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Compared with conventional MTJs, the proposed device can reduce nearly half of the critical switching current, while improving nearly 100% of the thermal stability.

Based on theoretical analysis, I modeled the device using Verilog-A language. Its accuracy can be verified by comparing experimental data. Utilizing the advantages of the device, a full adder circuit is designed, which has great advantages in writing delay and power consumption. 
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technology can be strongly promoted. The dynamic power consumption problem of Von Neumann architecture can also be alleviated. However, further development and implementation of IMC technology depends on improvements in spintronic device performance in terms of storage density, operating speed, reliability, and power consumption. Therefore, it is necessary to explore new highperformance spintronic devices. In addition, reliable physical and electrical models must be built to apply the new spintronic devices to circuit design. With these models, I can design memory and logic circuits based on the characteristics and advantages of new spintronic devices. By means of electrical simulations, I verify the performance advantages of spin memory and logic circuits. The main research work of this thesis is as follows:

1. I conduct research on magnetic tunnel junction (MTJ) with high thermal stability and low critical switching current. The Double-barrier Double-free-layer MTJ (DDMTJ) is designed, which combines the STT enhancement of the double-barrier structure with the high thermal stability VI of the double-free-layer structure. About half of the critical switching current can be reduced. In addition, the thermal stability coefficient can be almost doubled. Based on theoretical analysis, I construct the DDMTJ model using Verilog-A language. The accuracy of the model is verified by comparing the electrical simulation with the experimental data.

2. I conduct research on RM with high storage density. Aiming at the data overflow issue of the traditional RM, a solution of the ring racetrack structure is proposed. The proposed ring-shaped RM can effectively improve storage density and data access efficiency. Based on micromagnetic simulations, the magnetic domain motion in ring-shaped RM is studied. Using Verilog-A language, I construct an electrical model for ring-shaped RM, which describes the data shifting, reading, and writing behaviors of RM. The RM model provides an effective tool for subsequent circuit design and simulations. In addition, I can obtain the optimal parameters of the device based on the simulation results. At first, a magnetic flip-flop circuit is designed based on DDMTJ to verify the practicability of DDMTJ model and the performance advantages. Then, the ring-shaped RM is applied to the design of a large-capacity Level-2 cache. The circuit, layout, and architecture design of RM are introduced in details. Besides, performance analysis is carried out by circuit-level and system-level simulations.

Furthermore, the cache schemes based on other memory technologies (e.g., STT-MRAM) are studied.

General Introduction

The new technological revolution, such as artificial intelligence, the Internet of Things, big data, cloud computing, and other emerging technologies, has brought great convenience to human life. At the same time, it has also produced massive information storage and efficient data calculation requirements, which depend on the continuous development of integrated circuit technology [1][2][3]. Moore's Law is a well-known law describing the development of the integrated circuit industry. It was proposed by Gordon Moore, one of Intel's founders, in 1965.

Moore's Law states that the number of transistors integrated into a circuit per unit area doubles every 18 months, and chip performance will improve accordingly. In the following decades, the scale of integrated circuits grew exponentially in accordance with Moore's Law [4]. By 2010, the number of transistors integrated into a smartphone microprocessor had reached billions, and its computing performance had reached more than 10,000 times the 1970 Center Processing Unit (CPU) [5].

However, since the 21st century, Moore's law, which has lasted for decades, has gradually failed, and the integrated circuit industry has entered the "post-Moore era." As the process nodes of Complementary Metal Oxide Semiconductor (CMOS) transistors continue to shrink to the nanometer level, a series of significant quantum effects have been produced, such as gate tunneling leakage, carrier interface scattering, and other adverse effects. The above effects will cause the leakage current of CMOS transistors to be excessively large, significantly increasing the static power consumption of the chip. Therefore, this has become one of the major obstacles to the development of integrated circuit technology [6].

In addition to excessive static power consumption, in terms of dynamic power consumption, due to the separation of memory and processor in the traditional von Neumann architecture, massive data needs to be frequently transported between memory and processor via the bus, resulting in a sharp increase in chip dynamic power consumption. The international semiconductor technology blueprint predicts the changing trend of chip power consumption.

As shown in Figure 1, both the static power consumption and the dynamic power consumption of the chip are increasing at an extremely fast rate [7]. Experts and scholars predict that if the growth trend of chip power consumption is not curbed, the power consumption density of highperformance CPUs will catch up with that of nuclear reactors within a few years. If it continues to grow, it may even reach the power density of the sun's surface. As shown in Figure 2, the spin of an electron can be considered angular momentum with two spin-up and spin-down states [9]. From the perspective of energy band analysis, there is an energy difference between the spin-up subband and the spin-down subband. Therefore, they have different energy band distributions. At the Fermi surface, electrons with different spin orientations have different densities. Especially in ferromagnetic metals, there is a significant gap in the number of electrons involved in the transport of the two spin states, forming a spin-polarized current. Using the electronic properties described above, spintronic devices detect and manipulate the electron spin to read and compute data. Spintronic devices offer a promising way to reduce power consumption. First, non-volatile memory based on spintronic devices can effectively alleviate the increasing problem of static leakage current consumption. Secondly, through circuit design, spintronic devices can also realize logic operation functions. It is expected to build a spin-based in-memory-computing (IMC) architecture to solve the dynamic power consumption problem of traditional von Neumann architecture. However, spin IMC technology has high requirements for spintronic device performance (i.e., high speed, high density, high reliability, and low power consumption).

Therefore, the study of high-performance spintronic devices is the basis for the realization and further development of spin IMC technology. In addition, in order to apply new spintronic devices to circuit design and perform circuit-level simulations, building electrical models of spintronic devices is a key step. Therefore, this thesis constructs the corresponding electrical models based on the physical mechanism of the new spintronic device. Considering influences such as material configuration, fabrication process, and environmental interference, these models have a high accuracy that matches the experimental data. Taking into account the resources and efficiency of the simulation platform, the proposed models support more comprehensive circuit simulations.

The chapters of this thesis are arranged as follows:

In Chapter 1, I briefly introduce the power bottleneck faced by the "post-Moore era" of integrated circuit science and technology, as well as the concept of spintronics. It focuses on the technological advancement of spintronic devices, and analyzes the advantages and challenges of various existing spintronic-based in-memory-computing technologies, Introduces the background of the thesis work.

In Chapter 2, I start from the widely used Spin Transfer Torque-Magnetic Random Access Memory (STT-MRAM). According to its performance requirements in terms of thermal stability and critical current, I propose Double-barrier Double-free-layer Magnetic Tunnel Junction (DDMTJ) with high STT switching efficiency. DDMTJ significantly reduces the critical current through the STT enhancement effect of the double barrier layer structure, and dual CoFeB/MgO interfaces created by the double free layer structure can effectively improve thermal stability, further promoting the performance improvement and miniaturization of MTJ.

Based on theoretical analysis, I modeled the device using Verilog-A language. Its accuracy can be verified by comparing with experimental data.

In Chapter 3, in response to the demand for higher storage density, research on racetrack memory (RM) based on magnetic domains is carried out. Aiming at the data overflow problem of traditional RM, a ring-shaped nanowire structure is proposed, which improves the storage density and data access efficiency. Using micromagnetic simulation tools, the magnetic domain motion of ring-shaped RM is investigated. Based on theoretical analysis, an electrical model is constructed using Verilog-A. This model describes read, write, and shift behaviors of RM, providing an effective tool for circuit design and simulation.

In Chapter 4,in Chapter 1 Background and State-of-The-Art

Introduction to Spintronics

Spintronics began with the discovery of the Giant MagnetoResistance (GMR) effect, which was discovered by A. Fert's team and P. Grünberg's team at almost the same time in the 1980s [10][11]. The mechanism of the GMR effect originates from the spin-related scattering effect in the ferromagnetic material system. When the electron passes through the ferromagnetic layer, if the electron spin direction is the same as the magnetization direction, the electron is easier to pass through. Otherwise, spin-dependent scattering is more likely to occur. The GMR effect can be explained by the so called "two-current model". As shown in Figure 3(a): The total resistance of the device is equivalent to the parallel resistance of the two branches. Each branch represents a type of spin electron. When the two layers of ferromagnetic films are parallel, electrons with the same spin direction can pass smoothly, leading to the overall low resistance of the device. For the ferromagnetic multilayer structure in the antiparallel state, strong spin-dependent scattering occurs when electrons pass through either spin direction. In this way, the device is in a high resistance state. The GMR effect is widely used in the structure of the magnetic memory detector shown in Figure 3 (b), which greatly improves the sensitivity of magnetic detector and the capacity of magnetic memory. GMR effect and its applications have important scientific and commercial value [12]. For their outstanding contributions, Fert and Grünberg were awarded the Nobel Prize in Physics in 2007. The tunneling magnetoresistance (TMR) effect was observed by Julliere in Co/Ge/Fe Magnetic Tunnel Junction (MTJ) as early as 1975 [13]. However, this discovery did not attract enough attention from scholars at that time. With the deepening of research on the GMR effect, the TMR effect has re-entered people's field of vision. The mechanism of the TMR effect is derived from the spin-dependent tunneling effect in MTJ. MTJ is the core unit of MRAM, and its general structure is a sandwich structure of ferromagnetic layer/non-magnetic insulating layer/ferromagnetic layer [14] , as shown in Figure 4 (a). Among them, the magnetization direction of the bottom magnetic material is fixed along the easy axis, hence this layer is called reference layer (RL) or pinning layer. The intermediate layer is called the barrier layer or tunneling layer. The top layer is called the free layer (FL) or recording layer, whose magnetization direction is parallel or antiparallel to the magnetization direction of RL. The TMR effect of MTJ is shown in Figure 4 (b). When the magnetization direction of FL is parallel to the magnetization direction of RL, MTJ is in the Parallel (P) state with low resistance (RP). When the magnetization direction of FL is anti-parallel to that of RL, MTJ is in the Anti-Parallel (AP) state, corresponding to the high magnetoresistance i.e., RAP [14].

The TMR effect can be explained by the spin-dependent tunneling principle, as shown in Figure 4 (c). In ferromagnetic metals, electrons with spin-up and spin-down are unevenly distributed at the Fermi level. When RL and FL are parallel, the probability of electron tunneling is high. And spintronics can easily tunnel through the middle barrier layer, forming a large tunneling current. This results in a low resistance state for MTJ. Conversely, when MTJ is in the AP state, the electron tunneling probability will be low, leading to a small tunneling current.

MTJ thus exhibits a high resistance state.

The TMR value is a key parameter used to characterize the magnetoresistance characteristics of MTJ, which can be described as below:

100% AP P P R R TMR R    (1.1)
The higher TMR value means higher switching ratio, resulting in higher data read reliability. Early MTJs used Al2O3 as the barrier layer, and its TMR value was low, only 18% at room temperature [START_REF] Moodera | Large magnetoresistance at room temperature in ferromagnetic thin film tunnel junctions[END_REF]. In 2004, Parkin's team [START_REF] Parkin | Giant tunneling magnetoresistance at room temperature with MgO (100) tunnel barriers[J][END_REF] replaced the amorphous Al2O3 as the barrier layer with a single crystal MgO, which increased MTJ's TMR by almost an order of magnitude. Current mainstream MTJs all use single crystal MgO as the barrier layer. Its maximum TMR value is theoretically predicted to be close to 1200% at temperature 0 K.

Experimentally, nearly 1100% of the TMR value has been measured in ultra-low temperature environments, and the TMR value at room temperature is also as high as 604% [START_REF] Ikeda | Tunnel magnetoresistance of 604% at 300 K by suppression of Ta diffusion in CoFeB/MgO/CoFeB pseudo-spin-valves annealed at high temperature[END_REF].

Spintronic Devices

Magnetic random access memory technology

The memory composed of MTJ is called Magnetic Random Access Memory (MRAM), which is the most widely used spintronic device at present. Due to its significant advantages in read and write speed, power consumption, durability, and mass production, MRAM has become one of the most ideal non-volatile memory devices with great application potential. In recent years, MRAM research has expanded. MRAM is gradually developing to meet performance requirements such as high speed, high density, high reliability, and low power consumption. First, MRAM uses magnetic fields to write data, as shown in Figure 5 (a). MTJ is located at the intersection of the bit line and the word line. When the bit line and word line pass current at the same time, magnetic fields will be generated to switch the magnetization of FL, realizing the data writing operation. It should be noted that the magnetic field generated by the current of the word line (or bit line) alone cannot be too large, otherwise a miswritten operation will occur.

However, there are some disadvantages to the traditional magnetic field writing method:

(1) a large current is required to generate write magnetic field, and the power consumption is high.

(2) The circuit design is complex, since large area is required to generate the magnetic field.

(3) With the improvement of MRAM integration, interference of the magnetic field generated by the bit line and word line to other MTJs may lead to erroneous write operations, which will affect the reliability of information storage. These bottlenecks severely limit the further application of MRAM.

The disadvantage of the magnetic field writing mechanism can be effectively solved by the spin transfer torque (STT) effect, which was proposed by Slonczewski [START_REF] Slonczewski | Current-driven excitation of magnetic multilayers[END_REF] and Berger [START_REF] Berger | Emission of spin waves by a magnetic multilayer traversed by a current[END_REF] et al. in 1996. The principle of STT effect is shown in Figure 6. When the current flows from FL to RL (the direction of electron movement is opposite), the electrons obtain spin angular momentum in the same direction as RL magnetization, forming a spin-polarized current. Then the spin-polarized current flows through the barrier layer and enters FL. Electron spin will interact with FL magnetization, causing the transverse component of the spin-polarized current to be transferred. Due to the conservation of angular momentum, the transferred transverse component generates a torque to flip FL's magnetization. In this way, FL's magnetization is switched to the same direction as RL's magnetization. MTJ thus becomes the P state. This torque is so-called the spin transfer torque [START_REF] Huai | Observation of spin-transfer switching in deep submicron-sized and low-resistance magnetic tunnel junctions[END_REF]. Conversely, when the current flows from RL to FL (the direction of electrons movement is from FL to RL), a reflection effect will occur at the interface between barrier layer and RL, and the reflected STT will be generated to flip FL's magnetization to the opposite direction to RL's magnetization. In this way, MTJ switches to AP state. Using bidirectional current, STT effect realizes the manipulation of MTJ magnetization without magnetic field. The trend of MTJ magnetization reversal depends on the direction of STT current. Its fewer complex data writing method has more potential in storage applications.

One of the famous applications, STT-MRAM is shown in Figure 5 (b). Compared to the magnetic field write mechanism, the STT write mechanism successfully reduces write current from the milliamp level (10 -3 A) to the microamp level (10 -6 A), while greatly reducing the complexity of circuit design and improving the storage density. Therefore, it is considered an ideal solution for building a new generation of MRAM. A number of semiconductor companies and foundries, such as Sony, Toshiba, Everspin, NEC, Hynix, Samsung, TSMC, etc., have successively prepared product-level samples of STT-MRAM. STT-MRAM has now become the mainstream of MRAM products.

However, with the extensive research and application of STT-MRAM, some problems with STT writing mechanism have gradually been revealed. First, MTJ based on STT write mechanism is a two-port device, and its read and write current use the same path. Hence, there is a problem with incorrect writing operations. Secondly, write current is usually several times that of read current, and it also needs to flow through oxide barrier layer. Hence, the probability of the barrier being broken-down is greatly increased, which reduces the lifetime of MTJ [24][START_REF] Jovanović | Evaluation of hybrid MRAM/CMOS cells for "normally-off and instant-on" computing[END_REF]. In addition, since the magnitude of STT is positively related to the cross-product of the magnetization of RL and FL. In the initial stage of writing, the magnetization of RL and FL that are almost collinear cannot provide a sufficiently large STT. Therefore, MTJ magnetization switching requires quite a long period of vibration and relaxation, resulting in a long write latency.

Miron [START_REF] Miron | Current-driven spin torque induced by the Rashba effect in a ferromagnetic metal layer[END_REF][START_REF] Miron | Perpendicular switching of a single ferromagnetic layer induced by in-plane current injection[END_REF] However, the SOT writing method can only realize the magnetization flip of In-plane Magnetic Anisotropy (IMA). For the Perpendicular Magnetic Anisotropy (PMA) MTJ, which has better performance, a horizontal magnetic field is required to assist its magnetization switching [START_REF] Luo | Field-free spin-orbit torque switching of perpendicular magnetic tunnel junction utilizing voltage-controlled magnetic anisotropy pulse width optimization[END_REF]. How to use SOT to realize the magnetic field-free flip of PMA-MTJ has become one of the recent research hotspots in spintronics.

In this regard, Weisheng Zhao's team from Beihang University first proposed the writing mechanism of SOT-assisted STT flipping and carried out simulations and experimental verifications [START_REF] Wang | Perpendicular-anisotropy magnetic tunnel junction switched by spin Hall-assisted spin-transfer torque[END_REF][START_REF] Wang | Proposal of Toggle spin torques magnetic RAM for ultrafast computing[END_REF][START_REF] Wang | Field-free switching of a perpendicular magnetic tunnel junction through the interplay of spin-orbit and spin-transfer torques[END_REF][START_REF] Peng | Field-free switching of perpendicular magnetization through voltage-gated spin-orbit torque[END_REF]. Because the role of SOT torque for the magnetization of MTJ FL is to quickly flip its magnetization direction from 0 ° to 90 °, while for the process from 90 ° to 180 °, the SOT torque has the opposite effect. Hence, only the SOT current is introduced during the switching process from 0 ° to 90 °. Considering that when the magnetization is 90 °, the cross product of FL and RL magnetization is the largest, resulting in the largest STT torque. An STT current is introduced during this process to complete the magnetization flip. The SOT-assisted STT write mechanism maximizes the benefits of the SOT and STT write mechanisms, respectively, and increases MTJ write delay to 10 -9 s and power consumption to 10 -15 J, respectively. In addition, this mechanism realizes the magnetic field-free flip of PMA-MTJ, which is conducive to the further miniaturization of SOT-MRAM device size and effectively promotes the development of MRAM to higher density.

While optimizing MRAM write mechanism, experts and scholars in related fields are also committed to promoting the miniaturization process of MTJ. This process not only depends on the development of process fabrication, but also needs to consider whether the device can ensure high enough thermal stability to maintain reliable data storage for a long time. Generally, the thermal stability of the device is positively correlated with FL volume and magnetic anisotropy. As the diameter of MTJ continues to shrink, the thermal stability of the device will also continue to decrease. In order to maintain sufficient thermal stability to facilitate the miniaturization process of the device, researchers have begun to explore the goal of stronger magnetic anisotropy.

At first, MTJ's magnetic anisotropy was in-plane. Because the size of the early MTJ cannot be made very small, about 80 to 100 nm in diameter and about 3 to 5 nm in thickness, the magnetic anisotropy of MTJ at this scale is mainly caused by the in-plane demagnetic field. For long-term storage of MTJ, it is generally expected that the greater the thermal stability coefficient (ΔE). The relationship between ΔE and storage time can be expressed as follows:

0 = exp 1 R C I E I                 (1.2)
where τ0 represents the magnetization flip time, IR is read current, IC is the critical flip current, kB is the Boltzmann constant, and T is the Kelvin temperature. After calculation, in order to ensure reliable storage for enough long time, the ΔE needs to be maintained at least above 40, and the larger the better. However, as the diameter of MTJ shrinks below 50 nm, the thermal stability coefficient also shrinks in proportion to the quadratic power of the diameter. Hence, the above conditions cannot be satisfied. In addition, the marginal effect of the film is gradually obvious, resulting in a significant magnetic vortex state, and even stable magnetization cannot be maintained.

In order to solve the above disadvantages, PMA-MTJ was proposed. In 2010, Ikeda et al.

[33] A PMA-MTJ was prepared based on the STT writing method. Its structure is shown in Figure 7 Magnetic tunnel junction with perpendicular magnetic anisotropy and its magnetic properties [START_REF] Ikeda | A perpendicular-anisotropy CoFeB-MgO magnetic tunnel junction[END_REF].

With the further development of MTJ magnetic anisotropy technology, scholars have carried out the exploration of MTJ in sub-nanometer size. However, when MTJ size is reduced to 10 nanometers or even sub-nanometers, MTJ based on interface PMA cannot obtain sufficient thermal stability. To solve this problem, Perrissin's team at SPINTEC in France [START_REF] Perrissin | A highly thermally stable sub-20 nm magnetic random-access memory based on perpendicular shape anisotropy[END_REF] and Ohno's team at Tohoku University in Japan [START_REF] Watanabe | Shape anisotropy revisited in single-digit nanometer magnetic tunnel junctions[END_REF] proposed the Perpendicular Shaped Anisotropy MTJ (PSA-MTJ). As shown in Figure 8, this structure significantly improves MTJ thermal stability by significantly increasing the thickness of FL. Ohno's team successfully obtained an MTJ with a 10 nm diameter thermal stability coefficient > 80, breaking through the technical bottleneck that MTJ is difficult to achieve sufficient thermal stability with a size below 20 nm. PSA-MTJ mainly changes the shape of the device from flat to elongated by increasing the thickness of FL and reducing the diameter of MTJ. In this way, the demagnetization energy points to the out-of-plane direction. In addition, the STT switching characteristics of the PSA-MTJ were experimentally measured. For example, a 10.4 nm PSA-MTJ has a thermal stability coefficient of about 90, a critical switching current density of 3.9×10 11 A/m 2 , and a corresponding critical switching current of 42 μA. Although the PSA-MTJ effectively solves the thermal stability problem of MTJ at sub-nanometer size, it should also be noted that the thick FL also causes the difficulty of magnetization switching. Therefore, the research on PSA-MTJ is not widely used in circuit applications. 

Racetrack memory

In addition to MRAM, the magnetic domain in nanowires can also be used as information carriers. Magnetic domains in ferromagnetic materials have two stable magnetization directions, and a domain wall (DW) will be formed between magnetic domains with different magnetization directions. There are two types of magnetic domain walls, Neel-type and Blochtype, as shown in Figure 9 [START_REF] Beach | Current-induced domain wall motion[J][END_REF]. Among them, Bloch-type DW usually exists in larger ferromagnetic crystals, and the magnetization vector is always parallel to the plane of the magnetic domain wall during the change process; whereas DW in thinner ferromagnetic films is usually Neel-type, and the magnetic moment surrounds the normal film plane. Gradually changing direction, unlike Bloch-type DW, magnetization rotates in the plane of the domain wall. For thicker ferromagnetic layers, Bloch-type DW is more stable; for thinner ferromagnetic layers, Neel-type DW is more stable. Considering the difficulty of magnetization flipping in the ferromagnetic layer, Neel-type DW in thinner ferromagnetic layers is usually studied. Figure 10 Schematic diagram of racetrack memory based on magnetic domain [START_REF] Parkin | Magnetic domain-wall racetrack memory[END_REF].

Racetrack Memory (RM) based on magnetic domain storage information was first proposed by Parkin et al. [START_REF] Parkin | Magnetic domain-wall racetrack memory[END_REF]. As shown in Figure 10, the magnetic domains in red and blue stand for the direction of spin up and down, representing the storage of binary data "0" and "1", respectively. The RM can read and write data via read probe head and MTJ of write probe below, respectively. Using TMR effect of MTJ, the type of magnetic domain at the read probe position can be detected. Utilizing STT effect of MTJ, a new magnetic domain can be formed at the position of write probe. In order to access the magnetic domain at a specific location, STT current is required to promote the overall movement of the magnetic domain, pushing them to the position of the access probe. Thanks to storing many such magnetic domains in a nanowire, the storage density of RM can be extremely high. Compared to traditional disk memory, RM can perform pure-electrical read, write, and shift operations, resulting in low-power and highdensity information storage. Faced with the performance requirements of high speed, high density, high reliability and low power consumption, RM technology based on magnetic domain motion is constantly developing [START_REF] Parkin | Memory on the racetrack[J][END_REF]. Initially, data from the first-generation RM were stored in magnetic domains with IMA, as shown in Figure 11 (a). Since 2008, PMA-MTJ proposal improved MRAM performance at that time in all aspects. At the same time, the concept of PMA magnetic domains was also introduced into RM application. As shown in Figure 11 (b), the second-generation RM can effectively shorten the unit length of the magnetic domain, thus increasing the information capacity of every nanowire, thus improving the RM's storage density. The common feature of the two previous generations of RM is that they both use STT current drives. Under this mechanism, the direction of magnetic domain motion is opposite to the direction of the driving current, and the speed of magnetic field motion can reach tens of meters per second at the fastest time.

In 2011, Miron et al. detected faster magnetic domain motion in the Co layer deposited on the Pt layer, which was a significant breakthrough in the velocity of magnetic DW motion. The driving torque is derived from the SOT effect of the heavy metal layer and the strong Dzyaloshinsky Moriya Interaction (DMI) effect of the interface between the heavy metal layer and the ferromagnetic layer. Utilizing the benefits of SOT-current-drive and PMA, the thirdgeneration RM, as shown in Figure 11 (c), can reach a maximum domain motion velocity of 350 m/s. On this basis, the fourth-generation RM was further optimized by using a synthetic antiferromagnetic structure. On the one hand, the synthetic antiferromagnetic structure eliminates the demagnetic field, allowing magnetic domains to be stacked with higher storage densities, as shown in Figure 11 (d). On the other hand, due to the reduction of the unit domain length, the efficiency of the shift operations can also be significantly increased.

In summary, spintronic devices benefit from their performance advantages, becoming one of the promising candidates to replace dynamic random access memory (DRAM) as the main memory in computer architecture. Moreover, spintronic devices are even expected to be used to build large-capacity caches. In addition, the application of spintronic devices is not limited to computer memory architecture, but can also be applied to many other fields. BMW, for example, has embedded MRAM in its engine control module to prevent data loss during power failure. In addition, due to the robustness of radiation, Airbus is also equipped with MRAM chips in the control system of its latest A350 aircraft model to prevent data destruction by highenergy particle rays during high-altitude navigation. In addition, in emerging application fields such as big data, artificial intelligence, Internet of Things, and aerospace, there are massive data storage requirements, so the widespread use of high-performance spintronic devices is imperative.

1.3 Spintronic Device Modeling Spectre emulator, and used the model for hybrid CMOS/MTJ circuit simulation [START_REF] Prenat | CMOS/magnetic hybrid architectures[END_REF]. However, the model has not been disclosed and has not benefited every circuit designer interested in it. Using Verilog-A language, this model describes the physical behaviors of PMA-MTJ. The main models are the magnetoresistance model, the static switching model, and the dynamic switching model. Figure 14 However, when write current is increased to 634 µA, the magnetization reversal time can be accelerated to less than 1 ns. The development of efficient and reliable spintronic device models not only provides practical tools for circuit designers, but also provides targeted ideas on how to further improve device performance.

Model construction methods

Constructing a SPICE simulation model that can accurately reflect the physical characteristics of real devices is the basis for integrated circuit design and simulation. In general, the higher the accuracy of the device, the more parameters are involved in the model. This also means the more simulation resources are used, and the slower the simulation speed. Therefore, for circuit simulation based on spintronic devices, it is necessary to construct an accurate and efficient spintronic device model. 

In-memory-computing technology based on spintronic devices

Spintronic devices can not only be used for high-density non-volatile memory, but can also be designed to complete logic operations and realize In-Memory-Computing (IMC) functions, which are expected to break through the performance bottleneck of traditional von Neumann architectures. First, a brief introduction to IMC technology is given.

Introduction to in-memory-computing technology

As shown in Figure 17 (a), the traditional Von Neumann architecture has large dynamic power consumption due to the separation of memory and processor [START_REF] Zidan | The future of electronics based on memristive systems[END_REF][START_REF] Wang | Task Optimization Based on CPU Pipeline Technique in A Multicore System[END_REF]. In addition, due to the increasing difference in the performance growth rate between memory and processor, the "memory wall" challenge is becoming more and more obvious [START_REF] Jayaram | Overcoming the memory wall in packet processing[END_REF][START_REF] Wulf | Hitting the Memory Wall: Implications of the Obvious[J][END_REF]. To solve the above problems, IMC technology was introduced.

There are currently two technical routes for IMC technology. One is to shorten the distance between memory unit and computing unit, by integrating the computing unit on the memory chip, or by stacking more on-chip storage near the computing unit using the three-dimensional stacking technology [START_REF] Akin | Data reorganization in memory using 3D-stacked DRAM[END_REF]. These methods, as shown in Figure 17 (b), are also known as Near Memory Processing (NMP) technology [START_REF] Gao | Practical near-data processing for in-memory analytics frameworks[END_REF]. The NMP technology effectively reduces the transmission distance between the computing unit and the memory unit, which brings great improvements to the system's performance, power efficiency, and throughput.

The second technical route is to implement the logic function directly in the memory cell.

As shown in Figure 17 (c), the ideal IMC device can completely eliminate the dynamic power consumption caused by frequent data transmission between processor and memory, which can fundamentally break through the bottleneck of Von Neumann architecture [START_REF] Zhang | In-memory big data management and processing: A survey[END_REF][START_REF] Chen | Efficient in-memory computing architecture based on crossbar arrays[END_REF]. IMC architectures based on Static Random Access Memory (SRAM) [START_REF] Jeloka | A 28 nm configurable memory (TCAM/BCAM/SRAM) using push-rule 6T bit cell enabling logic-in-memory[END_REF], Dynamic Random Access Memory (DRAM) [START_REF] Seshadri | Fast bulk bitwise AND and OR in DRAM[END_REF][START_REF] Ali | In-memory low-cost bit-serial addition using commodity DRAM technology[END_REF], Phase-Change Random Access Memory (PCRAM) [START_REF] Gallo | Mixed-precision in-memory computing[END_REF],

and Resistive Random Access Memory (RRAM) [START_REF] Chi | Prime: A novel processing-in-memory architecture for neural network computation in reram-based main memory[END_REF] have been proposed in succession. in 2014. As shown in Figure 18, the circuit consists of Pre-Charge Sense Amplifier (PCSA), write circuit, transistor logic tree, and a pair of compensated MTJs. The sum and carry-bit calculations of the full adder can be performed correctly. However, in the complete addition calculation, only input B is stored in MTJ. Input A and Ci must be converted into electrical signals. In addition, if more logic functions are expanded on the basis of this scheme, more complex peripheral circuits and reference resistance trees are required, which will also pose challenges to circuit design complexity and overall performance. Similarly, MRAM memory arrays can be used to implement Multiply Accumulate (MAC)

for neural network applications through the Cross-bar array structure. However, due to the low resistance and switching ratio of MRAM compared to RRAM, the traditional Kirchhoff current superposition calculation method has great challenges in terms of power consumption and calculation accuracy. In order to solve this problem, in the Nature paper jointly published by Samsung Electronics and Harvard University in 2022 [START_REF] Jung | A crossbar array of magnetoresistive memory devices for in-memory computing[END_REF], it is ingeniously proposed that "resistance sum" replaces the traditional "current sum" MAC operation method. As shown in However, in the above design scheme, MRAM array has only the memory function. The logic function of the circuit needs to be realized by reading the memory array, but read result of SA is volatile as the logic output. If the logic output results are used as input to subsequent logic, it needs to be written back to MRAM array. This seriously increases the complexity of the circuit, resulting in inevitable energy consumption and delay. Therefore, some scholars propose another technical solution that is more appropriate to the concept of IMC. In this scheme, the circuit unit can not only have a memory function, but can also perform logical operations. Moreover, the output of the previous logical operation can be used directly as input to the next logical operation without buffering write-back process.

Zabihi [START_REF] Zabihi | In-memory processing on the spintronic CRAM: From hardware design to application mapping[END_REF] et al. propose a Computational Random Access Memory (CRAM) architecture.

Unlike the above architecture, CRAM can perform calculations within an STT-MRAM array rather than in peripheral circuits. In addition, by adjusting the number of input MTJs and adjusting the magnitude of the input voltage, various logic functions can be derived according to the above mechanism. For example, non-logical functions can be implemented when there is only one MTJ input. When there are two input MTJs, AND, OR logic functions can be realized by adjusting the magnitude of the input voltage. When the number of input MTJs is more than two, the majority or minority logic can be implemented by adjusting the input voltage. In addition, the input and output of the in-memory-computing scheme are non-volatile and are stored in MTJ in the form of a magnetized state or magnetoresistance. The outputs of the upper-level logic operation can be directly used as inputs to the next-level logic operation, allowing for great potential for building reconfigurable logic functions. and the other transistor is used to select MTJ participating in the logic operation. The execution logic of the CRAM scheme is carried out entirely in the array, without the assistance of peripheral circuits, which can greatly reduce the area overhead and computing power consumption. In addition, the CRAM also completes the storage operation while performing the logic operation. This kind of IMC strategy that combines storage and computing can take advantage of the high parallelism of MRAM arrays and achieve high computing throughput.

However, this scheme also has some drawbacks. First, when the number of input MTJs is small (less than three), the amplitude of the input branch current needs to be large to ensure that the output MTJs can switch quickly. The large input current mainly causes three problems. On the one hand, it affects MTJ's work-life. On the other hand, there is the possibility of incorrectly switching the input MTJ. Moreover, it will produce a large bias voltage and affect MTJ TMR value (see Section 2.3.1 for details).

Secondly, when the number of input MTJs is large, the determination current margin of output MTJ will be greatly reduced. Taking the majority logic with the five inputs as an example, when three of the five inputs are "1" and two are "0", the resulting sum current I (5,3) = (5+3×TMR) V/RP. In the case of two of the five inputs being "1" and three of them being 0, the corresponding sum current I (5,2) = (5+2×TMR) V/RP. Therefore, the critical current of the output MTJ can only take the intermediate value between I (5,2) with I (5,3). Assuming that MTJ TMR value is 200%, and regardless of the TMR reduction caused by the bias, the current margin ratio, in this case, is calculated to be (0.5×TMR)/(5+3×TMR)×100%=9.1%.

The above two drawbacks can be mitigated by using MTJ with a low critical flip current.

On the one hand, lowering each branch's current can reduce power consumption and increase MTJ life. On the other hand, a reduction in the voltage of each branch also weakens the TMR reduction caused by the bias voltage.

In-memory-computing technology based on magnetic domain device

Except for relatively mature MRAM, spintronic devices based on magnetic domain motion are commonly used in IMC circuits [START_REF] Currivan | Low energy magnetic domain wall logic in short, narrow, ferromagnetic wires[END_REF][START_REF] Allwood | Magnetic domain-wall logic[END_REF][START_REF] Luo | Current-driven magnetic domain-wall logic[END_REF]. Since magnetic domains can move in nanowires under the control of multi-terminal currents, they are more suitable as carriers for logical operations. In addition, the position of magnetic domains can be detected through MTJ, which can realize memory functions. input "11"), and the current can drive the magnetic domain motion beyond the position where MTJ probe is located, MTJ output is "1". Conversely, (i.e., enter "00"), and the output is "0".

When the inputs are "01" or "10", it is possible to determine whether the magnetic domain can exceed MTJ position of MTJ by adjusting the input current amplitude. Thus, AND, and OR logic functions can be implemented [START_REF] Currivan | Low energy magnetic domain wall logic in short, narrow, ferromagnetic wires[END_REF].

The advantage of this scheme is that it can realize full spin logic operations. The output of the previous logical operation can be used directly as input to the next logical operation without buffering write-back process. However, the disadvantage is that the output decision mode is relatively simple, so it can only perform relatively basic AND, OR, and non-logical functions.

For complex functions, multiple iterations of AND, OR, and NOT operations are required, which limits system performance improvement.

Summary and Outline

Spintronic devices and IMC technology are promising ways to reduce power consumption.

Combining these two points together, IMC circuit based on the novel spintronic device will have great potential for future applications. However, it still has many unsolved problems, which is a very valuable topic for research. This thesis focuses on high performance spintronics device and their IMC applications, and the main contents are shown in Figure 22. For STT-MRAM, its storage density, data retention time, write power consumption and endurance are important bases for determining whether it can be widely used commercially.

Specifically, storage density depends on MTJ size. Data retention time depends on MTJ thermal stability. And write power consumption and endurance are mainly affected by critical switching current. However, optimization of MTJ size, thermal stability coefficient, and critical switching current is usually not compatible. Specific reasons are analyzed as follows:

1. MTJ size miniaturization is mainly limited by thermal stability, which is positively correlated with MTJ FL volume. Thus, as MTJ area decreases, thermal stability will inevitably decline.

2. Increasing thermal stability often leads to an increase in critical switching current. MTJ's thermal stability and critical switching current are both proportional to FL's volume. Therefore, the method of thickening FL will inevitably lead to an increase in critical switching current, resulting in high write power consumption. In addition, it will accelerate the aging of the oxide barrier layer, reducing the service life of the device.

To sum up, for a given MTJ size, the thermal stability coefficient and critical switching Although PMA-MTJ technology has contributed to the miniaturization of the STT-MRAM process node to some extent, sufficient thermal stability cannot be determined when MTJ size is further reduced. For example, IBM successfully prepared a 20 nm diameter PMA-MTJ with a thermal stability barrier of only 29 kBT, which is far from meeting the needs for reliable longterm data storage.

In this regard, this thesis carried out research on the thermal stability of MTJ based on CoFeB/MgO material system. Thermal stability of MTJ is mainly derived from the magnetic anisotropy of FL, which is mainly composed of bulk magnetic anisotropy, interface magnetic anisotropy and magnetic anisotropy generated by demagnetization composition, etc. I usually use the thermal stability coefficient (ΔE) to indicate the magnitude of the thermal stability. The relationship between ΔE and the effective magnetic anisotropy energy density (Keff) is expressed as follows

FL eff B B V E E K k T k T    (2.1) 
I eff Bulk dem FL K K K K t    (2.2)
where VFL represents the volume of the free layer, tFL represents the thickness of the free layer, kB is the Boltzmann constant, and T is the temperature in Kelvin. KBulk, Kdem and KI are bulk anisotropy energy density, demagnetic anisotropy density and interfacial magnetic anisotropy density, respectively. Among them, the demagnetic anisotropy is closely related to the shape of the device, so it is called the shape magnetic anisotropy. The specific expression is as follows However, the magnetization of its thick FL is difficult to flip. According to the experimental measurement, the ΔE of PSA-MTJ with a diameter of 10.4 nm is about 90 kBT, the critical switching current density is 3.9×10 11 A/m2, and the magnetoresistance in high resistance state is 90 kΩ. By calculation, the critical switching current is 42 μA. In this way, write voltage should be larger than is 3.6 V. Such a large write voltage does not match the existing chip power supply voltage, so PMA-MTJ has not been widely used in integrated circuits.
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In summary, thermal stability barrier and critical switching current are the key performance indicators of MTJ. However, previous research is usually difficult to optimize both, and research on new device structures is needed to obtain better performance.

Physical Mechanism of Double-barrier Double-free-layer MTJ

In view of the above analysis, this thesis proposes a double-barrier double-free-layer MTJ (DDMTJ). Its device structure is shown in Figure 24, from top to bottom, first is the top RL. In order to better explain the performance improvement caused by the new device structure, I analyze the physical mechanism of two aspects: thermal stability barrier and critical switching current.

Thermal Stability Barrier

The high thermal stability of DDMTJ is mainly due to the ferromagnetic coupling between the double FLs, which is equivalent to increasing the thickness of FL while maintaining the PMA of the magnetization. Therefore, the ΔE of DDMTJ can be regarded as the superposition of the respective ΔE of the two FLs. For each FL, I can use Keff to calculate ΔE according to Equations (2.1) to (2.3). This can be described by the following equations:
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where DW represents the magnetic domain wall width, AS represents the exchange stiffness constant. When the diameter is smaller than DW, the type of magnetization reversal is singledomain magnetization reversal, and ΔE is positively related to the volume and magnetic anisotropy of FL. When the diameter is greater than DW, since nucleation-type magnetization reversal occurs, ΔE becomes a constant.

Critical switching current

Moreover, the double barrier layer structure of DDMTJ can also effectively improve the switching efficiency of STT [76-77] , thereby reducing the critical switching current. In order to illustrate its principle more clearly, the STT switching mechanism of the conventional singlebarrier MTJ (SMTJ) is analyzed first. When electrons pass through the SMTJ in the direction from RL to FL, the spin-polarized current will generate a transmitted STT moment at the interface between FL and the barrier layer, switching its magnetization to P state. When electrons pass through the SMTJ in the opposite direction, the spin-polarized current generates a reflected STT moment at the interface, acting on FL magnetization to flip it to AP state. It should be noted that the transmitted STT is stronger than the reflected STT. Therefore, the critical switching current of SMTJ is usually asymmetric, i.e., the current from P to AP tends to be higher than that from AP to P.

For DDMTJ, the STT enhancement effect of the double barrier layer structure is shown in Figure 25. In order to focus on the advantages of the double barrier layer, here the double FL structure is simplified. When the current flows through the DDMTJ, the electrons flowing in any direction pass through RL-FL-RL successively. The transmitted STT produced at the first interface has the same direction as the reflected STT produced at the second interface. These two torques are superimposed on each other to assist FL magnetization switching. The current direction will determine the final magnetization direction of FL, consistent with the magnetization direction of RL, through which the electrons pass first. In addition, DDMTJ can also eliminate SMTJ critical switching current asymmetry, which will be discussed in details in 2.3.2. The above is the phenomenological explanation of the STT enhancement effect in DDMTJ.

Next, the principle of DDMTJ reducing the critical switching current is discussed through equations derivation. Starting from the LLG equation, the magnetodynamic equation of MTJ can be expressed as
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where m and mr are the unit magnetization vectors of FL and RL respectively, Heff is the effective magnetic field, Heff=2μ0Keff/MS. α is the Gilbert damping factor, γ is the gyromagnetic ratio, g is the STT switching efficiency factor, and JSTT is the STT writing current density. When the spin component in the LLG equation is larger than the damping component, the magnetization of FL starts to flip, corresponding to the following equation
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Critical switching current (IC0) can be calculated by

0 2 eff FL C B eK V I g    (2.12) or 0 0 S FL C K B eM V I H g     (2.13)
where Equation (2.12) is suitable for calculating the critical switching current theoretically by calculating the magnetic anisotropy energy, while formula (2.13) is suitable for measuring the critical switching current by measuring the HK magnetic anisotropy field experimentally.

E=MSHKVFL/2μ0 =KeffVFL. I can also obtain that the IC0 is directly proportional to the ΔE. For the purpose to reduce the IC0 while maintaining ΔE, it is necessary to minimize the damping factor (α) or increase the STT switching efficiency factor (g). α is mainly determined by the material. In this work, the material system of MTJ is determined as CoFeB/MgO, so α is a constant here.

The g factor represents the size of the STT effect, and its value is related to the spin polarizability (PR and PF) of RL and FL. For traditional SMTJ, its g factor can be expressed as:

  ( ) 2 1 cos( ) F SMTJ F R P g P P     (2.14)
where θ is the angle between the magnetization of the free layer and the magnetization of the reference layer. When MTJ is in a parallel state, θ = 0; when MTJ is in an antiparallel state, θ = π. gSMTJ (0) < gSMTJ (π), which theoretically explains that the STT effect of reflection in the process of P→AP is weaker than the STT effect of transmission in the process of AP→P. It is usually assumed that PR and PF are equal, so formula (2.9) can be abbreviated as:
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For DDMTJ, the enhanced STT is equivalent to the sum of the transmitted STT and the reflected STT, so its g factor can be written as
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Substituting gSMTJ and gDMTJ into Equation (2.2) respectively, I obtain that: DDMTJ can reduce half of the critical switching current by enhancing the STT switching efficiency factor g. At the same time, the asymmetry of the critical switching current of the traditional SMTJ is also eliminated, and the performance of the device is significantly improved. Conversely, the DDMTJ is in the "1" state with higher magnetoresistance. TMR effect of DDMTJ is expressed as follows:

0 APT PB R R R  
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RPT and RAPT correspond to the magnetoresistance of P state and AP state of the top oxide barrier layer. While RPB and RAPB correspond to the magnetoresistance of P state and AP state of the bottom oxide barrier layer, respectively. Since on-off ratio of the device is (R1-R0)/R0, the values of RPT and RPB cannot be closed. Otherwise, the overall TMR ratio will be significantly reduced.

In order to solve this problem, the two oxide barrier layers are designed to have different thicknesses. The thickness of the top oxide barrier layer is very thin, about 0.4 nm. And the thickness of the bottom oxide barrier layer is similar to that of traditional SMTJ, about 0.8 nm.

In this way, the magnetoresistance of the DDMTJ is mainly provided by the bottom oxide barrier layer. In addition, another experimental solution is to reduce the pressure value of oxygen in the process of preparing the top oxide barrier layer [START_REF] Thomas | Perpendicular spin transfer torque magnetic random-access memories with high spin torque efficiency and thermal stability for embedded applications[END_REF]. The oxygen content of the top oxide barrier layer can be reduced. Based on the above methods, DDMTJ can maintain a high on-off ratio. and RAPT(B)) can be expressed as [START_REF] Zhang | Compact modeling of perpendicular-anisotropy CoFeB/MgO magnetic tunnel junctions[END_REF]: 
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where TMR(0) represents the TMR ratio of MTJ under zero external voltage. Vh is the reference voltage value. When Vbias=Vh, the TMR ratio of MTJ is reduced by half, i.e., TMR(Vbias)=0.5×TMR(0). It should be noted that the bias voltage model of DDMTJ is more complicated than that of traditional SMTJ, because the two oxide layers will divide part of the total voltage, affecting the value of RAP. Moreover, the RAP affected by the bias voltage will also have an impact on the voltage division of the resistance. Using the parameters listed in Table 1, The key parameters of the DDMTJ thermal stability barrier model are KEff and ΔE. Their calculation method has been given by Equations (2.1) to (2.7), and will not be repeated here.

the
The DDMTJ write sub-model is shown in Figure 28, which describes the magnetization switching process of FL. The key parameters are the critical switching current (IC0) and the average time required for magnetization switching (⟨𝜏⟩ ). Based on the LLG equation, the angular components θ and φ of FL magnetization in the spherical coordinate system can be expressed as: Here, τ mainly considers the magnetization processing time from θ=θ0 to θ=90°. Because when θ > 90°, FL magnetization will flip to 180° in response to damping torque even without STT current. However, a specific switching time cannot be obtained so far, because the initial magnetization angle is a random value around 0° affected by thermal disturbances. In order to estimate the average switching time, the probability distribution function of the initial angle (θ0) is first studied:

𝜕𝜃 𝜕𝑡 = - 𝛼𝛾𝐻 𝑐𝑜𝑠 𝜃 -𝜉𝑔 𝐽 1 + 𝛼 𝑠𝑖𝑛 𝜃 (2.
𝑃(𝜃 ) = 𝑃 𝑒𝑥𝑝( -∆𝐸 𝑠𝑖𝑛 𝜃 ) (2.30)
where P0 is the normalized probability coefficient. Since the integral of the probability distribution function is equal to 1, P0 can be calculated by the following formula:
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Based on the probability distribution function of θ0, the average value of the initial angle ⟨𝜃 ⟩ can be calculated by the following formula:
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Similarly, by substituting equation (2.29), the average time of magnetization switching (⟨𝜏⟩) can be obtained, and the derivation process is as follows
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The Verilog-A language implementation of the DDMTJ electrical behavior model is presented below. First, the ports of the model are defined, mainly including four ports: T1, T2,

x, and Ttrans. Among them, T1 and T2 are the actual DDMTJ ports, and x and Ttrans are virtual ports, which are used to assist model users to observe the magnetization state of DDMTJ in real-time. The x port is used for static simulations, and Ttrans considers the determination of switching time, which is suitable for transient simulations. Specific code is as follows:

Next the parameter variables are defined. The define statement is used to define constants, such as the charge constant e. Define the parameter variables of the device through the parameter statement, where real means that the data is a real number type, such as the thickness of FL, i.e., "tFLT" and "tFLB". And integer means that the data is an integer type, such as the magnetization state "PAP", and the range of variables can be limited according to actual conditions. The real statement is used to define the intermediate variables, such as the critical switching current "IC0". Note that only a few examples of parameter definitions are given here, and the complete model is detailed in Appendix.

Based on the defined parameter variables, the key parameters of the model are extracted according to Equations (2.17) to (2.33), and the electrical behaviors of device are described on the basis of the physical model. This part is the core work of DDMTJ model. V (T1, T2)

represents the voltage between terminals T1 and T2. This voltage has its direction, with T1

---------------------------------------------------------------------------
module Model(T1,T2,x,Ttrans); inout T1, T2; electrical T1, T2; inout x,Ttrans; electrical x,Ttrans;

--------------------------------------------------------------------------- ---------------------------------------------------------------------------
`define e 1.6e-19

parameter real tflt=1.6e-9 from[1.0e-9:1.6e-9];

parameter real tflb=1.0e-9 from[1.0e-9:1.6e-9];

parameter integer PAP=0 from[0:1]; real Ic0 ---------------------------------------------------------------------------
terminal as the positive pole and T2 as the negative pole. The use of if begin and else begin of the conditional judgment statement here is similar to the usage of if and else statements in C language. The specific electrical behavior description is shown in Figure 29. First, read sub-model calculates the magnetoresistance value and current according to the initial magnetization MTJ state and the input voltage. Then, write sub-model determines whether magnetization reversal may occur according to the magnetization state and current direction of MTJ. When DDMTJ is in state "0" and the current direction is "T2→T1"; or when DDMMJ is in state "1" and the current direction is "T1→T2", the magnetization state of DDMTJ may be reversed. Next, determine whether write current is greater than IC0. When write current is greater than IC0, the magnetization state of MTJ may be reversed, otherwise, it cannot be reversed. At last, determine whether the pulse width of write current exceeds the required time. If satisfied, the magnetization of MTJ will be reversed, otherwise, the magnetization state of MTJ will remain unchanged.

To sum up, the conditions of current direction, magnitude and pulse width must be satisfied at the same time, and MTJ will complete the magnetization switching. It should be noted that when write current is less than IC0, the magnetization of FL may still be accidentally switched under the thermal disturbance. This mechanism is called thermally assisted magnetization switching. It usually takes several orders of magnitude longer time than the STT switching. In addition, its switching time is random from a relatively large range, making it difficult to estimate. Therefore, I do not take thermally assisted mechanism into account here. For the case where write current is less than IC0, the magnetization of MTJ cannot be flipped in nanoseconds.

- 

-------------------------------------------------------------------------- Vc=V(T2,
---------------------------------------------------------------------------
For the output module of the model, unlike the numerical assignment symbol of "=", the Verilog-A language uses the assignment symbol "<+" to assign values. Where "I (T1, T2)" is the current signal calculated based on the input voltage signal and the magnetoresistance, which is obtained from reading sub-model. "I (x)" and "V (Trans)" are virtual signals used to represent MTJ state. Among them, "V (Trans)" take the switching delay into consideration. These two outputs are coded into the writing the sub-model.

Electrical Simulation

Based on the constructed DDMTJ electrical behavior model, this work developed the Symbol of the model on the Cadence simulation platform, and carried out electrical simulation on the unit circuit of the device. Here, the device size is set to 20 nm. Finally, the effect of process deviation on the device is studied based on Monte Carlo simulations. The diameter of MTJ, the thickness of each layer, and the TMR value may have a certain fluctuation due to the process deviation. At the same time, the thermal disturbance may have a certain impact on the magnetization initial angle. Therefore, magnetoresistance, IC0, and <τ> of the device will fluctuate to a certain extent near the theoretical calculations. The parameter error settings in this simulation are shown in Table 2. R1 will become larger, even resulting in an overlapping region. It means that there is a possibility that R0 could be greater than R1, which will lead to reading errors directly. In order to avoid these situations, a more mature and less error-prone MTJ fabrication process is required, and increasing the TMR ratio of MTJ is also an effective means to reduce reading error rate. There are differences in the current amplitudes of the various curves, which are caused by different magnetoresistances resulting from the process deviations. In addition, for the same curve, the STT switching time during each of the two cycles is also different, which is mainly caused by STT stochastic behavior.

Based on the physical model constructed in this chapter, the performance of DDMTJ, such as IC0, ΔE, and STT switching efficiency, etc., was compared with traditional SMTJ. For high storage density requirements, another spintronic device, i.e., Racetrack Memory (RM) is proposed, as shown in Figure 37(a). Magnetic domains with magnetization up or down in magnetic nanowires are used to store binary data "0" and "1", respectively. Since a single magnetic domain can reach a very small size (about 40 nm), a magnetic nanowire can contain dozens or even hundreds of such magnetic domains at the same time, so the area occupied by a single bit of information is very small [START_REF] Annunziata | Racetrack memory cell array with integrated magnetic tunnel junction readout[END_REF]. In a way, RM works like a shift register [START_REF] Venkatesan | Tapecache: A high density, energy efficient cache based on domain wall memory[END_REF][START_REF] Venkatesan | Cache design with domain wall memory[END_REF]. To access data at a specific location, it needs to be moved to MTJ for reading or writing. The shift operation of the RM can be derived by magnetic field or current driving the magnetic domain sequence in the nanowire for directional movement. Compared to STT-MRAM, RM has ultra-high storage density and is considered an ideal candidate for building the next generation of large-capacity on-chip memory.

However, despite its advantages such as ultra-high storage density and non-volatility, racetrack memory still has some bottlenecks to overcome. For example, conventional racetrack memory is typically a tape-shaped nanowire structure, and some magnetic domain sequences are removed from both ends of the nanowire during the data shift process, resulting in data loss, as shown in Figure 37 (b). This phenomenon is known as the data overflow issue. To prevent the loss of stored data due to data overflow problems, one solution is to directly reduce the number of bits of data stored in racetrack memory, for example, in a nanowire that can accommodate up to 32 magnetic domains. Only 16 of these are used to store data. Domains are used to prevent data overflow caused by shift operations, which directly reduces RM storage density by half compared to the theoretical maximum. Another solution is to use external registers to temporarily store the overflow data and then write it back to RM [START_REF] Zhang | Hi-fi playback: Tolerating position errors in shift operations of racetrack memory[C[END_REF], which would result in a lot of additional operations and power consumption [START_REF] Zhang | Ring-shaped racetrack memory based on spin orbit torque driven chiral domain wall motions[END_REF].

In addition to the problem of data overflow, the delay and power consumption caused by the shift operation of the RM also need to be optimized. If the data to be accessed is stored far away from MTJ probe, a large number of shift operations are required, corresponding to higher time delay and energy consumption. In order to alleviate this problem, on the one hand, it is necessary to optimize the structure of the device and reduce the number of shift operations. On the other hand, it is necessary to increase the moving speed of the magnetic domain sequence in the nanowire to reduce the delay and energy consumption of per shift operation.

Physical Mechanism of Ring Racetrack Memory

Ring-shaped nanowire structure

For the above background, this thesis proposes a ring-shaped RM based on SOT currentdriven magnetic domain sequence movement, as shown in Figure 38. Its ring structure can effectively overcome the data overflow problem of traditional tape-shaped RM. In addition, it can improve the efficiency of shift operations. For example, for a traditional RM with a storage capacity of 8 bits, the worst data matching situation is that MTJ is located at 0x0, and the data to be accessed is stored at 0x7), which requires seven shifts to operate. For the proposed ringshaped RM, it only needs one left-shift operation to shift from 0x0 to 0x7. And the worst-case data matching of this ring structure requires at most 4 shift operations (e.g., from 0x0 to 0x3). Further, as shown in Figure 39, there needs to be a certain gap between the two terminals of the heavy metal layer to ensure that a directional ring current (JRing) can be formed. However, this produces a local short-circuit current (JGap) at the gap, which affects DW motion in this local area. According to Kirchhoff's law and the resistance ratio of the heavy metal layer to the ferromagnetic layer in this area, JRing and JGap have the following relationship:

Ring HM HM Gap FM Gap J L J L        (3.1)
where ρHM and ρFM respectively represent the resistivity of the heavy metal (HM) layer and the ferromagnetic (FM) layer, LHM represents the length of the HM layer, and LGap represents the length of the gap. Substituting the above parameters, the JGap is several times that of the JRing, which may affect the local motion of the DW at the gap. 

Magnetic domain movement driven by spin orbit torque

SOT-based chiral magnetic domain wall (DW) motion exhibits high-efficiency magnetization switching and moving speed. HM with strong spin-orbit coupling, such as Pt, Ta, etc., is added under FM nanowires. When current passes through the HM layer, SOT will be generated to induce chiral motion of magnetic DWs in FM nanowires. Unlike STT-based current-driven DW motion, SOT-driven chiral magnetic DW motion has the same direction as applied current. By solving the LLG equation that integrates the STT effect and the SOT effect, the time-dependent magnetization dynamics of FM can be expressed as follows [START_REF] Yu | Switching of perpendicular magnetization by spin-orbit torques in the absence of external magnetic fields[END_REF]:
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where m is the unit vector of magnetization, α is the Gilbert damping constant, γ is the gyromagnetic ratio, MS is the saturation magnetization, τSTT and τSOT represent the STT term and the SOT term generated by the input current, respectively. Heff is the effective magnetic field, including the equivalent magnetic field generated by Zeman (the size is δE/δm, and the direction is along the z-axis), the external magnetic field, and the equivalent magnetic field generated by the Dzyaloshinskii-Moriya-interaction (DMI) effect, i.e., HDMI= D/μ0MSΔ, whose direction is along the x-axis. Where D is the DMI constant, μ0 is the vacuum permeability, and Δ represents the width of DW.

For the τSTT term, there is
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where u is the STT current velocity, the direction is the same as the current direction, and the magnitude is u=μBPJRing/eMS. μB is the Bohr magneton constant, P is the spin polarizability, e is the charge constant, and β is a dimensionless non-adiabatic parameter.

For the τSTT, it is mainly generated by the Rashba effect and Spin Hall Effect, as follows:
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where the first term on the right side of the equation is the Rashba term. Under the interaction of the Rashba effect, charge currents in thin FM layers parallel to asymmetric interfaces generate spin accumulation that can interact with local magnetization through exchange coupling, generating an equivalent field of HRashba =αRJRingP/μBMS, whose direction is along the y-axis. Here αR is the Rashba parameter.

The second term is caused by the Spin Hall Effect. The charge flow through the in-plane direction in the HM layer will generate a vertical spin current due to the spin-related scattering effect, and the spin current can diffuse upward to the FM layer, acting on its magnetization. The equivalent field of Spin Hall Effect can be expressed as HSHE=ℏθSHJRing/2eMStF, whose direction is along the z-axis. Here ℏ is the reduced Planck constant. θSH is the spin-Hall angle, and tF is the thickness of the FM layer.

Based on the above equations, micromagnetic simulation of the magnetic domain sequence motion in the nanowire can be performed. Micromagnetic simulation is a common method to study the motion of magnetic DWs. The evolution and distribution of magnetization in a magnetic system follows the magnetic dynamics equation and tends to process at minimum energy. From the perspective of microscopic magnetization, the motion of the magnetization vector in the ferromagnet is analyzed. The commonly used micromagnetic simulation softwares are OOMMF, MuMax, etc., which use finite difference methods to numerically solve the LLG equation. OOMMF is mainly used in this thesis, and the parameter variables and their default values used in micromagnetic simulation are listed in Table 3. For the proposed ring-shaped RM, the micromagnetic simulation mainly verifies the following two points: First, whether the magnetic domain sequence can exist stably in this circular nanowire structure, and whether it can move rapidly under the SOT driven current.

Second, whether the short-circuit current will affect the shift function of RM. (e-h) Motion of magnetic domains in the "bend track".

The proposed ring-shaped RM is mainly composed of "straight track" and "bend track".

Figure 40 (a-d) depicts the movement of magnetic domain sequences in a "straight track" during 0.6 ns. The width of the nanowire is set as 40 nm, the length is set as 1.28 μm. For a single domain, its length is 150 nm, and width is 10 nm. And the SOT driven current density is

JRing=2×10 12 A/m 2 .
It is observed that the speed of DW motion in the "straight track" is about 330 m/s. DWs are observed to tilt away from the transverse axis, which is consistent with the experimental phenomenon. This DW tilting is caused by the balance between magnetic energy that is proportional to the DW surface and energy associated with the effective field generated by spin orbit interaction. As the applied current increases, the effective field rotates DW magnetization away from the longitude direction in which SOT reaches its maximum.

Figure 40 (e-h) depicts the movement of magnetic domain sequences in circular nanowires starting to 1.2 ns. The width of the nanowires is set as 40 nm, the diameter is 1.024 μm, and other settings are the same as in the "straight track". It can be seen from the simulation results that DW can exist and move stably in a circular nanowire, and has a certain inclination angle as well.

DW with different tilt angles are also stable in "bend track". This can be explained by the DW tilt principle, that is, the magnetic system will remain stable in a configuration with minimal energy. Although DW tends to change the tilt angle during "bends" movement, this also enlarges the DW surface, which will tilt in the opposite direction to achieve the lowest energy.

In addition, it was not found that the magnetic domain sequence changes significantly in the gap, which is mainly due to the following points. First, the DW driving capability of SOT current and STT current is quite different. With the same current density, the speed of SOTdriven DW motion is usually dozens of times that of STT-driven DW, so the influence of JGap is small. On the other hand, in the local area at the gap, the DMI exchange effect generated by the HM/FM interface is reduced. Since the DMI action can be regarded as a transverse equivalent magnetic field [START_REF] Ryu | Chiral spin torque at magnetic domain walls[J][END_REF], its equivalent lateral magnetic field at the gap will be locally reduced and just offset the action of JGap. In summary, the local short-circuit current does not have a great influence on the directional motion of the magnetic domain sequence in the nanowire.

Finally, the "straight track" and "bend track" are combined into a ring nanowire structure.

I perform micromagnetic simulations to demonstrate the DW motion in the ring nanowire, as

shown in Figure 41. The magnetic domain sequence can be stably maintained in the ring nanowire, and it can make rapid directional movement under the drive of SOT current, which verifies the feasibility and reliability of the ring-shaped RM.

As shown in Figure 41 (a), the input is a current signal with amplitude of 1 × 10 12 A/m2 and pulse width of 0.8 ns. In order to reduce the impact of this inertia on the reliability of the RM, artificial notches are added to assist pinning [START_REF] Thomas | Dynamics of magnetic domain walls under their own inertia[END_REF][START_REF] Komine | Influence of notch shape and size on currentdriven domain wall motions in a magnetic nanowire[END_REF]. For example, the magnetic domain in Figure 41 (e) continues to move due to inertia after the pulse current ends until the next notch stops moving, as shown in Figure 41 (f). Here, the width of the nanowires is 40 nm, the distance between the artificial grooves is 400 nm, and the calculated velocity of the magnetic domain motion is about 330 m/s. 

Modeling of racetrack memory 3.3.1 Device Modeling

In this section, Verilog-A language is used to model the ring-shaped RM. Verilog-A language description of input and output ports is as follows. T1, T2, T3 and T4 are the actual circuit ports, the current input between T1 and T2 ports can simulate the current passing through the horizontal direction in the HM layer, and the current passing through T3 and T4 ports can simulate read-write current in the vertical direction. The S1 and S2 ports are virtual ports, which are responsible for data shift operation. 
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where X is used to describe the position of DW, and φ is used to describe the angle between the magnetization direction and the easy plane.  and X  represent its time-differential. When the magnetic domain is in a stable state, i.e.  =0, X  corresponds to the DW velocity (vDW), which can be expressed as 2 2 1 ( )
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Substituting HDMI=D/μ0MSΔ and HSHE=ℏθSHJRing/2eMStF into Equation (3.7), the relationship between vDW and JShift can be obtained, as follows:
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Based on this formula, the shift sub-model can not only accurately describe the shift behavior of RM, but also effectively simplify the calculation process and save simulation resources.

For a given voltage input, the magnitude of the SOT current is related to the resistance value (RHM) of the heavy metal layer, and RHM can be expressed as
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where N represents the capacity of the RM, i.e., the number of magnetic domains in a nanowire, ρ, w, and tPt represents the resistivity, width, and thickness of the HM layer, respectively. l represents the unit length of a single domain.

The shift sub-model behavior is described as follows: First, the resistance of the HM layer is calculated according to the device size. Then I can obtain the shift current density (JShift) according to resistance and the applied voltage between T1 and T2. Next, JShift is substituted into the 1-D model to calculate the vDW. Finally, the distance of the magnetic domain motion (s=vDW•τshift) is calculated by multiplying the velocity by the pulse width of the shift signal (τshift).

According to total distance and the unit length of single domain (l+Δ), I can obtain the number of the shift operations. Specific Verilog-A code implementation is given below.

Figure 44 shows the relationship between the vDW and JShift. Compared with the STT current-driven DW, the SOT-driven chiral DW motion can achieve higher vDW at a lower driving current. In addition, for SOT mechanism, when JShift is less than 2×10 12 A/m 2 , the increase of JShift will lead to a significant increase in vDW. Whereas JShift exceeds 2×10 12 A/m 2 , vDW no longer changes significantly with the increase of JShift. Therefore, JShift=2×10 12 A/m 2 is a more suitable, which can have both high speed and low power consumption. Moreover, the electrical simulation results are consistent with the micromagnetic simulation results in Section 3.2.2, which verifies the accuracy of the model.

- ------------------------------------------------------------------------- Read and write sub-model of RM is similar to that of MTJ, which was introduced in details in the previous chapter and will not be repeated here. The parameter variables applied in the model and their assignments are listed in Table 4. 

Electrical Simulation

Based on the constructed model and CMOS Process Design Kit (PDK), the unit circuit and read/write circuit of the circuit memory can be designed on the Cadence platform, and the model function can be verified through electrical simulation. Read circuit of the proposed RM is shown in Figure 46. A Pre-Charge Sense Amplifier (PCSA) is used in read circuit, which has lower power consumption and read error. The PCSA read circuit is controlled by read enable signal "Read EN". When the "Read EN" signal is turned off, the circuit is in the "precharge phase", precharging the voltages of the two branches to VDD.

When the "Read EN" signal is on, the circuit is in the "evaluation phase". both branches begin to discharge at the same time. The branches with the lower resistance discharges faster. When its voltage drops to the threshold voltage of the PMOS transistor, MP1 or MP2 will be turned on, thus voltage of another branch will be pulled up to VDD. The voltage of the Qm point in the "evaluation phase" is the output of PCSA. In order to ensure the accuracy of PCSA, the reference resistor (RREF) should be between MTJ magnetoresistances RP and RAP, preferably the middle value of RP and RAP. Write circuit of the ring-shaped RM is shown in Figure 47, it is jointly controlled by write enable signal "Write EN" and input signal "Input". When the "Write EN" signal is on, the output of AND logic gate (AND1) is the non-input of the "Input" signal. The output of AND2 is same as the "Input" signal. When the "Input" signal is "1", the transistors MP4 and MN9 are turned on, the current flows from the power supply VDD through MP4-MTJ-MN9 to the ground. For MTJ, the current flows from RL to FL, whereas electron movement has the opposite direction.

Thus, MTJ is switched to AP state, writing data "1". When the "Input" signal is "0", the transistors MP5 and MN8 are turned on, and the current flows from VDD through MP5-MTJ-MN8 to the ground. For MTJ, the current flows from FL to RL, MTJ magnetization state is switched to P state, writing data "0".

Based on the above circuit design, I conducted electrical simulation on the Cadence Virtuoso 6.1.5 simulation platform using the constructed RM model and 28 nm PDK. Figure 48 shows the timing of the control signal and the circuit simulation results. The cycle of clock signal "CLK" is 300 ps, which corresponds to the main frequency of 3.3 GHz. Since magnetic domain moves at a speed around 300 m/s, and the single magnetic domain length is 45 nm.

Each single shift signal, i.e., "SC" or "SA" take up half a clock cycle, about 150 ps. In addition, "Read EN" takes up one clock cycle and lasts about 300 ps. "Write EN" takes 20 clock cycles and lasts about 6 ns, which is the STT switching time. is 0x0, and the data stored in the magnetic domain is read as "0". Then, with the "SC" signal, RM moves the bits clockwise to 0x1, 0x2, and 0x3, reading the data as "1", "0", and "1" sequentially. Next, the "SA" signal moves the accessed-bit anticlockwise to 0x2 and 0x1 sequentially. At last, write operation is performed. Under the control of the "WL" and "Write EN" signals, the data at the 0x1 position is written as "0", which is read out by the next read operation. Circuit simulation verifies the function of the proposed electrical model, which can be used as a very practical tool in circuit design and simulation.

Finally, based on the circuit simulation results, I evaluate the delay and energy consumption required for the shift, read and write operations. Among them, the unit time required for every shift operation (TShift) can be calculated by ( )
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The shift operation energy (EShift) is the energy required to move all bits within a circular nanowire by one unit distance. Here the capacity of the RM is set as 32 bits. It is mentioned in section 3.3.1 that the optimal driving current density (JShift)is 2×10 11 A/m 2 , i.e., IShift = JShift×w×tPt =120 μA. Therefore, EShift can be calculated by 2 ( 2)
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The resistance of the NMOS transistor (RNMOS) can be estimated by the following equation:
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where μN is the carrier mobility. COX is the gate oxide capacitance per unit area. W and L are the channel width and length of the transistor, respectively. VGS is the gate-source voltage. and VTH is the threshold voltage of the NMOS transistor.

In In Chapter 3, by optimizing the structure of the device, the storage density and shift efficiency of the RM are improved. However, for the applications of spin logic, it is still necessary to further increase the DW speed. However, there is a speed bottleneck in the FM material system, such as the "Walker Breakdown" phenomenon. This phenomenon occurs when the SOT-driving current exceeds the critical threshold current. Magnetic DW will oscillate due to angular precession, resulting in a sudden drop in the velocity. Therefore, the highest reported speed of magnetic domain motion in ferromagnet is several hundred meters per second, which is difficult to increase further.

Therefore, in addition to optimizing the structure of the device, improving the material system is also one of the important methods, which is expected to fundamentally solve the speed bottleneck of FM materials. For instance, researchers have recently reported ultrahigh-fast DW motions in antiferromagnetic (AFM) material systems. Due to the inhibitory effect of AFM lattice structure on the angular precession of magnetic domains, the DW velocity can be significantly increased. However, there is also a well-known problem in the AFM material system. AFM materials basically generate no magnetic fields and are basically unaffected by magnetic fields, so their magnetic domains are very difficult to generate, manipulate, and detect.

Another solution is to use a synthetic antiferromagnetic (SAF) structure. Two FM layers form a SAF structure through the antiferromagnetic coupling of Ta or Ru layers. The total net magnetic moment is regulated by the thickness of the two FM layers. However, when the net magnetic moment of the SAF is close to zero, it still has the same problem as that of the AFM, which hinders the study of magnetic dynamics in SAF.

The proposal of ferrimagnetic (FiM) materials effectively solves the above problems. It not only breaks through the speed bottleneck of the FM material system, but also avoids the difficult detection problem of the AFM material system, attracting the attention of researchers.

Ferrimagnetic alloys are composed of rare earth (RE) and transition metal (TM) elements, in which two unequal sublattices form spin AFM coupling. Recently, FiM ultra-high-speed magnetic domain motion (over 1000 m/s) driven by magnetic field [START_REF] Kim | Fast domain wall motion in the vicinity of the angular momentum compensation temperature of ferrimagnets[END_REF] and SOT current [START_REF] Caretta | Fast current-driven domain walls and small skyrmions in a compensated ferrimagnet[END_REF][START_REF] Cai | Ultrafast and energy-efficient spin-orbit torque switching in compensated ferrimagnets[END_REF] has been experimentally obtained. In the experiment of magnetic domain movement in FiM alloy (composed of FeCoGd) driven by magnetic field, as shown in Figure 49, a special relationship between the vDW and temperature (T) was observed. As shown in Figure 50, when the temperature is at a certain value, the vDW reaches its peak and gradually decreases as the temperature deviates. This point is so called the FiM angular momentum moment compensation point, which is written as TA. Utilizing the ultra-fast magnetic precession of FiM materials near the TA, the magnetic domain motion with a speed as high as several kilometers per second can be obtained, which is expected to realize terahertz spin logic devices. However, for experiments [START_REF] Caretta | Fast current-driven domain walls and small skyrmions in a compensated ferrimagnet[END_REF][START_REF] Cai | Ultrafast and energy-efficient spin-orbit torque switching in compensated ferrimagnets[END_REF] in which the SOT current drives the DW motion, as shown in Figure 51, the temperature is not precisely regulated as in the case of magnetic field driving. Instead, it will gradually increase with time, affecting the ferrimagnetic DW motion. This is caused by the Joule heating effect of the current. In the current driven mode, the temperature rise of the device caused by the Joule heating effect is almost inevitable. As shown in Figure 52 In previous designs and studies based on FiM devices, researchers have focused only on ultrafast magnetic precession at TA. In general, the temperature is usually assumed to be a fixed value near TA. But this assumption is difficult to establish in practical applications, because the Joule heating effect of the current will significantly increase the temperature of the device. This will cause the temperature to deviate from TA, resulting in a significant drop in DW velocity.

This phenomenon has been confirmed experimentally. Therefore, the influence of temperature must be fully considered in practical applications. How to overcome or utilize the influence of temperature on ferrimagnetic dynamics has also become a key research problem in the practical application of ferrimagnetic devices. where MCo and MGd are the saturation magnetization of Co and Gd respectively, and there values are closely related to the temperature, as shown in the following formula:

Physical mechanism of ferrimagnetic ultrafast magnetic domain motion
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Wherein, T is the Kelvin temperature, TC is the Curie temperature, MCo(0), MGd(0) are respectively the saturation magnetization of Co and Gd at 0 K, which can be obtained by measuring the saturation magnetization at different temperatures and fitting with the Equation (4.2) and (4.3). For ferrimagnets, there is a temperature that makes total saturation magnetization (MS) equal to zero, and this temperature is called the magnetization compensation point, written as TM.

The angular momentum moment has a very important relationship with the magnetization precession speed. The magnetization angular momentum moment can be expressed as follows:

S Co Co Gd Gd A M M     (4.4)
where AS is the angular momentum moment of the FiM alloy. The temperature at which AS=0 is defined as the angular momentum moment compensation point (TA). γCo and γGd are the gyromagnetic ratios of Co and Gd respectively. Since γCo≠γGd, TA is not equal to TM. Based on the solution of the 1-D model for the LLG equation, the relationship between vDW and AS in FiM alloys can be expressed as follows:
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where α is the Gilbert damping factor, λ represents the width of DW, and H represents the magnitude of the applied magnetic field. Substitute the experimental data in reference [START_REF] Kim | Fast domain wall motion in the vicinity of the angular momentum compensation temperature of ferrimagnets[END_REF] into Equation (4.5), Figure 54 shows the results the calculation by the physical model, which is basically consistent with the experimental measurement in Figure 50. The accuracy of the physical model is verified. It can be found that when the temperature is near TA, DW velocity can reach a peak of several kilometers per second.

For the method of SOT current driving with wider application prospects [START_REF] Mishra | Anomalous current-induced spin torques in ferrimagnets near compensation[END_REF][START_REF] Finley | Spin-orbit-torque efficiency in compensated ferrimagnetic cobalt-terbium alloys[END_REF][START_REF] Siddiqui | Current-induced domain wall motion in a compensated ferrimagnet[END_REF], the DW velocity can be derived from the FiM equivalent 1-D model. 
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where D is the DMI parameter. jHM is the current density flowing through the HM layer, αFiM is the equivalent damping factor of the FiM alloy, and tFiM is the thickness of FiM layer. Therefore, one of the main advantages of FiM materials is its ultra-fast magnetic dynamics.

Since the angular momentum moment can be completely compensated, the FiM material system can overcome the speed bottleneck in the conventional FM material system. From a numerical point of view, the ferrimagnetic DW velocity can be as high as several kilometers per second, while that in traditional FM materials is limited to several hundred meters per second due to "Walker Breakdown".

Ferrimagnetic temperature effect

In the simulation results of ferrimagnetic domain motion, I not only pay attention to the peak velocity at TA, but also find that when the temperature gradually deviates from TA, the vDW will have a very obvious downward trend. This verifies that temperature is one of the key factors affecting ferrimagnetic dynamic properties. In addition, owing to the Joule heating effect of the current, the device temperature will continue to rise over time. The temperature will not be stable near the compensation point, which will have a significant effect on the magnetic dynamics in the ferrimagnetic alloy.

In this thesis, a ferrimagnetic correlated Joule heat sub-model is constructed, which can calculate the real-time temperature of FiM devices. This sub-model mainly includes three effects: Joule heating effect, heat dissipation effect, and temperature change effect. Joule heating effect and heat dissipation effect are shown in the following formulas:
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where QH represents the heat generated by the Joule heating effect, I represents the amplitude of the current, R represents the resistance of the device, and Δt represents the heating time.

For the heat dissipation equation, QC represents the heat dissipated, k represents the heat dissipation coefficient of the medium, A represents the contact area of the medium, L represents the heat dissipation distance of the medium, and TR represents the room temperature. i=1, 2, and 3 represent dielectrics such as metal electrodes, substrates and air, respectively. The heat difference between QH and QC will cause a temperature change, which can be expressed as
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where j=1, 2 represent FiM layer and HM layer respectively, cp represents the thermal capacitance, m represents its mass, ρm represents its density, l represents its length, w represents its width, t represents its thickness. Based on formulas (4.6) to (4.12), the real-time temperature can be calculated by the micro-element iteration method. However, this method requires multiple iterations, takes a long time, and consumes computing resources. Therefore, this work uses another analytical formula to represent the real-time temperature of the device, as shown in the following equations.
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where ΔT∞ represents the temperature change after stabilization, and c represents the cooling coefficient. This physical model can calculate the real-time temperature directly according to Equation (4.13) to (4.15). Its results are close to those calculated by the micro-element iteration method. This method is suitable for the construction of compact models and can effectively save simulation time and computing resources. The results are similar to those calculated by the micro-element iterative method. This method is suitable for the construction of compact models and can effectively save simulation time and computing resources.

The combination of FiM ultrafast dynamics and temperature effect is beneficial to the research of the unique magnetic dynamics properties of ferrimagnetic materials, and has practical application value for the exploration of ultrafast logic devices.

Modeling of ferrimagnetic domain devices 4.3.1 Device Modeling

In this section, use Verilog-A language to model ferrimagnetic domain devices. Figure 56 shows the electrical model, which has six terminals T1, T2, T3, T, v and s. Among them, terminals T1, T2 and T3 are the actual electrical terminals: the input current of terminals T1

and T2 can simulate the current flowing in HM layer. T3 is connected to MTJ probe. When T2 and T3 are turned on, the magnetoresistance of MTJ can be read. In addition, this model also has three virtual ports of T, v and s, mainly to facilitate users to view the temperature, the velocity and distance of the magnetic domain motion in real time. In summary, the Verilog-A language of the input and output terminals of the FiM domain device model is described as follows. --------------------------------------------------------------------------module Model(T1,T2,T3,T,v,s); inout T1, T2, T3; electrical T1, T2, T3;

output T,v,s; electrical ,T,v,s; ---------------------------------------------------------------------------
state, and the output is "0". Whereas s<l, the magnetoresistance is high, the output is "1". The following is the Verilog-A code implementation of the above electrical behavior. - ------------------------------------------------------------------------- ---------------------------------------------------------------------------

Electrical Simulation

Based on the constructed model, the doping ratios of RE and TM elements in ferrimagnetic alloys can be adjusted to study the effects on ferrimagnetic properties. Figure 59 shows the simulation results of the corresponding saturation magnetization (MS) and angular momentum (AS) as a function of doping ratio at room temperature. It can be observed that for ferrimagnetic alloys near the compensation point, even a slight change in doping concentration can have a significant effect on the MS and AS. When the Co element ratio (x) is about 75%, the MS of the ferrimagnetic alloy is near to zero. Thus, the magnetization compensation doping ratio of xM =75% for CoGd alloy at room temperature is obtained. In addition, when x is about 77%, the AS is near to 0. Thus, the angular momentum moment compensation doping ratio is xA=77%.

By comparison, the compensation doping ratio xM and xA calculated by the model are consistent with the experimental results [START_REF] Cai | Ultrafast and energy-efficient spin-orbit torque switching in compensated ferrimagnets[END_REF]. In order to cross-reference with the experimental data, the doping ratio of the ferrimagnetic alloy simulated by this model is the same as that in reference [START_REF] Kim | Fast domain wall motion in the vicinity of the angular momentum compensation temperature of ferrimagnets[END_REF], which is Co77Gd23, whose angular momentum moment compensation point is near room temperature.

Based on the constructed model, electrical simulation was performed using Cadence software. Figure 60 shows a schematic diagram of the electrical simulation of the ferrimagnetic model. The current source provides the SOT current and only operates during the time when the logic operation is performed. The voltage source provides read voltage and operates only during read time. Because the working principle of ferrous magnetic devices is more complex, there are many key variables. I connect the virtual outputs T, v, and s to an oscilloscope to observe real-time changes in temperature, speed, and distance of DW motion. The parameters and variables in the simulation are listed in Table 6. I can find that vDW-t curves of small jHM are steady during 1ns of self-heating. In contrast, large jHM can induce high vDW at the beginning of the current application. Then the vDW will drop even lower than that of small jHM, owing to the self-heating effect that makes the temperature away from TA. Therefore, in practical applications, suitable jHM should be provided according to specific demands. For instance, large current can boost the speed when the transmission distance is short. Whereas in the case of long distance, small current can generate stable speed and minimize the side effects of self-heating. Moreover, appropriately increasing TA is an effective approach to increase the average speed. As shown in Figure 2(d), when TA=312K, the vDW is kept above 1.5km/s within 1ns, resulting in the maximum distance. The above simulation results show that the input current density has a nonlinear relationship with the distance of the magnetic domain motion. In order to further study this nonlinear relationship, I apply input currents of different amplitudes to observe the variation trend of the magnetic domain motion distance within 1 ns. Here, the distance can be detected by the model's virtual port "s". As shown in Figure 62 (a), the input current density range in the simulation is (0.8-4.0×10 12 A/m 2 ), and the measurement interval is 0.2×10 12 A/m 2 . Simulation results show that for input currents of different amplitudes, the movement positions of the magnetic domains have different trends.

Here, simulation results are grouped as follows to determine whether the magnetic domain travels more than 1400 nm within 1 ns: the low current density group (0.8-1.2×10 12 A/m 2 ), the medium current density group (1.4-2.4×10 12 A/m 2 ), and the high current density group (2.6-4.0×10 12 A/m 2 ), as shown in Figures 62 (b-d), respectively.

Generally, I could increase the input current to obtain a longer domain motion distance in a fixed period of time. However, this rule does not apply in ferrimagnetic nanowires. The domain motion in ferrimagnetic alloys has a unique law. When the input current is large, the domain will obtain a faster initial velocity, but it will decrease significantly under the influence of temperature in the subsequent process. When the input current is low the initial velocity of the magnetic domain is slow, but there will be no obvious deceleration in the whole process.

Whereas the input current is moderate, it not only has a high initial speed, but also does not significantly reduce domain velocity due to the influence of the Joule heating effect, providing the reasons that why the domain motion distance of "medium current density group" can exceed 1400 nm, which is longer than other groups.

Assuming that the output MTJ is placed at 1400 nm, its magnetoresistive state will change if the magnetic domain exceeds MTJ position. Therefore, in this situation, the output of the device changes only if the input current density is in the range of {1.4-2.4×10 12 A/m 2 }.

Otherwise, the output is unchanged.

Moreover, the unique nonlinear laws of ferrimagnetic domain motion can also be used for spin logic function design. Assuming that the input current is generated by the superposition of multiple branch currents, each branch may represent an input terminal, and the magnitude of the branch current represents the binary input "0" or "1". Based on the TMR effect and Ohm's law, I designed the circuit shown in Figure 63. The high/low resistance states of the input MTJ (MTJ1 and MTJ2) represent the input "1" or "0" respectively, which will correspond to the input current with low or high current density (jH and jL). TMR of MTJ is set to 150%, i.e., RAP = 2.5×RP, leading to jH= 2.5× jL. The sum of the branch currents of the two parallel MTJs is the input current of the ferrimagnetic domain device. For input branch currents of different amplitudes, this thesis simulates magnetic domain motion under three conditions of the input MTJs, i.e., "00", "01/10" and "11". Among them, the variation range of jH is 0.8-2.0×10 12 A/m 2 , and the variation range of corresponding jL is 0.32-0.8×10 12 A/m 2 . Therefore, their sum current density range is 0.64-1.6×10 12 A/m 2 . In the process of gradually increasing the input current, I found that the red line exceeds the other two lines in Figure 64 (a), then the blue line in Figure 64 (b), and the green line in Figure 64 (c).

Taking the Figure as an example, only the magnetic domain motion distance represented by the blue line exceeds MTJ position, indicating the logic with inputs of "01/10" those outputs "0".

For other inputs, the output is "1". In this way, XNOR logic can be implemented.

Based on the above research, I found that temperature does have a great influence on the motion of the magnetic domain. If I ignore the influence of the temperature caused by the Joule heating effect, and focus only on the ultrafast speed of the compensation point, a large error will occur in the actual applications. Fortunately, the propose model can provide a more accurate prediction of DW motion, and can be a practical tool for studying the FiM dynamics and designing FiM domain devices. Moreover, complex logic such as XOR and XNOR can be realized. In addition, by adjusting the input current amplitude, reconfigurable functions of the logic are expected to be implement.

Chapter 5 Memory Circuit Based on Proposed Spintronic Device

As one of the two main functions of in-memory-computing (IMC) technology, memory is an important indicator to measure the performance of IMC architecture. In this chapter, based on the novel spintronic devices and electrical models proposed in Chapters 2 and 3, spin memory circuits are designed. Firstly, the magnetic flip-flop circuit is designed based on DDMTJ, which verifies the practicability of the model and shows the performance advantages of DDMTJ compared with traditional SMTJ at the circuit level. Then, MRAM and racetrack memory are applied to the Level 2 cache design, respectively. The circuit layout and architectural design of the ring racetrack memory are introduced in details. Performance analysis is carried out through circuit-level and system-level simulation to verify the performance and energy consumption benefits of the ultra-large-capacity RM cache to the system.

Design of magnetic flip-flop circuit based on double magnetic tunnel junction

At Firstly, I introduce the circuit design of a non-volatile Magnetic Flip-Flop (MFF) based on DDMTJ. The master-slave flip-flop is one of the most important memory cell circuits. In practical digital systems, multiple storage units are often required to operate simultaneously.

Therefore, the "CLK" signal must be introduced to uniformly control the storage units. Unlike the latch without clock signal control, the FF circuit will only be activated when "CLK" is on, and the output will be consistent with the input signal at this time. Whereas the "CLK" signal is turned off, the output will remain unchanged.

Magnetic flip-flop circuit design

Figure 65 shows a schematic diagram of the DDMTJ-based MFF, the circuit consists of three parts: write circuit, read circuit and slave register.

In write circuit, two PMOS (MP0 and MP1) and two NMOS (MN0 and MN1) transistors are designed to generate bidirectional currents, which are used to switch the magnetization states of a pair of complementary DDMTJs. With three NOT gates and two NAND logic gates, the input signal "Input" and the enable signal "EN" can control the current direction via MTJ.

When the "EN" signal is off, the magnetization state of DDMTJ remains unchanged. When the "EN" signal is on, the magnetization state of DDMTJ0 is the same as that of the "Input" signal, whereas magnetization of DDMTJ1 is opposite. In reading circuit, transistors MP2, MP4, MN2 and MP3, MP5, MN3 respectively constitute two branches of the precharge sense amplifier (PCSA), and these two branches are respectively connected to complementary DDMTJ0 and DDMTJ1. When "CLK" is off, the PCSA circuit is in the "precharge" phase. Both two branches are precharged, and the outputs "Q0" and "Q1" are both "1". When the clock signal is turned on, the PCSA circuit is in the "Evaluation" phase. Two branches start to discharge, and the voltage on the branch with the lower resistance will be quickly pulled down to the threshold voltage of MP2 or MP3, making it turn on. Thus, the voltage of the other branch is pulled up to VDD. In summary, the states of DDMTJ0 and DDMTJ1 can be detected.

It should be noted that read and write operations cannot be performed at the same time.

Because the writing current of the writing circuit will affect the charging and discharging process of the PCSA circuit. Besides, the discharging current of the PCSA may also cause writing errors. To solve this problem, the clock signal and the enable signal will pass through a NAND gate, ensuring write and read operations work in different phases. In the "precharge" phase, read circuit is precharged, write circuit save data into DDMTJ, and slave register holds its data. In the "Evaluation" phase, the PCSA circuit detects the magnetization state of the DDMTJ and stores the data into the slave register.

Magnetic flip-flop circuit simulation and analysis

Figure 66 shows the circuit simulation results of DDMTJ-based MFF, and the FF logic is executed correctly. The falling edge of the "CLK" signal will trigger write and read operations of DDMTJ, and the rising edge of the "CLK" signal will trigger the register to store the PCSA output result. If the "CLK" or "EN" signal is "0", the slave register will hold the output signal.

When both "CLK" and "EN" signals are on, the output from the register is the "Input" signal.

This proves that the data was stored in DDMTJ during the "precharge" phase and stored in the slave register on the next rising edge. From the perspective of performance analysis, MTJ write time determines the maximum clock frequency and minimum pulse width of the MFF circuit. Traditional MTJ data write time is 5 to 10 ns, while the proposed DDMTJ write time can be shortened to less than 2 ns, so its minimum pulse width is 2 ns, and the maximum clock frequency can reach 0.5 GHz, which is more than twice as high as the MFF circuit based on traditional MTJ.

Cache design based on racetrack memory

At the circuit level, based on the electrical model and unit circuit proposed in Section 3.3, the layout of the RM unit circuit is designed taking into account transistor size, number of MTJ probes, nanowire shape, and storage capacity. The overlapping cell design is adopted, effectively improving RM storage density. At the architecture level, ring RM is used as the L2 cache. In order to demonstrate the system-level performance benefits of the ultra-large-capacity cache, single-core and multi-core system simulations were performed. Its performance is compared to SRAM, STT-MRAM, and traditional tape racetrack memory.

Cell circuit layout design and optimization

In order to better estimate and optimize the area occupied by the memory cell circuit of the RM, I design the circuit layout. At the same time, in order to demonstrate the storage density advantage of the ring RM, it is compared with the traditional tape RM. As shown in Figure 67, the left part is the traditional tape memory cell circuit, and the right part shows its layout, using a 40 nm process node. Thanks to the 3D structure integration, The RM nanowires represented by light blue can be arranged above CMOS (e.g., between Metal 3 with Metal 4), without occupying extra area. Therefore, the area of a cell is basically determined by the area of access and shift transistors. However, the size of the CMOS determines the passing current density, which will influence the shift, read and write latency. Previous works present that 10F-width is an appropriate tradeoff for both cache performance and area [START_REF] Zhang | Quantitative modeling of racetrack memory, a tradeoff among area, performance, and power[C[END_REF][START_REF] Sun | Cross-layer racetrack memory design for ultra high density and low power consumption[END_REF]. MOS transistors and RM nanowires are integrated with MTJs and various types of ports, which are represented by squares with different colors in Figure 67. These ports are interconnected by metal wires, indicated by dashed lines in the figure. The area occupied by the unit circuit is 180 F 2 , and F=40 nm is the unit of process node. The maximum length of the nanowire can reach 720 nm, containing up to 16 magnetic domains. However, owing to the data overflow issue, only half of these 16 magnetic domains can effectively save information. The cell circuit layout design of the ring RM is shown in Figure 68. It can be clearly found that the area utilization rate of ring nanowires is almost doubled compared to that of tape nanowires. In the cell circuit with an area of 180 F 2 , the length of the ring nanowires can reach 1440 nm, which can accommodate up to 32 magnetic domains. By solving the data overflow issue, a cell can save 32 bits, increasing the storage density as 4 times as that of traditional RM.

In order to maximize the utilization of the space above CMOS layer, two cells are overlapped to improve the storage density [START_REF] Sun | Cross-layer racetrack memory design for ultra high density and low power consumption[END_REF]. This is so the called cells-overlapping ring RM (COR-RM), the layout of COR-RM cell is shown in Figure 68. Controlled by WL1, SC1, and SA1, the right three transistors are used to shift and access the racetrack1. Whereas the left three transistors and racetrack2 compose another cell. Therefore, the storage density can be further improved, specifically, 2×64 bits can be remained in 370F 2 . As converted, each cell has a circuit area of 185 F 2 and can store 64-bit data at 8 times the storage density of conventional RM. However, as the nanowire length continues to increase, so does the average delay and power consumption required for shift operations. For example, for 64-bit ring RM, data addressing requires 32 shift operations in the worst case, resulting in latency and power consumption of up to 4.8 ns and 121 fJ, which will significantly increase the cost of data access.

In order to solve this problem, this thesis adopts the method of integrating multiple MTJ probes on a nanowire to reduce the average shift delay. This method is so called as multi-access-heads ring RM (MAHR-RM). However, it should be noted that the number of MTJ probes is not as high as possible. Although more MTJ probes can reduce the number of average shift operations, to offset the area overhead caused by increased MOS transistors. The length of the nanowires will be extended to maintain a high storage density, so the resistance of the nanowires will be increased. In addition, more MTJ probes will also lead to more metal interconnects and longer path delays. Taking into account the above factors, the number of MTJ probes per nanowire in this work is 4, and the nanowire length is correspondingly extended to a length that can store 128 bits of data. The specific layout is shown in Figure 70. It can be intuitively concluded that MMR-RM is relatively close to the previous COR-RM scheme in terms of storage density. In the 720 F 2 area occupied by the two cells, two nanowires can effectively store a total of 256 bits of data. As converted, each cell has a circuit area of 360 F 2 and can store 128-bit data at 8

times the storage density of conventional RM. 

Architecture-level simulation and analysis

At architecture level, the Level-1 (L1) cache needs fast access speed to ensure the overall performance of the system, whereas Level-2 (L2) cache needs large capacity to reduce the frequency of off-chip accesses, which consume over 400 cycles (above 100ns) for fetching the data from main memory. Considering this demand, I design a high density L2 cache composed of the proposed RM cells. The inputs of the NVSim simulation framework are mainly the area of the unit circuit of the non-volatile memory, delay and power consumption of read and write operations. Then, by setting the type (cache/main memory) and memory capacity, I can estimate the chip-level delay, energy consumption, and area. The difference between the estimated results and the actual chip can be reduced to less than 30%. Since computers typically deal with a large number of consecutive instructions sequences.

In this work, I use a pre-shift policy. Figure 72 shows Flow diagram of this pre-shift policy.

After accessing a bit at address i, bit at address i+1 is predicted to be accessed next. If this predication is successful, it will provide the data directly. If the current location of the accessed bit is different from that of MTJ, it will need to calculate the shift distance, and then shift the accessed bit to the nearest MTJ. After a complete access, RM will be pre-shifted to the next location. Compared with traditional RM shift policy, this pre-shift policy effectively hides the cost of the shift distance calculation while executing sequential read/write operations. transistors with more route paths lead to a slight increase of the total cache area and route delay.

In order to compare the largest capacities of caches at iso-area, I choose the area of 1MB SRAM as baseline. The area of caches based on other memory technologies should not be larger than this baseline. Table 9 lists the largest capacities and corresponding parameters of these caches, which are shown in Figure 74 after normalization and visualization. In NVsim, the cache capacity can only be set as the integer power of 2, such as 1MB, 2MB, 4MB, etc. In this work, the NVsim results of 3MB cache is estimated by averaging those of the 2MB and 4MB The single-core IPC (instructions per cycle) performance comparisons are plot in Figure 75. In the single-core processing scenario, the shared cache runs only one benchmark. For benchmarks with a smaller dataset (such as ammp, mesa, crafty, fma3d, etc.), the space crowding problem is not severe, thus the difference of IPC is not obvious. However, for benchmarks which requires large dataset (such as mgrid, art470, applu, gcc_scilab, etc.), the space of the shared L2 becomes crowded. The probability of miss access of conventional SRAM cache will increase, which leads to more and more off-chip access. Fortunately, the miss rate will reduce with the increasing of cache capacity. Therefore, the proposed RM caches can From this I can infer that, our proposed ultra-high density RM caches can achieve better performance when running more parallel processes with more cores CPU. First, the simplest AND logic is introduced. It should be noted that the "0" value is used as the excited state of the circuit, here:

Qm AB Qm AB AB AB AB      (6.1)
According to the above formula, the AND logic tree design is shown in Figure 79 (a). The left side is the parallel connection of two branches representing AB and AB, and the right branch represents AB. PCSA output depends on the resistance of both branches. Here, when input A is set to "1", the CMOS gate voltage is high and the MOS transistor is turned on. Whereas "Input B=1" corresponds to DDMTJ in a low resistance state.

Note that in this design, the branch representing AB can be simplified. When input A is 0, only the left branch is turned on. Therefore, the left branch resistance (RL) is always smaller than the right branch resistance (RR), regardless of the value of B. When input A is 1, the resistance of branch AB is always greater than the resistance of branch AB. Therefore, the branch representing AB has no practical significance in the circuit and can be omitted. Table 12 enumerates the corresponding circuit outputs for all input cases. where Ron and Roff correspond to the resistance values when the MOS transistor is turned on and off, respectively. According to the more advanced MOS process database [START_REF]CMOS32 design rule manual[END_REF], Ron is about the order of kΩ, and Roff is about the order of GΩ.

By analogy, the arithmetic expression of OR logic is Equation (6.2), and the corresponding MOS transistor logic tree is shown in Figure 79(b). The left side is the branch AB, and the right side is the branch AB and AB. For the similar reason as above, branch AB can be omitted.

The truth table corresponding to the OR logic circuit is shown in Table 13. In addition to basic AND and OR logic, similar methods can also implement more complex 
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The corresponding circuit design is shown in Figure 80, where the carry logic tree is composed of 4 transistors, and the sum logic tree is composed of 8 transistors. Inputs A and Ci are converted into electrical signals and loaded into the logic tree. And non-volatile input B is written to the DDMTJ by "Write EN" and "Input" signals. Before performing the full addition operation, the PCSA output will also be precharged to the supply voltage. When the calculation is performed, the "Read EN" signal activates the corresponding transistor, SUM and CARRY operations are realized by comparing branch resistors. However, this solution also has obvious disadvantages. First, the computing paradigm is fixed. Various logic functions can only be realized by exchanging the corresponding MOS logic tree. Complex logic cannot be implemented by combining multiple modules. Secondly, the input mechanism is complex and fixed. The logic input of this scheme is divided into volatile input and non-volatile input, so different drivers are needed to generate these inputs. However, these multi-type inputs do not provide more expansion and reconstruction for the design of logic functions. The last drawback is the volatile logic output. As a result, the output of the logic operation needs to be buffered and then written back into the memory array, before being used as input for the next logic operation, which greatly increases the overall delay and power consumption. to their terahertz magnetic precession. In this section, specific ferrimagnetic in-memorycomputing schemes will be given.

The physical mechanism of FIM domain motion will not be described in details here, but the electrical behavior will be summarized from an application perspective. The FiM device can be regarded as a black box, with a current input terminal and an output terminal. Over a fixed period of time, the input current has a specific relationship with the output MTJ resistance.

Which can be described below:

1) When the current with a lower amplitude is input, the output is in a high-impedance state. 2)When the input current amplitude gradually increases, the output changes from highresistance to low-resistance state. 3) When the input current amplitude continues to increase, the output may change back to the high-resistance state. According to the above device characteristics, an XNOR logic device based on ultrafast magnetic domain motion is designed. As shown in Figure 82 (a), the resistance of the two MTJs controls the current magnitude of the input branch, and the sum of these two currents of the two input branches is the input current of the FiM device. This current will drive the magnetic domain to move, and when the moving distance is greater than MTJ position, the output resistance will change.

Figure 82 (b) shows the effect of input currents of different amplitudes on the vDW. In the case of large input current, the initial velocity is high, but the corresponding Joule heating effect is also significant. In the case of small input current, the initial velocity is relatively low, but the influence of the Joule heating effect is also relatively small, so the magnetic domain motion is relatively stable. The XNOR logic simulation of the device is shown in Figure 83. Only when the input current is moderate can a good tradeoff be achieved between higher initial velocity and less thermal effect, so the magnetic domain moves the longest distance. only the magnetic domain motion distance represented by the blue line exceeds MTJ position, indicating the logic with inputs of "01/10" those outputs "0". For other inputs, the output is "1". In this way, XNOR logic can be implemented. The best advantage of this design is that XNOR logic can be implemented In addition, the proposed ferrimagnetic XNOR logic gate can be reconstructed as a majority gate after adding an input magnetic tunnel junction and reducing the input voltage.

The XNOR logic function of the device is shown in Figure 84 (a). When the magnetic tunnel junction with the "0" input exceeds half, a large enough current can be obtained to push the magnetic domain beyond the output MTJ, and the output is "0". Otherwise, the magnetic domain cannot move far enough and the output is "1". In order to verify the function, I perform Based on the above method for adjusting the current density of the input branch, various reconfigurable logic functions can also be realized, including Boolean logic such as OR, AND, XNOR, NOR, and NAND. The principle is as follows: The sum currents of the input MTJ in the three cases of "00", "01/10" and "11" are j00 = 2 × jH, j01 =jH + jL, and j11 = 2 × jL respectively.

In the simulation, the input branch current jH is gradually increased from 1.5×10 12 A/m 2 to 6.5×10 12 A/m 2 , and the corresponding j00, j01 and j11 can drive the magnetic domain motion within 50 ps are calculated. Based on the above method to control the magnitude of the current density of the input branch, a variety of reconfigurable logic functions of the two-input ferrimagnetic domain device can also be realized, including Boolean logic such as OR, AND, XNOR, NOR, and NAND.

The principle is as follows: the sum currents of the input MTJ under the three conditions of "00", "01/10" and "11" are j00 = 2 × jH, j01 =jH + jL and j11 = 2 × jL respectively. In the simulation, the input branch current jH is gradually increased from 1.5×10 12 A/m 2 to 6.5×10 12 A/m 2 , and the distance that the corresponding j00, j01 and j11 can drive the magnetic domain movement within 50 ps is calculated. I perform the micro-magnetic simulation to verify the logic functions. As shown in Figure 85 (c-f), micro-magnetic simulation results show the steady-state DW configurations of OR, AND, NOR, and NAND logic, demonstrating the functional feasibility of reconfigurable logic.

1-bit full adder based on ferrimagnetic domain devices

For further applications, XNOR and Majority logic gates are designed to implement 1-bit full adder logic function, as shown in Figure 86 (a-b). The Sum circuit consists of two XNOR gates, while the Carry calculation is performed by the Majority logic gates. Performance comparisons of the proposed FiM-DW logic gates with other non-volatile logic implementations are shown in Table 16. The comparison objects include the state of art IMC designs based on ferromagnetic domain wall (FM-DW) device [START_REF] Currivan | Low energy magnetic domain wall logic in short, narrow, ferromagnetic wires[END_REF], STT-MRAM [START_REF] Deng | Low power magnetic full-adder based on spin transfer torque MRAM[END_REF], and SOT-MRAM [START_REF] Deng | High-frequency low-power magnetic full-adder based on magnetic tunnel junction with spin-Hall assistance[END_REF].

Among them, the FM-DW based logic design can only perform simple logic functions such as AND and OR in one step, while more complex logic functions such as XNOR and FA logic require multi-device and multi-step cooperation. For STT-MRAM and SOT-MRAM based logic gates, the logic functions are implemented by modifying read circuit, which has complex peripheral circuitry and volatile logic output. If the logic output results are used as input to subsequent logic, it needs to be written back to MRAM array, resulting in considerable delay and energy consumption. The proposed FiM-DW based logic gates can effectively solve the above problems, as well as have great improvements in logic delay, energy consumption, and circuit area. 

Conclusions and Perspectives

General conclusion

In order to solve the power consumption bottleneck faced by integrated circuit technology in the "post-Moore era", this thesis aims to develop high-performance new spintronic devices to build high-density, high-speed, high-reliability and low-power circuits. Firstly, this thesis proposes three novel high-performance spintronic devices, which are DDMTJ with high thermal stability and low critical current, ring-shaped RM with ultra-high storage density, and ferrimagnetic domain devices with ultra-fast speed. Then, based on the physical mechanism and experimental parameters of the new spintronic device, the device model is modeled by Verilog-A language. The constructed device model is in good agreement with the experimental results, and has high practical value for the design of new spintronic circuits. Finally, taking advantage of the respective advantages of the proposed new spintronic devices, they are applied to the design and simulation of in-memory-computing circuits, including magnetic flip-flops, one-bit full adder, large capacity cache, and binary neural network accelerator.

The main research and innovative achievements of this thesis are listed as follows:

1. I designed a double barrier layer and double free layer magnetic tunnel junction (DDMTJ) with high thermal stability and low critical switching current. Compared with conventional MTJs, the proposed device can reduce critical switching current by almost half, while improving thermal stability by almost 100%. Taking the 20nm diameter MTJ as an example, the IC0 of traditional MTJ is about 11 μA and ΔE is 29 kBT, whereas the IC0 of the proposed DDMTJ is about 6 μA and the ΔE is as high as 59 kBT. Based on theoretical analysis, I modeled the device using Verilog-A language. Its accuracy can be verified by comparing experimental data. In addition, the model can be used as a practical tool for design and simulation of novel spin memory logic circuits. 

Perspectives

Although the work on this thesis has made some progress, there are still some practical problems that need further study. The relevant analysis is described as follows:

1 For DDMTJ, its complex film structure, especially the reference layer with opposite magnetization direction, brings great difficulties to its fabrication. In addition, due to the weakening effect of the double barrier layer on the TMR, the preparation technology of the oxide barrier layer still needs further optimization.

2. For RM, the fabrication process of ring-shaped nanowires has high requirements, and the problem of excessive nanowire corners caused by process errors should be avoided as much as possible. If the corner of the nanowire is too large, the magnetic domains may be annihilated.

In the future, I will further improve the preparation process of the device.

3. For ferrimagnetic logic devices, temperature-induced speed deviation is still a key problem limiting applications. Although this work modeled and analyzed the Joule heating effect on the device temperature, it met the simulation of magnetic domain motion under laboratory conditions. However, there are still various factors that affect the temperature of the device in complex real-world environments. Therefore, the model still needs to be further improved. Otherwise, explore a method that can effectively resist temperature drift. Mots clés: dispositif spintronique, jonction de tunnel magnétique, racetrack memory, dispositif à parois de domaines ferrimagnétique, calcul en mémoire.
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 123 Modélisation et conception de calcul en mémoire basées sur de nouveaux dispositifs spintroniques Mots clés: dispositif spintronique, jonction de tunnel magnétique, racetrack memory, dispositif de domaine ferrimagnétique, calcul en mémoire Résumé: Dans "l'ère post-Moore", la technologie des circuits intégrés est confrontée à des goulots d'étranglement de plus en plus importants en matière de consommation. D'une part, dans les transistors, l'effet tunnel conduit à une augmentation de la consommation due aux courants de fuite. D'autre part, comme le stockage et le traitement sont séparés dans l'architecture traditionnelle de Von Neumann, les transferts fréquents et massifs de données entraînent une consommation d'énergie considérable. Pour surmonter ces défis, les dispositifs spintroniques non volatils et les technologies de calcul en mémoire sont devenus des solutions déterminantes. Dans cette thèse, nous avons étudié la modélisation et le calcul en mémoire fondés sur de nouveaux dispositifs spintroniques. Les principaux résultats originaux et réalisations des travaux de recherche menés durant cette thèse sont résumés ci-dessous : Nous avons conçu une double couche barrière et une jonction tunnel magnétique (MTJ) à double couche libre à stabilité thermique élevée et faible courant de commutation critique. Par rapport aux MTJ conventionnels, le dispositif proposé permet de réduire de près de moitié le courant de commutation critique, tout en améliorant de près de 100 % la stabilité thermique. Sur la base d'une analyse théorique, nous avons modélisé ce dispositif en utilisant le langage Verilog-A. La précision du modèle peut être vérifiée en comparant les simulations aux données expérimentales. En utilisant les avantages de ce dispositif, un circuit additionneur complet a été conçu. Il offre des avantages importants en termes de temps d'écriture et de consommation d'énergie. Nous avons conçu une mémoire à parois de domian magnétiques de type racetrack memory (RM) en forme d'anneau avec une densité de stockage ultraélevée. Ciblant le problème de dépassement de capacité des RM traditionnels, une solution architecturale en forme d'anneau est proposée. Elle peut théoriquement doubler la densité de stockage et réaliser des opérations de décalage plus efficaces. Sur la base de simulations micro-magnétiques, nous avons étudié le mouvement des parois de domaine magnétique et réalisé la modélisation du dispositif. Le modèle est en bon accord avec les résultats expérimentaux. En utilisant le RM proposé, nous avons construit un cache L2 ultra-dense. Par rapport au cache basé sur des SRAM, cette architecture améliore considérablement la capacité de stockage, la consommation d'énergie et les performances. Nous avons conçu un dispositif logique ferrimagnétique avec un déplacement de domaine magnétique ultra-rapide. Ciblant la limitation de la vitesse de déplacement des parois de domaines dans les systèmes à matériaux ferromagnétiques traditionnels, une solution fondée sur un dispositif ferrimagnétique est proposée. En utilisant des outils micro-magnétiques, le mouvement ultra-rapide du domaine magnétique et les caractéristiques dépendant de la température dans les alliages ferrimagnétiques ont été étudiés. Sur la base de l'analyse théorique et de la modélisation du dispositif, un circuit logique NOR ultra-rapide est conçu. Il permet de réaliser l'opération logique NOR une seule étape. Enfin, un accélérateur de réseau neuronal binaire basé sur des dispositifs logiques ferrimagnétiques est proposé. Il permet d'atteindre des performances élevées et une précision de reconnaissance satisfaisante. II Title: Modeling and computing-in-memory design based on new spintronic devices Keywords: Spintronic Device, Magnetic Tunnel Junction, Racetrack Memory, Ferrimagnetic Domain Device, in-Memory-Computing Abstract: In the "post-Moore era", integrated circuit technology is facing severer power consumption bottlenecks. On one hand, the quantum tunneling effect leads to an increase in transistor leakage power consumption. On the other hand, because storage and computing of traditional Von Neumann architecture are separated, frequent exchange of massive data leads to considerable dynamic power consumption. To overcome these challenges, non-volatile spintronic devices and computing-in-Memory technologies have become important solutions. In this thesis, I researched the modeling and in-memorycomputing technology based on new spintronic devices. The main research work and innovative achievements of this thesis are listed as follows: 1. I designed a double barrier layer and double free layer magnetic tunnel junction (MTJ) with high thermal stability and low critical switching current.

2 .

 2 I designed a ring-shaped racetrack memory (RM) with ultra-high storage density. Aiming at the data overflow issue of the traditional RM, a solution of the ring-shaped structure is proposed, which can theoretically double the storage density and achieve more efficient shift operations. Based on the micromagnetic simulations, I studied the magnetic domain wall motion in RM and carried out the device modeling. This model has good agreement with the experimental results. By using the proposed RM, I built an ultra-dense L2 cache. Compared with the cache based on SRAM, it has significantly improved storage capacity, energy consumption, and performance. 3. I designed a ferrimagnetic logic device with ultrafast magnetic domain motion. Aiming at the speed bottleneck of domain motion in traditional ferromagnetic material systems, a solution of the ferrimagnetic domain device is proposed. By using micro-magnetic tools, the ultrafast magnetic domain motion and temperature-dependent characteristics in ferrimagnetic alloys were studied. Based on the theoretical analysis and device modeling, an ultra-fast NOR logic device is designed, which can realize NOR logic only in one step. At last, a binary neural network accelerator based on ferrimagnetic logic devices is proposed, which can achieve high performance and enough recognition accuracy.

  3. I conduct research on ultrafast ferrimagnetic (FiM) domain devices. Aiming at the speed bottleneck of magnetic domain motion in the traditional ferromagnetic (FM) material system, I propose the FiM domain device. Based on micromagnetic simulations, ultrafast FiM domain motion and its temperature-dependent characteristics were studied. Using Verilog-A language, I build the FiM domain device model. It includes FiM compensation model, FiM magneto dynamic model, and Joule-heating model. Based on the model, the special FiM domain motion regularity is analyzed, which provides a theoretical basis for spin logic implementation. 4. I design the spin memory circuit based on the above new spintronic devices and models.

Figure 1

 1 Figure 1 The trend in chip power consumption predicted by the international semiconductor

Figure 2

 2 Figure 2 spin-up and spin-down spintronic states.

  order to solve the speed bottleneck of magnetic domain motion in ferromagnetic (FM) material system, research on ferrimagnetic (FiM) ultrafast magnetodynamics is carried out. Based on micromagnetic simulation, ultrafast magnetic domain motion and its temperature-related properties in FiM alloys are analyzed in details. Then, I constructed an electrical model of FiM domain device consisting of FiM compensation sub-model, FiM dynamic sub-model and Joule heating sub-model. In Chapter 5, based on the above mentioned new spintronic devices, I present several spin memory circuit designs. Firstly, the magnetic flip-flop circuit is designed based on DDMTJ, which verifies the practicability of the DDMTJ model and shows the circuit-level performance advantages of DDMTJ. Then, the ring-shaped RM is applied to the ultra-large capacity L2 cache. The circuit, layout and architecture design of the RM are introduced in details, and the performance analysis is carried out through circuit-level and system-level simulation. In Chapter 6, I carry out research on spin IMC technology based on the proposed new spintronic devices and models. Firstly, a hybrid logic circuit based on DDMTJ and CMOS is introduced to realize various Boolean logic functions. Then,1-bit full adder is further designed and verified by circuit simulation. Next, utilizing the unique temperature characteristics of FiM materials, I design the XNOR logic gate. It can perform XNOR operation in a single step, which greatly improves computing efficiency. Finally, a binary neural network accelerator based on ferrimagnetic logic devices is proposed, which can achieve high performance and sufficient recognition accuracy. Chapter 7 is the summary and outlook. It summarizes the entire work and looks forward to the future development of spin-based IMC technology.

Figure 3 (

 3 Figure 3 (a) Principle of GMR effect; (b) Magnetic probe based on GMR effect [12].

Figure 4 (

 4 Figure 4 (a) MTJ structure diagram, (b) Magnetoresistive effect of MTJ, (c) Principle of spindependent tunneling of MTJ.

Figure 5

 5 Figure 5 MRAM write mechanism (a) magnetic field writing (b) STT current writing (c) SOT current writing [23].

Figure 6

 6 Figure 6 Schematic diagram of STT effect [12].

  et al. found faster magnetization reversal in ferromagnetic metals deposited on heavy metal layers. When an electric current flows through the heavy metal layer, a spin hall effect (SHE) is generated, which converts the horizontal charge current into a vertical spin current. This vertical spin current acts on the upper ferromagnetic layer and reverses its magnetization. At the same time, a Rashba effect is also generated at the interface between heavy metals and the ferromagnetic film, which promotes the magnetization precession of the ferromagnetic layer. Since the SHE and Rashba effects are both derived from the strong spinorbit coupling of heavy metal materials, the above effects are called spin-orbit torque (SOT) effects. The SOT-MRAM designed based on the SOT effect is shown in Figure5(c), which can separate read and write current paths. It solves the problem of mutual interference between STT-MRAM read and write operations, significantly reduces the probability of MTJ oxide barrier layer breaking down, and prolongs MTJ working life. In addition, SOT-MRAM can obtain a large torque at the beginning of write operation. Thus, it does not have such a long initial delay as the STT write mechanism, resulting in faster speed and lower power consumption.

Figure 7 .

 7 Figure 7. Its core structure is CoFeB/MgO/CoFeB. Due to the thin thickness of FL (1.3 nm CoFeB film), the CoFeB/MgO interface effect forms a strong PMA. Experiments also show that the magnetic anisotropy direction of CoFeB/MgO/CoFeB thin films is related to FL thickness tFL. When tFL = 2 nm, the magnetic anisotropy is in-plane, and when tFL = 1.3 nm, the magnetic anisotropy is perpendicular. The proposed 40 nm PMA-MTJ can have both high thermal stability and low critical switching current, which is almost the optimal performance of MTJ at that time. PMA-MTJ has therefore received considerable attention.

Figure 8 (

 8 Figure 8 (a) Schematic diagram of Perpendicular shaped anisotropy MTJ. (b) Cross-sectional high-

Figure 9 (

 9 Figure 9 (a) Neel-type domain wall;(b) Bloch-type domain wall [36].

Figure 11

 11 Figure 11 Development of racetrack memory technology: (a-d) 1st to 4th generation racetrack memory

Figure 12

 12 Figure 12 Spinmodel Library: Spintronic device model open-source library [123]. As one of the representative works of spintronic device modeling, Weisheng Zhao's team from Beihang University proposed the macro-spin model of PMA-MTJ [53-54], which can more accurately simulate the static, dynamic, and stochastic properties of MTJ. In addition, the model is based on the derivation of physical formulas and the measurement of experimental parameters, and the simulation results are in high agreement with the experimental data. The model has been highly recognized and widely used by the industry, and has been indexed more than 370 times so far. Based on this, the School of Integrated Circuits of Beihang University has developed Spinmodel Library, an open-source model library for spintronic devices, as shown in Figure 12. In addition to the commonly used PMA-MTJ model, it also includes SOT-MTJ model, double barrier MTJ model, voltage-controlled MTJ model, and many other spintronic device models, which can be downloaded from the open-source website

Figure 13 (

 13 Figure 13 (a) PMA-MTJ device; (b) PMA-MTJ core structure and STT switch mechanism [53].

Figure 14 (

 14 Figure 14 (a) Electrical model symbols of PMA-MTJ based on STT; (b) DC simulation analysis [53].

Figure 15

 15 Figure 15 Transient simulation analysis of PMA-MTJ [53].

Figure 15 shows

 15 Figure15shows the transient simulation results of PMA-MTJ. The result can dynamically simulate the magnetization switching of FL. Wherein the small step where the current drops represent the moment when the magnetization switches from the P state to the AP state, i.e., the current drop is caused by the sudden increase in resistance. Simulation results can also be obtained by observing the transient. When the current passing through MTJ is larger, MTJ flips faster. For example, when write current is 100 µA, the magnetization flip time is about 10 ns.

Figure 16

 16 Figure 16 Spintronic device modeling process.

Figures16

  Figures16 shows the general flow of spintronic device modeling. (1) First, carry out the physical modeling of spintronic devices based on the relevant experimental phenomena and physical mechanisms. (2) Next, further abstract the behaviors and key characteristic parameters of the spintronic device. (3) Then, use an appropriate programming language to construct an

Figure 17 (

 17 Figure 17 (a) Traditional Von Neumann Architecture; (b) Near Memory Processing Architecture; (c)
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 42 In-memory-computing technology based on magnetic random access memory The IMC circuit based on STT-MRAM has been extensively studied. The current mainstream solution is to implement the logic function in the STT-MRAM array by modifying the peripheral read circuit, whose output is the result of the logic operation. A representative such work is the STT-MRAM-based full adder circuit proposed by Zhao Weisheng [70] et al.

Figure 18 Full

 18 Figure 18 Full adder circuit based on MRAM [70].

Figure 19 ,

 19 Figure 19, MTJs in each column are connected in series, and the sum of the magnetic resistance values of all MTJs on the branch is column resistance. Through the new structure design, the column resistor replaces the sum of the column current of Kirchhoff's law in the traditional inmemory-computing circuit as the logic output, effectively solving the problem of relatively small switches in MRAM devices. The IMC circuit is used in the input weight multiplication and addition operation of Binary Neural Networks (BNN), which effectively improves the efficiency of handwritten digit recognition and image recognition.

Figure 19

 19 Figure 19 Cross-bar multiplication and addition circuit based on STT-MRAM [71].

Figure 20 (

 20 a) is a schematic diagram of the logic operation of the CRAM architecture, wherein the logic inputs are provided by MTJ states. MTJ magnetoresistances are converted into current signals on the Logic Line (LL), and these input currents are added together, and flow to the output MTJ on the bit select lines (BSLs). When the total input current exceeds the critical inversion current of the output bit MTJ, its magnetization direction will invert, resulting in a change in magnetoresistance.

Figure 20

 20 Figure 20 In-memory-computing design based on MRAM: (a) circuit unit; (b) array structure [72].

Figure 20 (

 20 Figure 20 (b) shows the specific circuit unit and array structure for implementing this scheme. The circuit unit uses the 2T1J structure. A transistor controls write operation of MTJ,

Figure 21 OR

 21 Figure21OR and AND logic gates based on magnetic domain motion[START_REF] Currivan | Low energy magnetic domain wall logic in short, narrow, ferromagnetic wires[END_REF].Spin logic devices based on magnetic domain motion have received extensive attention due to their low power consumption and easy cascade. The most common spin logic device based on magnetic domain motion is shown in Figure21. The sum of the input currents IA and IB drives the magnetic domain motion in the nanowire. MTJ is used to detect whether the magnetic domain moves to the corresponding position. When the input current is both high (i.e.

Figure 22 :

 22 Figure 22: Schematic diagram of the main content structure of the thesis.

  current are the key performance indicators. How to optimize these two key indicators has become a hot topic in related research fields. One of the major advances in research is PMA-MTJ based on the CoFeB/MgO material system. Due to the strong exchange interaction of the CoFeB/MgO interface, MTJ can maintain a strong PMA while scaling its diameter. In addition, FL magnetization can be switched by STT current. It is reported that PMA-MTJ has a critical switching current as low as 49 µA and thermal stability of 40 kBT at 40 nm, almost achieving the best performance of MTJ at that time. Therefore, PMA-MTJ has become the mainstream direction of MTJ research since then.

4 )

 4 where D represents the diameter of FL, MS is the saturation magnetization, μ0 is the vacuum permeability, NX, NY and NZ are the component coefficients of the demagnetic anisotropy along the x-axis, y-axis and z-axis, respectively. NX and NY are in-plane components, NZ represents out-of-plane components. If the shape of MTJ is flat, NZ <NX, the demagnetic anisotropy can be in-plane direction. Whereas MTJ is a slim structure, NZ >NX, the demagnetic anisotropy can be perpendicular. This work uses Matlab simulation to calculate the distribution of the ΔE in the interval {1 nm<tFL<20 nm,0<D<40 nm}, which is shown in Figure23in the form of a chromaticity diagram.

Figure 23

 23 Figure 23 Thermal stability coefficient distribution of MTJ.According to the PMA Zone in the lower right corner of Figure23, I can obtain that in the process of reducing the diameter of mainstream PMA-MTJ to 20 nm, it has gradually been unable to maintain sufficient ΔE. It is necessary to find a material system with stronger PMA or a new device structure. Further, as shown in the PSA Zone in the upper left corner of Figure23, a strong perpendicular shape magnetic anisotropy energy is obtained by increasing the thickness of FL. PSA-MTJ can still maintain a sufficient thermal stability coefficient when the diameter is reduced to less than 10 nm.

  CoFeB layer and Co/Pd multilayer film form an antiferromagnetic coupling through the Ru layer, which has a strong pinning effect, and can offset the leakage magnetic field as well. Next, there is a thinner MgO barrier layer, called the top barrier layer. Next is the double FLs, which is composed of CoFeB/Ta/CoFeB Synthetic Ferromagnetic (SyF) structure. Next is the bottom barrier layer, whose thickness is thicker than that of the top barrier layer. At Last, it is the bottom RL, whose film structure is similar with the top Reference layers.

Figure 24

 24 Figure 24 Schematic diagram of Double-barrier Double-free-layer MTJ.

Figure 25 STT

 25 Figure 25 STT enhancement effect in DDMTJ.

Figure 27

 27 Figure 27 Schematic diagram of DDMTJ read sub-model. Read sub-model first calculates the P-state magnetoresistances of both MgO barrier layers based on thickness and resistance-area (RA) parameters. Then, AP-state magnetoresistances are calculated based on the TMR value and bias voltage. Based on the Brinkman model, magnetoresistances of the top (T) and bottom (B) oxide barrier in P and AP states (i.e., RPT(B)

  [START_REF] Slonczewski | Current-driven excitation of magnetic multilayers[END_REF] tOXT(B) represents the thickness of the top and bottom MgO barrier layers, φ represents the MgO crystal barrier height, and F is the fitting parameter of the RA coefficient. D is the diameter of MTJ. The actual TMR ratio depends on the Bias Voltage (Vbias) on MTJ, which can be calculated by the TMR bias model. The TMR bias model is described as follows:

  calculated RPT is 0.81 kΩ and RPB is 21.7 kΩ, while the RAPT at zero bias is 2.27 kΩ and RAPB is 60.7 kΩ. It can be clearly analyzed that the total resistance of DDMTJ is mainly provided by the bottom oxide barrier layer, which divides most of the applied voltage. Therefore, the TMR bias model of DDMTJ can be simplified: as Vbias is mainly applied to the bottom oxide barrier layer, while the bias voltage shared by the top oxide barrier layer is close to zero.

Figure 28

 28 Figure 28 Schematic diagram of write sub-model of DDMTJ.

Figure 29

 29 Figure 29 Electrical behavior description of DDMTJ.

Figure 30 DC

 30 Figure 30 DC simulation results of 20 nm diameter DDMTJ.

First,

  Direct Current (DC) simulation was performed to characterize the DDMTJ static switching mechanism, as shown in Figure30. By sweeping the current, the I-R loop of DDMTJ was observed. When |I|>|IC0|, DDMTJ magnetization state could switch. Accordingly, the magnetoresistance had a significant change. In DC simulation, an ultralow IC0 as low as 6.27 μA was observed. Besides, the asymmetry of IC0 was completely eliminated. The problem of asymmetric IC0 of traditional SMTJ will lead to a large write current and delay, in order to ensure that magnetization can be reversed in the case of "P→AP" with a large IC0. DDMTJ can effectively solve this problem and further improve device performance.Next, in order to study DDMTJ state switching process, transient simulation of 20 nm diameter DDMTJ was performed, as shown in Figure31. By applying different magnitudes of voltage (from ± 0.8V to 0.6V), the influence of different write currents on MTJ magnetization switching time was investigated. The step change of the current waveform indicates that MTJ resistance changes, which indicates the change of MTJ magnetization state. The following rules can be concluded: the larger write voltage, the faster the switching speed. For the same write voltage, the switching time of state "0" is shorter than that of state "1". DDMTJ can achieve faster STT switching at a relatively lower write voltage, which can effectively reduce write power consumption. At the same time, the probability of the oxide barrier being broken down is reduced, which can prolong the service life of the device.

Figure 31

 31 Figure 31 Transient simulation results of 20 nm diameter DDMTJ.

Figure 32 MTJ

 32 Figure 32 MTJ magnetoresistance distribution considering process error.Based on this parameter error setting, Figure32shows the magnetoresistance distribution of 10000 MTJs based on Monte Carlo simulations. The magnetoresistance of MTJ obeys the normal distribution, whose mean value is the theoretically calculated value from the model. It can be found that an error of only 3% in tOXB has a great influence on the distribution of magnetoresistance. If the error becomes larger, FLoating range of the magnetoresistance R0 and

Figure 33 Monte

 33 Figure 33 Monte Carlo simulation: STT stochastic behavior of 10 MTJs in 2 cycles. Then, I investigated the STT stochastic switching behavior by performing Monte Carlo transient simulation. Stochastic switching results from the impact of thermal disturbance on the magnetization precession, making the magnetization reversal time random. This behavior was described into write sub-model. Figure 33 shows STT stochastic behavior of 10 MTJs in 2 "AP →P→AP" writing cycles. Although the external electrical signals of the device are the same (Voltage is 1V, Pulse width is 20 ns), transient simulation results show significant stochasticity.

Figure 34

 34 Figure34shows the IC0 as a function of diameter for DDMTJs and SMTJs. In order to compare multiple groups of experimental data, the model calculates the critical flip current with

Figure 34

 34 Figure 34 Relationship between the IC0 and the diameter of DDMTJ and SMTJ. By comparison, the model calculation results of DDMTJ are in good agreement with the experimental measurement results, which verify the accuracy of write sub-model. The IC0 of DDMTJ is reduced by nearly 50% compared with traditional SMTJ, verifying that STT enhancement of the double barrier layer structure can effectively reduce IC0.

Figure 35 (

 35 Figure 35 (a) shows the relationship between the ΔE of DDMTJ and SMTJ with diameter. The solid red line represents the ΔE-D curve of SMTJ calculated by the model, the red square represents the experimental data of SMTJ. And the solid blue line represents the ΔE-D curve of DDMTJ calculated by the model. The blue dot represents DDMTJ experimental data. In the figure, it is found that there are several inflection points in the ΔE-D curve. The reason is that the diameter of MTJ exceeds the width of magnetic domain wall (DW), changing FL magnetization reversal from single-domain-type to nucleation-type, thus ΔE becomes a fixed value.

Figure 35

 35 Figure 35 Relationship between (a) thermal stability coefficient, (b) STT switching efficiency with DDMTJ and SMTJ diameter.In experiments, the ratio of ΔE to IC0 is often used to characterize the STT performance of MTJ, so ΔE/IC0 is also called spin switching efficiency. I compare the ΔE/IC0 of the proposed DDMTJ and traditional SMTJ, as shown in Figure35(b). Without considering the nucleationtype magnetization switching, the ΔE/IC0 of DDMTJ is nearly four times that of conventional SMTJ.Finally, this thesis compares the IC0 and ΔE of DDMTJs with other representative works on MTJs, including SMTJs (such as Ikeda 2010[START_REF] Ikeda | A perpendicular-anisotropy CoFeB-MgO magnetic tunnel junction[END_REF] and Sato 2011[START_REF] Sato | Junction size effect on switching current and thermal stability in CoFeB/MgO perpendicular magnetic tunnel junctions[END_REF]), double-barrier MTJs (e.g. Jan 2012[START_REF] Jan | High spin torque efficiency of magnetic tunnel junctions with MgO/CoFeB/MgO free layer[END_REF], Thomas 2014[START_REF] Thomas | Perpendicular spin transfer torque magnetic random-access memories with high spin torque efficiency and thermal stability for embedded applications[END_REF] and Hu 2017[START_REF] Hu | Key parameters affecting STT-MRAM switching efficiency and improved device performance of 400° C-compatible p-MTJs[END_REF]) and double free layer MTJs (e.g. Sato 2014[START_REF] Sato | Properties of magnetic tunnel junctions with a MgO/CoFeB/Ta/CoFeB/MgO recording structure down to junction diameter of 11 nm[END_REF]). Due to the different diameters of MTJs in the experiments, it is not possible to directly compare the IC0. In this work, the IC0 is divided by MTJ area to obtain the critical current density (JC0). Through the comparison in Figure36, it can be concluded that DDMTJ effectively combines the advantages of double barrier layer and double FL structure, and has a large

Figure 36

 36 Figure 36 Performance comparison of DDMTJ and other representative magnetic tunnel junctions.

Figure 37 (

 37 Figure 37 (a) Traditional tape-shaped racetrack memory; (b) Data overflow issue.

Figure 38

 38 Figure 38 Ring racetrack memory based on SOT driven magnetic domain motion.

Figure 39

 39 Figure 39 Short circuit current problem of ring racetrack memory.

Figure 40

 40 Figure 40 Micromagnetic simulation results: (a-d) Motion of magnetic domains in the "straight track".

Figure 41 (

 41 b-c) illustrates magnetic domain sequence moving anticlockwise in the ring nanowire. According to Figure 41 (c) and (d), the position of the magnetic domain is changed without driving current, indicating that DW movement has inertity.

Figure 41

 41 Figure 41 Micromagnetic simulation results of the chiral motion of the magnetic domain driven by the SOT current in the ring racetrack memory: (a) SOT current pulse setting, (b-f) the position of the magnetic domain motion at the corresponding time.

Figure 42 shows

 42 Figure 42 shows the electrical model cell of the racetrack memory. (a) shows the shift unit, which represents a single magnetic domain or one bit of data. This data may be transmitted via S1 and S2 under the driving current from T1 to T2. The data shift direction is the same as the current direction. (b) shows the RM read-write unit. Compared to the shift unit, there is an additional MTJ structure. The data stored in this unit can be detected or changed via terminals T3 and T4. The ring-shaped racetrack memory is realized by cascading the shift unit and readwrite unit. Figure 42(c) shows a schematic diagram of a 4-bit ring-shaped RM. Terminal S2 of the rightmost unit is connected to terminal S1 of the leftmost unit to simulate the ring nanowire structure.

Figure 42

 42 Figure 42 Schematic diagram of the electrical model of racetrack memory: (a) shift unit, (b) read and write unit, (c) 4-bit ring racetrack memory.

Figure 43 shows

 43 Figure 43 shows the block diagram of the proposed RM model, which consists of three parts: the shift sub-model, read sub-model, and write sub-model. On the left is the input modules, including some constant parameters, adjustable variable parameters and input voltage and

Figure 43

 43 Figure 43 Block diagram of electrical behavior model of ring racetrack memory. The shift sub-model mainly describes the directional movement of the magnetic domain driven by SOT current. Key parameters of this model are input current density (JShift), DW motion speed (vDW), and heavy metal layer resistance (RHM). Unlike micro-magnetic simulations introduced in 3.2.2, electrical simulations do not pay attention to the details of magnetic domain motion in any single device, and need to save computing resources for large-scale simulations. Therefore, a compact model is needed to accurately describe electrical behavior, simplifying the calculation process of key parameters as much as possible. Based on the above background, Walker and Slonczewski et al. proposed a onedimensional model (1-D Model) to simplify the solution of LLG equations. The 1-D model is very useful for describing DW motion in ferromagnetic materials, and several researchers later supplemented the content of the 1-D model [96-99]. Based on LLG equations of SOT current

Figure 44

 44 Figure 44 Relationship between the domain motion speed (vDW) and current density (JShift).

Figure 45

 45 shows the bit-cell circuit of the designed RM. The bit-cell circuit consists of three parts: ring-shaped nanowire, access port, and shift ports. The access port consists of an MTJ and a transistor connected to the Word Line (WL), which is controlled by the WL signal to perform read and write operations. The shift port consists of two pairs of transistors controlled by Shift Clockwise (SC) and Shift Anticlockwise (SA) signals. BL and SL respectively represent the bit line and the source line, wherein SL is connected to the power supply VDD, and BL is connected to ground. When shift signal "SC" is turned on, the transistors MN0 and MN4. Current flows clockwise in HM layer, generating SOT drives the magnetic domains to move clockwise. When shift signal "SA" is turned on, opening the transistors MN1 and MN3. Current flows anticlockwise in HM layer, generating SOT drives the magnetic domains to move anticlockwise.

Figure 45

 45 Figure 45 Schematic diagram of bit-cell circuit of racetrack memory.

Figure 46

 46 Figure 46 Schematic diagram of read circuit.

Figure 47

 47 Figure 47 Schematic diagram of racetrack memory write circuit.

Figure 48

 48 Figure 48 Circuit transient simulation results.

Figure 49

 49 Figure 49 High-speed domain motion in ferrimagnetic alloys driven by magnetic fields [100].

Figure 50

 50 Figure 50 Relationship between the velocity of domain and temperature under different magnetic field amplitudes [100].

  (a), for SOT driving current with the same pulse width and different current densities, the velocity of Ferrimagnetic domain motion has a tendency to increase first and then decrease, which is similar to the vDW-T curve shown in Figure51. Similarly, experimental results of the same current density and different pulse widths in Figure52(b)show evidence that the Joule heating effect has a relatively significant effect on ferrimagnetic domain velocity.

Figure 51

 51 Figure 51 SOT current-driven high-speed domain motion in ferrimagnetic alloy [102].

Figure 52

 52 Figure 52 Joule heating effect on ferrimagnetic domain motion: (a) The relationship between magnetic domain velocity and current density; (b) The relationship between magnetic domain velocity and current pulse width [102].

4. 2 . 1 Figure 53

 2153 Figure 53 Ferrimagnetic lattice structure and antiferromagnetic coupling arrangement [102].

Figure 54

 54 Figure 54 Simulation results of ferrimagnetic domain motion driven by magnetic field.

Figure 55 (

 55 Figure55(a) shows the variation of angular momentum moment and magnetic domain velocity with temperature in ferrimagnetic materials. It can be found that the DW velocity is inversely related to the change of angular moment of momentum. The smaller the AS, the greater the vDW. When temperature is near to the compensation point, AS ≈0, ferrimagnetic domain motion can reach very high speed. In contrast, in conventional FM materials as shown in Figure55(b), since there is no compensation property, the ability of current to drive the motion of magnetic domains is low. In addition, temperature has a weaker impact on the velocity of DW motion.

Figure 55

 55 Figure 55 Relationship between the DW velocity, angular moment of momentum and temperature in (a) ferrimagnetic materials and (b) ferromagnetic materials.

Figure 56 Ferrimagnetic

 56 Figure 56 Ferrimagnetic domain device model.

Figure 57 shows

 57 Figure 57 shows the structural block diagram of the FiM domain device model, which consists of three parts: the Joule heating sub-model, the temperature-dependent FiM compensation submodel and the ferrimagnetic dynamics sub-model. The logical relationship of these three sub-models is shown in Figure 58: First, the Joule heating sub-model is responsible for calculating the real-time temperature of FiM devices, demonstrating the relationship between temperature changes over time. Secondly, the temperature-dependent FiM compensation sub-model gives the important magnetic parameters such as MS and AS according to the real-time temperature calculated by the Joule heating model. Finally, the magnetic parameters are substituted into the ferrimagnetic dynamic sub-model to calculate the velocity and distance of DW motion. Comparing the DW moving distance (s) with MTJ position (l) of MTJ, I can detect the output of FiM device. If s≥l, MTJ is at low-resistance

Figure 57

 57 Figure 57 Block diagram of ferrimagnetic domain device model.

  Figure 58 Flow chart of ferrimagnetic domain device model.

Figure 59

 59 Figure 59 Influence of Co doping concentration element of CoGd ferrimagnetic alloy on total magnetization and compensation angular momentum.

Figure 61

 61 Figure 61 Electrical simulation results: (a) Relationship between ferrimagnetic domain velocity and temperature under different input currents, (b) Relationship between the device temperature and operating time under different input currents, (c) Variation trend of domain velocity with time under different input currents, (d) Variation trend of velocity and distance of ferrimagnetic domain motion with time under different doping ratios.

Figure 61 (

 61 Figure61(a) shows the relationship between ferrimagnetic domain velocity and temperature under different input currents. Temperature will significantly affect DW velocity, which reaches its peak at TA, and shows a downward trend with the temperature deviation.

Figure 61 (

 61 Figure 61 (b) shows the influence of different current amplitudes on device temperature, which is based on the Joule heating effect of the current. The significant influence of the temperature variation on FIM DW motion is demonstrated in Figure 2(c). I can find that vDW-t curves of

Figure 62

 62 Figure 62 Variation trend of ferrimagnetic domain moving distance with time under different input current densities.

Figure 63

 63 Figure 63 Circuit design based on MTJ and ferrimagnetic domain devices.

Figure 64

 64 Figure 64 Variation trends in temperature, velocity, and distance of ferromagnetic devices over time under different input current densities. Where jH represents the current density through the low resistance state MTJ, and jH represents the current density through the high resistance state MTJ.

Figure 65 Flip

 65 Figure 65 Flip-flop circuit based on DDMTJ.

Figure 66

 66 Figure 66 Simulation results of Flip-flop circuit based on DDMTJ.

Figure 67

 67 Figure 67 Traditional tape racetrack memory layout design.

Figure 68

 68 Figure 68 Cell circuit layout design of racetrack memory.

Figure 69

 69 Figure 69 Cell circuit layout design of cells-overlapping ring RM (COR-RM).

Figure 10

 10 Figure 10 Cell circuit layout design of multi-access-heads ring RM (MAHR-RM).

Figure 71

 71 Figure 71 illustrates the L2 cache organization. Lots of the arrays compose the mats, and then form banks. Each array contains RM cells and corresponding peripheral circuits. The peripheral circuits include the decoders, pre-chargers, sense amplifiers, multiplexers, output drivers, WL drivers, racetrack shift drivers and route paths. Routes from I/O interface, through banks and mats, to arrays are composed of address wires, distributed data wires, and broadcast data wires. In this work, I use the modified NVsim peripheral circuitry simulation framework, into which the racetrack decoders and shift drivers are integrated [108], to simulate the approximate area and performance of the RM caches.

Figure 71

 71 Figure 71 Arrangement of L2 cache based on RM. The NVSim [110-111] simulation framework is a circuit-level model used to estimate chip-level area, performance, and energy consumption, and new non-volatile memory. It is mainly used to estimate the performance of new non-volatile memories under different design specifications before manufacturing the actual chip to avoid wasted cost. NVSim supports a variety of new non-volatile memory technologies, including STT-RAM, PCRAM, ReRAM and NAND flash memory. The NVSim simulation framework is modified from CACTI, which is a circuit-level model used to simulate SRAM and DRAM caches. NVSim adds new features such as a more flexible data activation model and an alternative bank organization structure.

I

  evaluated the delay and energy consumption of shift, read and write operations by circuit simulation, and estimated cell circuit area by layout design. The area and capacity of the cell are obtained from the layout works, whereas read/write latency and performance of the cell and peripheral circuits are measured from Cadence simulations. The specific input for NVsim is shown in Table7. Using these parameters as inputs, NVsim can simulate the approximate area, performance and energy consumption of the aforementioned caches. I firstly evaluate and compare 4MB L2 caches for six different memory technologies, namely SRAM, STT-RAM, tape RM, ring RM, COR-RM, and MAHR-RM. All these memory technologies are based on the 40 nm technology node.Note that when calculating the delay and energy consumption of read and write operations, the cost of shift operations should be taken into account. This thesis uses a pre-shift strategy based on the characteristics of the RM. RM needs shift operations before accessing to a specified bit, thus has particular shift mechanism. For instance, the index bits are subdivided into decode bits and shift bits for RM cache addressing. The decode bits are used by the row decoders to select the correct RM cell, and the shift bits are used by the shift drivers to determine the number of required shift operations.

Figure 72

 72 Figure 72 Pre-shift operation flow chart.

Figure 73

 73 Figure 73 Iso-capacity NVSim normalized result. The NVsim results of 4MB caches are listed in Table 8. In this series of comparison objects, the first three groups are based on other memory technologies, such as SRAM, STT-MRAM, traditional tape RM. The latter three groups are based on different layout designs of the

Figure 77 4 -

 4 Figure 77 4-core simulation results: (a) IPC performance comparison, (b) energy consumption

Figure77 (a) shows the 4 -

 4 Figure77 (a) shows the 4-core IPC performance comparison. Generally, the IPC significantly rises as cache capacity expands. Compared with single-core scenario, this trend is more pronounced. Because the 4-core CPU processes 4 programs in parallel, the amount of data stored in the shared LLC increases sharply, which leads to severe problem of space crowding.

Figure 77 (

 77 Figure77 (b) shows the 4-core IPC energy comparison. With the greatly decreasing in the leakage power and off-chip access energy, our proposed RM caches can achieve superior advantages on energy consumption. It is worthy to note that, with same capacity, energy of MAHR-RM cache is higher than COR-RM cache. Which is caused by the adding access transistors, which leads to more leakage power consumption. As compensation, the MAHR-RM cache can achieve better performance.

Figure 78

 78 Figure 78 In-Memory-Computing circuit based on DDMTJ.

Figure 79 MOS

 79 Figure 79 MOS logic tree: (a) AND logic, (b) OR logic, (c) XOR logic.

  XOR logic. By analyzing XOR logic arithmetic expressions and truth tables, the CMOS/DDMTJ-based XOR logic gates are shown in Figure79 (c). Compared to AND/OR logic circuits, the connection between the MOS transistor and the DDMTJ in the XOR logic circuit is relatively complex, as both sides of the branches contain B and B components. In order to minimize the number of complementary DDMTJs in the circuit, the cross-connect method shown in Figure79 (c) is used. The arithmetic expression and truth table of XOR logic are shown below.

Figure 80 1 -

 1 Figure 80 1-bit full adder circuit based on DDMTJ.

Figure 81

 81 Figure 81 Simulation results of full adder circuit based on DDMTJ.

Figure 81 shows

 81 Figure 81 shows the transient simulation results of 1-bit full adder based on DDMTJ. The output signals "Co" and "SUM" verify the logic function of a full adder. Table 15 lists the performance comparison of the proposed DDMTJ-MFA with the CMOS-based FA and the conventional MTJ-based MFA in Ref. [115]. Since spintronic devices can be integrated on CMOS through three-dimensional integration technology, the area of DDMTJ-MFA and SMTJ-MFA (38 MOS transistors plus 4 DDMTJs) is better than that of a CMOS-only full adder (46 MOS transistors). Compared with the traditional MTJ-MFA circuit, the DDMTJ-based MFA circuit benefits from its faster writing speed and lower critical switching current, which can significantly reduce the writing delay and energy consumption of the IMC circuit.

6. 2

 2 In-Memory-Computing based on Ferrimagnetic Domain Devices 6.2.1 Reconfigurable logic based on ferrimagnetic domain devices Ferrimagnetic materials are considered strong candidates for the construction of new inmemory-computing devices due to their terahertz magnetic precession. Ferrimagnetic materials are considered strong candidates for the construction of new in-memory-computing devices due

Figure 82 .

 82 Figure 82. (a) Schematic of the proposed FiM XNOR logic gate. Current injected into the HM layer generates SOT to induce DW motions in the FiM layer, heating the device at the same time. (b) vDW as a function of temperature driven by SOT current. Temperature rising resulted from Joule-heating can severely affect vDW. (c) Temperature and DW velocity as a function of time with different input currents.

  Figure 82 (c) shows temperature and DW velocity as a function of time with different input currents, which is basically consistent with the analysis of Figure 82 (b).

  in one step with a single device. Compared to the traditional XNOR logic gate based on domains in the FM domain wall(FM-DW), which needs 4 devices and 6 steps, the proposed XNOR logic gate based on FiM domain wall (FiM DW) can greatly reduce logic delay and energy consumption. The time required for a single XNOR logic operation is 50 ps and the energy consumption is 1.4 V×(872 μA+607 μA +607 μA +318 μA)/4×50 ps ≈ 42 fJ.In order to verify the accuracy of the device logic, it is verified by micromagnetic simulation. At the same input, the steady-state position of the magnetic domain wall at 50 ps is shown in Figure83 (b). The XNOR logic of the micromagnetic simulation is consistent with the theoretical calculation results, which verifies the accuracy of the proposed FiM logic device.

Figure 83 Functional

 83 Figure 83 Functional implementation of XNOR logic and micromagnetic simulation: (a) temporal evolution of DW position and (b) corresponding steady-state DW configurations at 50 ps.

  micromagnetic simulations. At the same input, the steady-state position of the magnetic domain at 50 ps is shown in Figure 84 (b). Most of the logic of the micromagnetic simulation is consistent with the theoretical calculation results, which verifies the accuracy of the proposed ferrimagnetic logic device.

Figure 84

 84 Figure 84 Functional implementation of Majority logic and micromagnetic simulation: (a) temporal evolution of DW position and (b) corresponding steady-state DW configurations at 50 ps.

Figure 85

 85 Figure 85 Reconfigurable logic implementation of ferrimagnetic devices and micromagnetic simulation results: (a) Influence of input branch currents of different amplitudes on the final position of magnetic domain motion. By comparing with MTJ positions, OR, AND, XNOR, NOR, and NAND logic can be implemented. (b) Factual table of these logics. (c-d) Micromagnetic simulation results of OR, AND, NOR, and NAND logic.

Figure 85 (

 85 Figure 85 (a) shows the relationship between the input branch current (jH) of different amplitudes and the final DW position. For example, (1) when jH = 2×10 12 A/m 2 , the final DW position driven by j00 is the furthest. (2) When jH = 2×10 12 A/m 2 , the final DW position driven by j01 is the furthest. (3) When jH = 2×10 12 A/m 2 , the final DW position driven by j11 is the furthest. MTJ is located at 170 nm. By adjusting the magnitude of the input current density, the ferrimagnetic domain device can realize five reconfigurable logics of OR, AND, XNOR, NOR, and NAND, respectively. The logic truth table and the corresponding input circuit density settings are shown in Figure 85 (b). Based on the input current settings given in the truth table,

Figure 86 (

 86 c) shows a schematic diagram of neural perception, which is the basic unit of BNN. In this design, the neural perceptron is composed of a large number of synaptic devices (i.e., XNOR logic gates) and neurocell devices (i.e., FA). I use this BNN to perform handwritten digit recognition tasks, as shown in Figure86(d). 26 * 26-bit data in the MNIST database is used as input to the BNN, forward propagation is performed through two 1024-bit ConvLayer layers. Finally, the recognition result is obtained in the 10-bit Fully Connected Layer.

Figure 86

 86 Figure 86 Schematic diagram of 1-bit full adder and binary neural networks based on ferrimagnetic

Figure 87 shows

 87 Figure 87 shows the performance comparison of FiM-DW based BNN and other technologies in a single handwriting recognition task. For a clearer comparison, this thesis divides delay and power consumption into five main parts, namely XNOR logic cost, storage weight cost, buffer cost, add-on cost, and leakage current cost. Among them, since the logic gate based on FM-DW requires several steps to realize the XNOR and full-add logic. The corresponding XNOR and ADD parts consume most of the delay and power consumption for FM-DW. For STT-MRAM and SOT-MRAM, these schemes implement the logic function by

Figure 87 BNN

 87 Figure 87 BNN performance comparison based on ferrimagnetic domain wall (FiM-DW) and other

Figure 88 (

 88 Figure88 (d) shows the corresponding relationship between the bit-error rate and the recognition accuracy of the BNN network[START_REF] Hirtzlin | Outstanding bit error tolerance of resistive rambased binarized neural networks[END_REF]. Substituting the error rate of 0.26%, the estimated accuracy of the network is about 98.2%.

Figure 88 (

 88 Figure 88 (a) Impact of device process deviation on MTJ resistance distribution, (b) Impact of MTJ

2 . 4 .

 24 I designed a ring-shaped racetrack memory (RM) with ultra-high storage density.Aiming at the data overflow issue of traditional RM, a solution of the ring-shaped structure is proposed, which can theoretically double the storage density and achieve more efficient shift operations. Based on the micromagnetic simulation tool, I investigate the process of magnetic domains motion driven by SOT currents. Based on theoretical analysis, I use Verilog-A language to model the electrical behaviors of data shift, read and write operations. This physicsbased model has good agreement with the experimental results. 3. I designed a ferrimagnetic logic device with ultra-fast magnetic domain motion. Aiming at the speed bottleneck of domain motion in traditional ferromagnetic material systems, a solution of the ferrimagnetic domain device is proposed. Based on the micro-magnetic simulation tool, ultrafast magnetic field motion and temperature-dependent properties in ferromagnetic alloys are studied. Then, I use Verilog-A language to build a physics-based model, which includes ferrimagnetic compensation sub-model, ferrimagnetic dynamics sub-model, and Joule heating sub-model. I analyze the unique nonlinear magnetic domain motion regulation in ferrimagnetic alloys, which provides a theoretical basis for the design of logic functions. I designed a new spin memory circuit. The practicability of the DDMTJ model is verified, and the performance advantages of DDMTJ at the circuit level compared with traditional MTJ are shown. Thanks to DDMTJ's fast write speed, the maximum clock frequencyof the MFF circuit can reach 0.5 GHz, which is more than twice that of the MFF circuit based on traditional MTJ. In addition, ring-shaped RM is applied to the design of ultra-large capacity L2 cache. The circuit, layout, and architecture designs are introduced in details, and the performance analysis is carried out through circuit-level and system-level simulation.Compared to SRAM cache, the proposed RM cache can increase IPC by an average of 30.7% and save an average of 58.2% of energy consumption.5. I study in-memory-computing technology based on new spintronic devices. Firstly, a hybrid logic circuit based on DDMTJ and CMOS is introduced, and a variety of Boolean logic functions are realized by designing a transistor logic tree. Then, a relatively complex 1-bit full adder circuit is designed, and the realization of its logic function is verified by circuit simulation.Then, I use the ferrimagnetic temperature characteristic to design the XNOR logic gate, which can complete the XNOR logic operation in just one step. A single XNOR operation requires only 50 ps, which greatly improves the speed of the XNOR logic operation. Finally, I use the ferrimagnetic XNOR logic gates to construct binary neural networks. It significantly improves the overall performance of the network and maintains a high computational accuracy of neural networks, with an accuracy rate of about 98.2% for handwritten digit recognition tasks.
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Figure 1

 1 Figure 1 La tendance de la consommation d'énergie des puces prévue par le plan international de la

Figure 2 1 .

 21 Figure 2 états spintroniques spin-up et spin-down Les dispositifs spintroniques offrent un moyen prometteur de réduire la consommation d'énergie. Tout d'abord, la mémoire non volatile basée sur les dispositifs spintroniques peut limiter efficacement le problème croissant de la consommation statique liée au courant de fuite. Ensuite, grâce à la conception de circuits, les dispositifs spintroniques peuvent également réaliser des opérations logiques. Il est prévu de construire une architecture de calcul en mémoire (IMC) basée sur le spin pour résoudre le problème de la consommation d'énergie dynamique dans les architectures de von Neumann traditionnelles. Cependant, la technologie spin IMC a des exigences élevées en matière de performance des dispositifs spintroniques (c'est-à-dire une vitesse élevée, une densité élevée, une fiabilité élevée et une faible consommation d'énergie). Par conséquent, l'étude de dispositifs spintroniques à haute performance est la base pour la réalisation et le développement ultérieur de la technologie spin IMC. De plus, afin d'exploiter les nouveaux dispositifs spintroniques dans la conception de circuits, la construction de modèles électriques de dispositifs spintroniques est une étape clé pour effectuer des simulations au niveau circuit. Par conséquent, cette thèse propose des modèles électriques basés sur le mécanisme physique des nouveaux dispositifs spintroniques. En tenant compte des facteurs telles que la configuration des matériaux, le processus de fabrication et les interactions avec son environnement, ces modèles ont une grande précision et montrent une bonne correspondance aux données expérimentales. En tenant compte des ressources et de l'efficacité de la plate-forme de simulation, les modèles proposés prennent en charge des simulations de circuits plus complètes. Les progrès technologiques telles que l'intelligence artificielle, l'Internet des objets, le Big Data et le Cloud Computing permettent d'offrir de nouveaux services à l'humanité, créant une
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 33 Figure 3 Schéma de la MTJ à double barrière à double couche libre 2. Nous avons conçu une mémoire à parois de domaines magnétiques de type "racetrack memory" (RM) en forme d'anneau, offrant une densité de stockage ultra-élevée (Comme le montre la Figure 4). Dans le but de dépasser la capacité des RM traditionnels, nous avons proposé une solution architecturale en forme d'anneau qui, théoriquement, peut doubler la densité de stockage et améliorer l'efficacité des opérations de décalage. Nous avons étudié le mouvement des parois de domaine magnétique en utilisant des simulations micro-magnétiques, et avons développé un modèle de dispositif qui correspond étroitement aux résultats expérimentaux. 3. Notre étude se concentre sur les dispositifs de domaine ferrimagnétiques ultrarapides (FiM), comme le montre la Figure 5. Pour résoudre le goulot d'étranglement de la vitesse du déplacement des domaines magnétiques dans les systèmes matériaux ferromagnétiques traditionnels (FM), nous proposons un dispositif RM FiM. Nous avons étudié le mouvement ultrarapide dispositif RM FiM et ses caractéristiques dépendantes de la température en utilisant des simulations micromagnétiques. Nous avons construit un modèle de dispositif RM FiM en utilisant le langage Verilog-A, qui comprend le modèle de compensation FiM, le modèle dynamique FiM et le modèle de thermique d'échauffement par effet Joule. À l'aide de ce modèle,
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 45 Figure 4 Racetrack memory à parois de domaines, en anneau, basée sur le déplacement des domaines
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 6757 Figure 6 Disposition du cache L2 basée sur RM

  

  

  

  

  

  is asymmetrical with the critical flip current (M1) from P state to AP state. This is mainly due to the different spin polarization efficiencies (g) in the two magnetization states.

	to P state
	(a) shows the electrical model symbol of PMA-MTJ. The model
	has two electrical ports, T1 and T2, where bidirectional currents can pass. In addition, the model
	also has a virtual port 'State', which is convenient for users to observe the magnetization state
	of MTJ during simulations.
	Figure 14 (b) shows the simulation results of DC static analysis based on the PMA-MTJ
	model. The black and red lines are the simulation results, describing MTJ flip process from P
	state to AP state and from AP state to P state, respectively. The blue dots are the experimental
	data. By comparison, it can be seen that the simulation results are basically consistent with the
	experimental data. At the same time, the experimental results also reflect that MTJ TMR value
	will decrease as the bias voltage increases. Further, the critical flip current (M0) from AP state

  2.3 Modeling of double-barrier double-free-layer magnetic tunnel junction 2.3.1 Device Modeling Based on the above physical mechanism, this work uses Verilog-A language to build the electrical model of DDMTJ. The symbol of the model was developed under the Cadence Virtuoso 6.1.5 simulator. The overall framework of DDMTJ model is shown in Figure 26. The left side is the input modules of the model, including some constant parameters (such as α, e, γ, P, and MS, etc.), adjustable variable parameters (such as tOXT, tOXB, tFLT, tOXB, and TMR, etc.) and input voltage and current signals (such as V and IWrite). The right side is the output module, which contains some key intermediate variables (such as KEff, ΔE) and the output signals (such

		Table 1 Parameters and variables in DDMTJ models
	Parameter	Definition	Default value
	tOXT	Thickness of top oxide barrier layer	0.8×10 -9 m
	tOXB	Thickness of bottom oxide barrier layer	0.4×10 -9 m
	tFLT	Thickness of top free layer	1.6×10 -9 m
	tFLB	Thickness of bottom free layer	1.0×10 -9 m
	TMR(0)	TMR ratio at zero voltage	180% [78]
	KB	Bulk anisotropy energy density	1.8×10 5 J/m 3 [33]
	KI	Interfacial anisotropy energy density	1.3×10 -3 J/m 2 [33]
	MS	Saturation magnetization	1.58 T [33]
	D	Diameter of MTJ	20×10 -9 m
	P	Spin polarizability	0.71
	γ	Gyromagnetic ratio	1.76×10 11 rad/T
	B	Bohr magneon	9.274×10 -24 J/T
	α	Gilbert damping constant	0.004 [80]
	kB	Boltzmann constant	1.38 × 10 -23 J/K
	T	Kelvin temperature	300 K

as R0, R1, IC0 and <τ>). In the middle is the main part of the model, which is mainly composed of three parts, namely reading sub-model, write sub-model and thermal stability calculation model. Reading sub-model is used to calculate the magnetoresistance of MTJ. Write sub-model will calculate the critical switching current and switching time as the basis for determining whether FL magnetization is switching. The parameter variables involved in the DDMTJ model and their default values are listed in Table

1

. Figure 26 Overall framework of the DDMTJ model.

For reading sub-model, its key parameters are the corresponding magnetoresistance values under different magnetization states. They are mainly produced by the top and bottom MgO barrier layers. As shown in Figure

27

, when calculating magnetoresistance, DDMTJ can be regarded as a combination of top and bottom MTJs, whose magnetization states are opposite to each other. Therefore, the DDMTJ magnetization state cannot simply be defined as P state or AP state. In this work, the DDMTJ state is defined as follows: When the top MTJ is in AP state and the bottom MTJ is in P state, it corresponds to the "0" state with lower magnetoresistance.

  where θ represents the angle between the magnetization direction of RL and FL, and φ represents the included angle of the magnetization direction in the xy plane. According to the angle component of the θ, when δθ/δt=0, the JSTT is the critical switching current density. In this way, I can obtain the expression of IC0:

								22)
			𝜕𝜑 𝜕𝑡	=	𝛾𝐻 𝑐𝑜𝑠 𝜃 -𝛼𝜉𝑔 1 + 𝛼	𝐽	(2.23)
				𝐼 =	𝛼𝛾𝑒𝑀 𝑉 𝜇 𝜇 𝑔	𝐻	(2.24)
	𝐼 =	2𝛼𝛾𝑒 × (𝐾		⋅ 𝐴𝑟𝑒𝑎 ⋅ 𝑡 + 𝐾 𝜇 𝑔	⋅ 𝐴𝑟𝑒𝑎 ⋅ 𝑡 )	(2.25)
			𝑔		(𝜃) =	𝑃 (1 -𝑃 𝑐𝑜𝑠 𝜃)	(2.26)
		𝐻	=	2𝜇 ⋅ (𝐾	⋅ 𝑡 + 𝐾 𝑀 (𝑡 + 𝑡 )	⋅ 𝑡 )	(2.27)
	Equation (2.26) and (2.27) are two expressions of IC0. Equation (2.26) is suitable for
	calculating the IC0 by measuring the magnetic field of hysteresis loops (HK, corresponding to
	Heff) in experiments. While Equation (2.27) is suitable for theoretically calculating the IC0 from
	the perspective of energy. By integrating the partial differential function, the magnetization
	switching time (τ) can be obtained as follows:
		𝜏(𝜃 ) ≈		/	-	1 𝛼𝛾𝐻 -𝜉𝑔	𝐽	𝑑𝜃 𝜃	(2.28)
			𝜏(𝜃 ) ≈ 𝑙𝑛	𝜋 2𝜃	𝑔	𝑒𝑚	𝜇	1 (𝐼 -𝐼 )	(2.29)
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		parameter error settings of DDMTJ
	Parameter	Definition	Default value (with error)
	tOXT	Thickness of top oxide barrier layer	0.8 nm ± 3%
	tOXB	Thickness of bottom oxide barrier layer	0.4 nm ± 15%
	tFLT	Thickness of top free layer	1.6 nm ± 15%
	tFLB	Thickness of bottom free layer	1.0 nm ± 15%
	D	Diameter of MTJ	20 nm ± 15%
	TMR	TMR ratio	180% ± 20%

Table 3

 3 Parameters and Variables Applied in Micromagnetic Simulation

	Parameters	Defination	Default values
	α	Gilbert damping constant	0.015
	Ms	Saturation magnetization	0.66×10 6 A/m
	γ	Gyromagnetic ratio	1.76×10 11 Hz/T
	KS,0	Uniaxial Magnetic Anisotropy Energy	8×10 5 J/m 3
	tF	Thickness of ferromagnetic Layer	1 nm
	θSH	Spin Hall anger	0.01
	P	Spin polarizability	0.5
	A	Exchange energy	2×10 -11 J/m

Table 4

 4 Parameters and variables for racetrack memory modeling

	Parameters	Defination	Default values
	Δ	Domain wall width	5 nm
	D	DMI parameter	0.6×10 -3 J/m 2
	ρ	Resistivity of Pt	1.76×10 7 Ω/m 2
	l	Length of unit magnetic domain	40nm
	w	Width of the nanowire	40nm
	tPt	Thickness of Pt layer	15 nm
	tFL	Thickness of free layer	1 nm
	μ0	Vacuum permeability	1.257×10 -6 H/m
	B	Bohr magneon	9.274×10 -24 J/T
	kB	Boltzmann constant	1.38×10 -23 J/k

  addition, read delay measured by circuit simulation is 0.164 ns, and read energy consumption is about 3.17 fJ, which is estimated by calculating the time integral of V×I. For write operation, write voltage VDD=1V, the current measured through the P-state MTJ is 112 μA, with switching time of 4.5 ns. The current through the AP state MTJ is 98 μA, with switching time of 5.8 ns. Then I calculate write energy consumption by Ewrite = VDD× I × Twrite.

	For MTJ in P state, write energy consumption is 1 V×(98 μA×4.5 ns+112 μA×1.3 ns) =587 fJ.
	For MTJ in AP state, write energy consumption is 1 V×112 μA×5.8 ns =650 fJ, giving the
	average write energy consumption is 619 fJ.

Table 5

 5 Delay and Energy Consumption of the shift, read, and write operations of ring RM

	Shift Operation	Read Operation	Write Operation
	Delay	Energy Consumption	Delay	Energy Consumption	Delay	Energy Consumption
	150 ps	3.78 fJ	164 ps	3.17 fJ	5.8 ns	619 fJ

Table 6

 6 Parameters and variables in the ferrimagnetic domain motion model

	Parameters	Definition	Default va;ue
	MCo(0)	Saturated Magnetization of Co at 0 K	1.4×10 6 A/m 2
	MGd(0)	Saturated Magnetization of Gd at 0 K	1.71×10 6 A/m 2
	TC	Curie temperature	450 K
	α	Gilbert damping factor	0.016
	γCo	Gyromagnetic ratio of Co	1.93×10 11 rad/T
	γGd	Gyromagnetic ratio of Gd	1.76×10 11 rad/T
	θSH	Spin Hall angle	0.155
	tFiM	Ferrimagnetic layer thickness	6 nm
	tHM	Heavy metal layer thickness	6 nm
	D	DMI parameters	0.12 mJ/m 2
	k1	Heat dissipation coefficient of electrode	400 W/m•K
	k2	Heat dissipation coefficient of substrate	149 W/m•K
	k3	Heat dissipation coefficient of air	0.026 W/m•K
	A1	Contact area with electrodes	6×10 -12 m 2
	A2	Contact area with substrate	3×10 -11 m 2
	A3	Contact area with air	3×10 -11 m 2
	L1	Heat dissipation distance of electrode	5×10 -6 m
	L2	Heat dissipation distance of substrate	670×10 -6 m
	ρm1	Density of ferrimagnetic alloys	8900 g/m 3
	ρm2	Density of heavy metals	21450 g/m 3
	cp1	Thermal capacitance of ferrimagnetic alloy	422 J/kg•K

cp2 Thermal capacitance of heavy metals 133 J/kg•K Figure 60 Electrical simulation based on ferrimagnetic domain device.

  Table7 Input for NVsim:capacity, area, delay and energy consumption of various memory

	Memory	Cell	Cell	Read *	Read *	Write *	Write *
	Technology	Capacity	Area	latency	energy	latency	energy
	STT-MRAM	1 bit	40 F 2	0.164 ns	3.17 fJ	5.8 ns	619 fJ
	Tape RM	8 bits	180 F 2	1.06 ns	30 fJ	6.7 ns	646 fJ
	Ring RM	32 bits	180 F 2	0.464 ns	10.7 fJ	6.1 ns	627 fJ
	COR-RM	2×64 bits	370 F 2	0.764 ns	18.3 fJ	6.4 ns	635 fJ
	MR-RM	2×128 bits	720 F 2	0.464 ns	10.7 fJ	6.1 ns	627 fJ

* where the average shift latency and energy is taken into account.

Table 8

 8 where the average shift latency and energy is taken into account.proposed ring-shaped RM. For a more intuitive comparison, the table contents are normalized and visualized, as shown in Figure73. Caches based on STT-MRAM, tape RM, ring RM, MAHR-RM, and COR-RM can achieve smaller and smaller cache area and leakage power consumption compared with SRAM cache, while suffering from the much higher write latency and energy caused by the inefficient write operation of MTJ.Note that the cache area is a significant parameter in NVsim. For instance, smaller cache area leads to shorter route delay. High density memory devices, especially RMs, can take grate advantages of that. Compared with the conventional STT driven tape RM cache, the proposed SOT driven ring RM cache significantly reduces the area and shift latency, as a result of overcoming data overflow and faster DW motions. Thanks to the cells-overlapping design, the density of RM can be further heighten. Despite possessing the highest density, COR-RM still suffers from higher latency caused by the increasing shift operations. This drawback can be overcome by MAHR-RM cell design with 1R4J structure. Inevitably, the added access

				iso-capacity NVSim result		
	Memory	Cell	Cell	Read *	Read *	Write *	Write *	Leakage
	Technology	Capacity	Area	latency	energy	latency	energy	power
	SRAM	4M	12.807 mm 2 1.387 ns 0.890 nJ 0.682 ns 0.848 nJ 2814.9 mW
	STT-MRAM	4M	4.78 mm 2	1.321 ns 0.625 nJ 6.260 ns 1.210 nJ 223.31 mW
	Tape RM	4M	2.162 mm 2	3.788 ns 0.478 nJ 7.513 ns 1.087 nJ 38.822 mW
	Ring RM	4M	0.603 mm 2	1.505 ns 0.251 nJ 6.552 ns 0.905 nJ 15.845 mW
	COR-RM	4M	0.375 mm 2	1.863 ns 0.249 nJ 6.861 ns 0.917 nJ	8.123 mW
	MR-RM	4M	0.394 mm 2	1.526 ns 0.195 nJ 6.618 ns 0.870 nJ 13.599 mW

*

Table 9
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				iso-area NVSim result			
	Memory	Cell	Cell	Read *	Read *	Write *	Write *	Leakage
	Technology	Capacity	Area	latency	energy	latency	energy	power
	SRAM	1M	3.517 mm 2 0.783 ns 0.447 nJ 0.357 ns 0.432 nJ 739.59 mW
	STT-MRAM	3M	3.445 mm 2 1.267 ns 0.515 nJ 6.212 ns 0.961 nJ 153.34 mW
	Tape RM	6M	3.204 mm 2 3.942 ns 0.517 nJ 7.559 ns 0.948 nJ 53.524 mW
	Ring RM	24M	3.208 mm 2 1.743 ns 0.497 nJ 6.499 ns 0.928 nJ	54.99 mW
	COR-RM	48M	3.276 mm 2 2.186 ns 0.502 nJ 6.803 ns 0.933 nJ	53.86 mW
	MR-RM	48M	3.287 mm 2 1.814 ns 0.507 nJ 6.510 ns 0.945 nJ	88.10 mW
	* where the average shift latency and energy is taken into account.			

Table 10
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	lists the detailed settings of gem5 system experiment. The system is configured
	with single-core or 4-cores, private 32 KB I/D L1 cache, and shared L2 cache respectively
	based on aforementioned memory technologies. The detailed system experiment setup is
	provided in Table V. I perform the system simulations with the benchmarks from the SPEC
	2000 suite. Before executing 20 million instructions, I warm up the cache by fast forwarding
	for 200 million instructions.

Table 12
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			Truth table of AND logic gate		
	A	B	RL	RR	Resistance Comparison	Qm
	0	0	(Ron // Roff)+RLRS	RHRS+Roff	RL < RR	0
	0	1	(Ron // Roff)+RHRS	RLRS+Roff	RL < RR	0
	1	0	(Ron // Roff)+RLRS	RHRS+ Ron	RL < RR	0
	1	1	(Ron // Roff)+RHRS	RLRS+ Ron	RL > RR	1

Table 13
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	Truth table of OR logic gate

Table 14

 14 

				Truth table of XOR logic gate	
	A	B	RL	RR		Resistance Comparison	Qm
	0	0	(RHRS + Roff)// (RLRS + Ron)	(RHRS + Ron)// (RLRS + Roff)	RL < RR	0
	0	1	(RLRS + Roff)// (RHRS + Ron)	(RHRS + Roff)// (RLRS + Ron)	RL > RR	1
	1	0	(RLRS + Roff)// (RHRS + Ron)	(RHRS + Roff)// (RLRS + Ron)	RL > RR	1
	1	1	(RLRS + Ron)// (RHRS + Roff)	(RHRS + Ron)// (RLRS + Roff)	RL < RR	0
	6.1.2 1-bit full adder based on double magnetic tunnel junction	
	Based on the above method, a more complicated 1-bit Magnetic Full Adder (MFA) is
	designed. The logical operation of MFA can be divided into sum operation and carry operation,
	and its arithmetic expression can be described as,		
			+ Qm Sum A B C ABC ABC ABC ABC + i i i i      	i	(6.4)
			+ Qm Sum ABC ABC ABC ABC + i i i   	i	

Table 15

 15 Performance comparison of DDMTJ-MFA and FA based on other storage technologies

	Performance	CMOS FA	MTJ-MFA	DDMTJ-MFA
	Logic delay	75 ps	87.4 ps	80.8 ps
	Dynamic power	2.17 μW	1.98 μW	1.74 μW
	Static power	71 nW	<1 nW	<1 nW
	Data memory delay	-	3.68 ns	1.65 ns
	Data memory energy	-	958 fJ	446 fJ
	Circuit Area	46 MOS	38MOS+4MTJ	38MOS+4DMTJ

Table 16
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		Logic performance comparisons with other Technologies	
	XNOR	Logic Time	Energy	Die Area	NV Output
	FiM-DW	50 ps	3.14 fJ	2MOS+1FiM-DW	yes
	FM-DW	3.0 ns	88 fJ	8MOS+4FM-DW	yes
	STT-MTJ+ CMOS	1.7 ns	253 fJ	17MOS+2MTJ	no
	SOT-MTJ+ CMOS	1.1 ns	157fJ	20MOS+2MTJ	no
	Full Adder	Logic Time	Energy	Die Area	NV Output
	FiM-DW	0.1 ns	7.25 fJ	6MOS+3FiM-DW	yes
	FM-DW	6.0 ns	264 fJ	18MOS+9FM-DW	yes
	STT MTJ+ CMOS	1.8 ns	465 fJ	38MOS+4MTJ	no
	SOT-MTJ+ CMOS	1.1 ns	312 fJ	46MOS+4MTJ	no
	6.2.3 Binary neural network based on ferrimagnetic domain devices	
	Ferrimagnetic XNOR logic gates with optimal performance are used to build a binary
	neural network (BNN). BNNs can transform complex convolutional operations into simple
	XNOR and add operations, saving computing resources and maintaining high accuracy [117-
	121].				

In order to verify the advantages of the proposed ultra-large-capacity RM at the system level, this thesis uses the iso-area NVsim result as the L2 cache for gem5 simulation [112][START_REF] Binkert | The gem5 simulator[J][END_REF],

and compared the performance with SRAM, STT-MRAM and traditional tape RM.

Gem5 is an open-source computer architecture simulator, including system-level architecture and processor microarchitecture. The predecessor of gem5 is the m5 project of the University of Michigan and the GEMS project of the University of Wisconsin. In 2011, m5 merged with GEMS to form gem5, which is now widely used in academia and industry. At present, gem5 has been cited more than 5,000 times, and a large number of papers use gem5 as a research tool. It is also used by many industrial companies, including ARM, AMD, Google, Micron, Metempsy, HP, Samsung, etc. gem5 is a modular discrete event-driven computer system simulator platform. This means that architecture researchers only need to add or modify target-specific functional blocks when studying new architectures, and do not need to know all the details of the emulator. Gem5 currently implements a large number of models for system components, including CPUs, DRAMs, on-chip interconnects, coherent caches, I/O devices, and more. These models are parametric and can be customized for different systems. achieve excellent improvements on IPC. Compared with SRAM, the maximum performance improvement can be up to 132.7%, and the average improvement is 12.0%. Compared with SRAM and STT-MRAM, STT driven tape RM suffers from subtle performance degradations in some groups of results. This is caused by the extra shift latency.

Thanks to ultra-fast DW motions driven by SOT and the pre-shift strategy, the shift latency of the proposed RM can be significantly reduced. Therefore, there is no obvious impact on overall IPC.

The single-core energy consumption comparisons are displayed in Figure 76. The total energy is the sum of read/write energy, the off-chip access energy and the leakage energy consumption.

The calculation methods are as follows: 1. The total read/write energy consumption is calculated by multiplying read/write times by the single read/write energy consumption. 2. The off-chip access energy consumption is calculated by multiplying off-chip access times (i.e., [read times + write times] × miss rate) by the energy required for single access to the main memory (about 10.7 nJ). 3. The leakage current energy consumption is obtained by multiplying the leakage current power consumption by the total time. All these parameters have been obtained from the device-level and circuit-level works proposed in the previous sections.

Generally, non-volatile memories reduce the energy consumed in L2 cache. Even though the dynamic energy of RM is higher than SRAM, the static leakage power of RM is much lower.

For benchmark 'mgrid', which requires large dataset, I can obtain an obvious energy-saving with the increasing of the cache capacity. Which is caused by the reduction of off-chip access energy. This replacement will save the system power consumption. It reduces the L2 cache energy up to 66.1%, and 49.9% on average.

Figure 76 Energy consumption comparison of gem5 single-core simulation

In the above core solo gem5 simulation, I found that for the benchmark dataset with small data computation, the data congestion problem in the L2 cache is not serious, and cannot significantly show the advantages of high-storage-density cache. Moreover, with the rapid development of the computing system, single-core processor becomes unable to meet the needs of big data. The development of CPU tends to be multi-core. Thanks to multi-threaded parallel processing of multiple programs, the performance of computers can be obviously improved.

Since all the data of the multiple running programs should be stored in the shared last level cache (LLC). There is an urgent demand of increasing the on-chip memory capacity. If the cache capacity is not large enough, system needs frequently to retrieve the data from main memory, which will seriously affect the performance. I perform 4-core system experiment to highlight the great advantages of the proposed RM cache. Among the wide range of benchmarks from the SPEC 2000 suite, benchmarks which require large dataset are selected to form the benchmarks groups. Each group contains 4 benchmarks, as it lists in -----------------------------------------MTJ Technology Parameters -------------------------------------------* //duration_shift = 1.0e-