 𝑚 ⃗⃗ 𝛼 + 𝑚 ⃗⃗ 𝛼 (𝑟 𝑖 ± 𝜖 𝛼 𝒃) ⋅ 𝑚 ⃗⃗ 𝛼 + 𝑚 ⃗⃗ 𝛼 (𝑟 𝑖 ± 𝜖 𝛼 𝒂 ± 𝜖 𝛼 𝒃) ⋅ 𝑚 ⃗⃗ 𝛼 ) (151)

  𝜂∈𝐴 𝑚 ⃗⃗ 𝜁 ⋅ 𝑚 ⃗⃗ 𝜂 + 𝐽 2 ∑ 𝛼,𝛽∈𝐵 𝑚 ⃗⃗ 𝛼 ⋅ 𝑚 ⃗⃗ 𝛽 + 𝐽 3 ∑ 𝛼∈𝐵,𝜂∈𝐴 𝑚 ⃗⃗ 𝛼 ⋅ 𝑚 ⃗⃗ 𝜂 +

	𝐽 4 ∑	𝜁∈𝐴 (∇𝑚 ⃗⃗⃗⃗⃗⃗ 𝜁 )	2 + 𝐽 4 ∑	𝛽∈𝐵 (∇𝑚 ⃗⃗⃗⃗⃗⃗ 𝛽 )	2 + 𝐽 5 ∑	𝛼∈𝐵,𝜂∈𝐴 ∇𝑚 ⃗⃗⃗⃗⃗⃗ 𝛼 ⋅ ∇𝑚 ⃗⃗ 𝜂 𝑑𝑉 (153)

Table II The parameters for simulation in antiferromagnets.

 II 

	Parameter	Description	Default Value
	𝐽 𝐼𝐽	Nearest exchange interaction constant	-3.40 × 10 -22 𝐽 𝑚 ⁄
	D	DMI interaction constant	3.0 × 10 -3 𝐽 𝑚 2 ⁄
	𝐾 𝑖	Anisotropy constant	4.22 × 10 6 𝐽 𝑚 3 ⁄
	𝑡	Bulk film thickness	10 𝑛𝑚
	𝑡 1	Thin film thickness	2 𝑛𝑚

  2 + 𝐴 3 )∇ 2 𝜃 + 𝛼𝜃 ̇+ 2𝐷cos 𝜃 + 𝐾sin 𝜃cos 𝜃 + 𝛾𝐻 𝑆𝐿 sin 𝜃Δ𝑚 𝑧 𝐗: -sin 𝜃 ⋅ 𝜃 = 𝛾(8𝐽 1 + 4𝐽 2 )(sin 𝜃)Δ𝑚 𝑧 -4𝛾𝐷cos 𝜃Δ𝑚 𝑧 + 𝛼(sin 𝜃Δ𝑚̇𝑧 -cos 𝜃Δ𝑚 𝑧 𝜃 ̇) + 𝛾𝐻 𝑆𝐿 sin 𝜃 ⋅ cos 𝜃 𝐘: cos 𝜃 ⋅ 𝜃 = 𝛾(8𝑗 1 + 4𝐽 2 )(-cos 𝜃)Δ𝑚 𝑧 + 4𝛾𝐷sin 𝜃Δ𝑚 𝑧 -2𝛾𝐾cos 𝜃Δ𝑚 𝑧 -𝛽(cos 𝜃Δ𝑚̇𝑧 + sin 𝜃Δ𝑚 𝑧 𝜃 ̇) -𝛾𝐻 𝑆𝐿 cos 2 𝜃

	(175)
	Using the three equations above, it follows that
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Chapter 4

Magnetization dynamics in noncollinear antiferromagnets 4.1 Crystal structure and properties of noncollinear antiferromagnets Antiferromagnetic materials are intrinsically magnetic materials, however, at the microscopic level, the magnetic moments generated by the atoms within the antiferromagnet exhibit a perfectly complementary and staggered arrangement [START_REF] Lynn | Antiferromagnetic ordering of Ru and Gd in superconducting RuSr2GdCu2O8[END_REF][START_REF] Finazzi | Interface coupling transition in a thin epitaxial antiferromagnetic film interacting with a ferromagnetic substrate[END_REF] . This property makes the macroscopic net magnetic moment of antiferromagnetic zero and unable to exhibit magnetism to the outside world. It is also determined that antiferromagnetic materials are not detected by normal magnetic probes, are insensitive to applied magnetic fields and produce weak stray fields to the outside world, and devices based on antiferromagnetic materials do not affect the adjacent cells at very high integration densities. In addition, the high intrinsic frequency of antiferromagnetic materials is a feature that distinguishes them from ferromagnetic materials.

Summarizing the characteristics of antiferromagnetic materials, it can be seen that antiferromagnetic materials have weak stray fields and are suitable for the preparation of ultrahigh density memory devices; the high intrinsic frequencies have the potential to be used for ultra-high frequency electronic devices. However, in contrast, antiferromagnetic materials are difficult to detect and manipulate because they do not exhibit magnetic properties externally [91- 93] . Fortunately, researchers have recently discovered an antiferromagnetic material with a noncollinear lattice arrangement with strong spin-orbit coupling effects that can serve to transform the conductivity of the material from metal to insulator by changing the direction of the magnetic moment [START_REF] Markou | Noncollinear antiferromagnetic Mn3Sn films[END_REF][START_REF] Reichlova | Imaging and writing magnetic domains in the non-collinear antiferromagnet Mn3Sn[J][END_REF] .

From the above discussion, it can be seen that the noncollinear topological antiferromagnet represented by Mn3Sn not only inherits the advantages of general antiferromagnets with high intrinsic frequency and no stray field, but also can use its own larger anomalous Hall effect to solve the detection problem of ferrimagnetic materials, which is an ideal material for designing As shown in Figure 67(a), when data transmission is required, a voltage is applied to the input. The current passes through the ferromagnetic material layer and the tunneling layer to reach the bottom of the transport layer, during which the current is polarized by the ferromagnetic material and accumulates a large number of spin-polarized electrons in the transport layer portion at the input. Due to the spin diffusion effect, the accumulated spinpolarized electrons at the input will be conducted through the transport layer to the output.

When the spin-polarized electrons at the output also accumulate to a certain concentration they are absorbed by the ferromagnetic material layer at the output and affect the magnetic moment pointing of the ferromagnetic material layer at the output through the spin-transfer moment effect. By the above method, the information stored at the input side can be transferred to the output side through the spin flow. It is worth noting that the input and output of the transverse spin valve are symmetrical, so that the output of one transverse spin valve can be used as the input of the next level, and by connecting several transverse spin valves together, different logic functions can be realized.

The operating principle of the transverse spin valve shows that the information storage carrier is a ferromagnetic material and does not require a maintenance voltage, avoiding static power consumption and making the device non-volatile. The information transfer utilizes pure spin flow transport, which does not generate Joule heat and therefore greatly reduces the operating power consumption. Thus, all-spin logic devices can be expected to solve the power consumption challenges faced by electronic devices and are a very promising technological solution [START_REF] Zhang | Partial spin absorption induced magnetization switching and its voltage-assisted improvement in an asymmetrical all spin logic device at the mesoscopic scale[END_REF] . However, the operating principle of all-spin logic devices suffers from problems such as spin injection efficiency and severe dissipation of spin transport, leading to difficulties in flipping at the output, which we will address in the following sections using innovative density of the spin-up transport channel is assumed to be𝑟 𝑢 , the resistive line density of the spin-down transport channel is𝑟 𝑑 , the conductivity of the spin-flip channel is 𝑔 𝑠𝑓 , the transport equation in the "spin circuit" model can be written as

of which 𝜇 𝑢 and 𝜇 𝑑 are the spin-up and spin-down electrochemical potentials of electrons near the Fermi energy level, and 𝑟 𝑢(𝑑) is the transport channel resistance in 𝛺𝑚 -1 , and 𝑔 𝑠𝑓 is the flip-channel resistivity in 𝛺 -1 𝑚 -1 . Also the above equations can be rewritten in matrix form as

Using the two-channel theory in the "spin circuit" model, the spin and charge currents can be represented using the parameters in the spin-up and spin-down transport channels.

c and s represent charge and spin, respectively, and using this transformation relation we can rewrite the equation

where 𝑟 -= 𝑟 𝑑 -𝑟 𝑢 (for non-magnetic materials, this value is equal to 0, implying that spin and charge are completely decoupled in non-magnetic materials), and 𝑟 + = 𝑟 𝑑 + 𝑟 𝑢 . With this transformation, the current and voltage can be linked together for the solution, and this method can be tried not only for magnetic materials but also for non-magnetic materials.

Combining the above discussion, a general spin-charge diffusion equation can be obtained as follows.

where 𝜆 𝑠𝑓 is the spin-diffusion length of the transport medium, which can be determined simulate the magnetic film at the probe end. The magnetic film has sufficient thickness relative to the mean free range of the electron relaxation, so that the magnetic film can be approximated in the micromagnetic model as having only one layer of magnetic moments. Also, the setting of the magnetic moment contact spin flow on only one side can accurately reflect the actual situation of the ferromagnetic layer thin film in the spin device. From the established model, it is known that the region in contact with the spin current requires the addition of the spin current action term to the magnetic dynamics equation, the strength of which can be obtained from the strength of the injected current and the spin circuit model.

Typically, the operating current of the full spin logic device is of the order of 10 12 A/m 2 .

At this time, the density of the absorbed spin current at the probe end is 10 10 ~10 11 A/m 2 , and with this as a reference, the above micromagnetic model can be used to simulate the dynamics of the ferromagnetic material layer at the probe end, and the specific simulation parameters are shown in Table III.

Table III The parameters for simulation in ASLD.

Figure 72 shows the simulation results, from which it can be seen that only partial flipflopping is achieved at the probe end. The reason for this is that the spin flow propagation in the all-spin logic device is less efficient and the probe end can only be exposed to a small spin flow density. However, the operating current of the device is limited, and increasing the

Ferrimagnetic Skyrmion-bag Random Number Generator

From the discussion in the above sections, it is clear that topological magnetic solitons such as skyrmions have good physical properties and are ideal information carriers used to design novel electronic devices. In fact, existing work based on topological magnetic solitons for storage and computational functions has utilized magnetic domain walls or skyrmions as information carriers. However, topological magnetic solitons such as magnetic domain walls, skyrmions, and anti-skyrmions have two essential drawbacks when used as information carriers, which limit the role of topological magnetic solitons in new electronic devices. First, magnetic topological solitons such as magnetic domain walls and skyrmions can only carry a topological charge of one unit or less, a property that not only limits their upper limit of storage capacity as high-density information carriers, but also means that topological magnetic solitons alone cannot be used to store and process multi-bit information. However, with the rapid development of technologies such as machine learning and big data, a large number of application scenarios require information carriers capable of multi-bit information processing [START_REF] Strukov | Building brain-inspired computing[END_REF][START_REF] Marković | Physics for neuromorphic computing[END_REF][START_REF] Cai | Voltage-controlled spintronic stochastic neuron based on a magnetic tunnel junction[END_REF] . Topological magnetic solitons that can only carry a single topological charge are clearly not up to the task, and more complex cluster structures must be fabricated, paying for additional redundancy and thus undermining the performance benefits of the devices. Fortunately, in 2019, D. Foster et al.

discovered a new type of topological soliton in liquid crystals that can carry any number of topological charges, also known as a skyrmion-bags. If the skyrmion-bags could be applied to electronic devices, it would not only increase the storage density of the device even further, but it would also allow a single topological magnetic soliton to be used to process multiple bits of information, thus expanding the range of applications of topological magnetic solitons in new electronic devices. If one is to make electronic devices using skyrmion-bags, one first needs to find a method that can efficiently generate skyrmion-bags in the medium. However, according to the results of D. Foster et al. the method to obtain the skyrmion-bags in liquid crystals is quite tedious and requires a series of precisely tuned high-energy laser beams with strictly sequential local excitation in the liquid crystals to finally obtain the skyrmion-bags with complex topology [START_REF] Foster | Two-dimensional skyrmion bags in liquid crystals and ferromagnets[END_REF] . This is clearly a method that can only be used in the laboratory, without any possible application to electronic devices. Not only that, but there is also a gap in either

Conclusions and Perspectives

General conclusion

With the advantages of high density, high speed, non-volatility, and ultra-low power consumption, spintronic devices have received wide attention from academia and industry, and are promising to replace traditional CMOS devices in the next generation of ultra-large scale integrated circuits. For the design and fabrication of high-performance spin storage and spin logic devices, the study of magnetic dynamics properties in spintronics is a key pre-condition.

Currently, the material system of spintronics has been extended from ferromagnetism to antiferromagnetic and ferrimagnetic materials, providing more options for the design and fabrication of high-performance spintronic devices, and exploring the magnetic dynamics properties of ferrimagnetic and antiferromagnets has thus become a key problem that needs to be addressed urgently. The main content of this thesis is to investigate the magnetic dynamics properties of ferrimagnetic and antiferromagnetic for the design of high-performance spintronic devices: firstly, starting from the theoretical study, the basic properties of magnetic dynamics of ferrimagnetic and non-concurrent antiferromagnetic materials are investigated by using numerical simulation and physical theory derivation, and different magnetic dynamics simulation systems are established based on this. The newly established micromagnetic simulation system is used to study the effects of external excitations such as currents, magnetic fields, and voltages on the magnetic dynamics systems of the materials, and to explore the unique magnetic dynamics laws of different materials. Finally, based on the new physical properties obtained, a series of new high-performance storage and logic devices are designed by rational use of the physical properties of the materials in conjunction with the latest experimental progress, and the performance of the designed new devices is verified by numerical simulations. An overview of the completed work and related conclusions is as follows.

1. A micro-magnetic simulation system for ferrimagnetic materials is established and its special magnetic dynamics properties are investigated. Firstly, for the ferrimagnetic magnetic 

Perspectives

Certain issues require further research, which are briefly described in the following analysis.

1. Among full spin logic devices, the propagation distance of spin flow is still short at present, and the VCMA-assisted approach is only applicable to larger size devices, which still needs 
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