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ABSTRACT 

Spintronics is a growing research field that is focused on exploring materials and devices that 

take advantage of the electron’s “spin” to go beyond charge based devices. The most impactful 

spintronic device to date is a highly sensitive magnetic field sensor, the spin-valve, that allowed 

for a 10,000-fold increase in the storage capacity of hard disk drives since it was first introduced 

in a magnetic recording read head in 1997. In about 2007 the original spin-valve that was based 

on spin-dependent scattering in metallic magnetic/non-magnetic interfaces evolved to a closely 

related device in which the essential physics changed to that of spin-dependent tunneling across 

ultra-thin insulating layers placed between magnetic electrodes, but the basic spin-engineered 

structure remained largely unchanged. These latter structures were proposed in 1995 as potential 

memory elements for a magnetic random-access memory (MRAM) and the first demonstration of 

this possibility was made in 1999. It was only recently (about 2019) that MRAM became a 

mainstream foundry technology. 

Compared with most conventional charge based electronic devices, spintronic devices have 

the advantage of non-volatility, low-power consumption, and scalability to smaller dimensions.  

For these reasons spintronic devices are highly attractive for next-generation information memory-

storage and are promising for advanced applications such as in-memory computing.  Furthermore, 

spintronics allows for a unique high capacity, non-volatile, solid-state memory-storage device that 

relies on devices that can store multiple digital bits in the form of a series of chiral domain walls 

that are moved at high-speed using nanosecond long current pulses along magnetic nanowires. 

These devices also enable synaptic functionalities in neuromorphic computing and are therefore 

potential hardware candidates for artificial intelligence.  

In this review article, recent advances in multi-state spintronic devices are discussed. The 

review starts with an introduction followed by a discussion on using domain-walls for achieving 

multiple states for memory and neuromorphic computing. In the next section, achieving multiple 

levels based on domain nucleation are discussed. Subsequent discussions review the use of 

magnetic pillars, and other schemes for achieving high-density memory. The prospects of 

spintronic devices in neuromorphic computing for artificial intelligence (AI) are also presented. 
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I. INTRODUCTION 

 

The invention of the computer and its variants, such as smartphones, has enormously impacted 

and augmented the human way of life. For the past 40 years, computers themselves have 

continuously evolved according to the Moore’s law evolution of the number of transistors in a 

single silicon chip that has allowed for ever-increasing computing power. At the same time, the 

main technology used for storing digital data, the magnetic hard disk drive (HDD), has also 

continuously evolved with ever-increasing storage capacity per disk. These evolutions have 

required, at times, discontinuous changes in the sub-component technologies, as well as the tools 

required to manufacture both silicon chips and magnetic disk drives. 

In an HDD, data is stored as tiny-magnetized regions within an ultra-thin magnetic layer, the 

magnetic media, that is prepared on a glass disk. This layer is typically a granular ferromagnetic 

(FM) thin film [1–3]. The data is written into the media by small magnetic fields generated in a 

write head that, together with a read head, forms the magnetic recording head that is moved over 

the surface of the media mechanically. Today, the media is magnetized in a direction perpendicular 

to the surface of the disk that allows for higher density of packing of the magnetic bits. As 

mentioned above, the read head is formed from a spintronic magnetoresistive (MR) device, the 

spin-valve, that originally was all metallic, in which the MR originated from spin-dependent 

scattering, often described as giant magnetoresistance (GMR) [4,5] or from spin-dependent 

tunneling, that is referred to as tunneling magnetoresistance (TMR) [6–8]. The emergence of spin-

valves based on GMR or TMR can be considered as opening the ever-expanding field of 

spintronics. 

A spintronic device utilizes the spin degree of freedom in storing and transmitting information 

[9]. Such devices can display highly useful properties, such as non-volatility, low energy 

consumption, fast processing speed, and scalability to tiny dimensions that, thereby, allow for high 

density. A spintronic device usually comprises several magnetic layers and non-magnetic layers 

stacked together. A typical spintronic device is the magnetic tunneling junction (MTJ), as 

illustrated in Figure 1(a) for an in-plane MTJ (i-MTJ) where the magnetization in both FMs lie in-

plane and for a perpendicular MTJ (p-MTJ) where the magnetization lies normal to the plane. 



5 

 

The MTJ is the main building block of the magnetic random access memory (MRAM) [10–

13], an emerging non-volatile memory among others, such as resistive random-access memory 

(RRAM) [14], phase-change memory (PCM) [15], and ferroelectric random-access memory 

(FeRAM) [16]. An MTJ consists of two FM layers separated by a thin tunneling dielectric layer, 

usually magnesium oxide (MgO) for achieving high TMR [17–22], as shown in Figure 1(a). The 

resistance of the MTJ, which represents the magnetic bit, is determined by the relative 

magnetization orientations of the two FM layers. Typically, parallel magnetizations result in a 

larger probability for tunneling in the MTJ and hence a lower resistance (“0” state), and anti-

parallel magnetizations result in a lower probability for tunneling and hence a higher MTJ 

resistance (“1” state). The magnetization of one FM layer is fixed in one direction, whereas the 

magnetization of the other FM layer can be altered by using current induced magnetic fields [23] 

or spin polarized currents generated from spin-transfer torques (STTs) [24,25] or spin-orbit torques 

(SOTs) [26–29].    

Typically, an MRAM bit cell is composed of one MTJ and one or several access transistors. 

Figure 1(b) sketches the 1-transistor-1-MTJ (1T1J) configuration used in spin-transfer torque 

random access memory (STT-MRAM). The density of the memory not only depends on the size 

of the MTJ, but also on the footprint of the access transistors, which, today must be larger in area 

than the MTJ, to generate enough current to switch the MTJ reliably.     

To reduce the cost per bit of the memory, the research community and the semiconductor 

industry have put considerable efforts into increasing the density of memory devices. The storage 

density can be increased by reducing the size of the bit by scaling down the MTJ size and by 

reducing the size of the access transistors by optimizing the critical switching fields or currents of 

the MTJ. The storage density has been increased in this way by means of material selection [30–

33], device optimization [34–36], and cell architecture design [37,38]. Another path to increase 

the storage density is to use multi-state MTJ devices in bit cells, thus increasing the number of bits 

in a single bit cell. The multi-state approach is, in principle, an efficient way to boost memory 

density, and it is of great current interest [39–41]. 

In addition to enhancing the memory storage density, multi-state spintronic devices also 

enable brain-like, neuromorphic computing concepts [42]. Conventional computers use the von 

Neumann architecture [43] where the central processing unit (CPU) and main memory are 

separated. The mismatch between the fast CPU processing speed and slow data transfer rate 
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between CPU and memory limits the work efficiency of conventional computers, an effect also 

known as the von Neumann bottleneck [44]. Significant efforts have been applied to overcome the 

von Neumann bottleneck, including, for example, using cache memory [45] or by the 

miniaturization of transistors. These technologies have led to tremendous improvements in the 

processing speeds of conventional computers for which the relative amount of data processed per 

clock cycle is relatively small. Secondly, the Joule heating associated with the transfer of data 

between memory and CPU leads to additional energy consumption. As a result, there is much 

interest in exploring novel ideas that could allow for more energy-efficient computing. This 

becomes ever more important as the quantities of data created by the billions, if not trillions of 

devices connected to the internet, explodes.  Over the past 10 to 15 years, we have gradually moved 

into the era of “big data”.  

A computing system for efficiently storing and processing big data needs to possess at least 

two capabilities. First, it should perform both storage and processing functionalities locally, and 

second, it should carry out computing not only digitally, but also in analog form. These two 

capabilities can overcome the von Neumann bottleneck encountered in conventional computers 

and guarantee high computational efficiency for next generation computing. The human brain 

stores and processes information similarly, and, by contrast with conventional computers is orders 

of magnitude more energy efficient. For these reasons the research field of brain-inspired 

computing (neuromorphic computing) has become of ever-increasing interest as an alternative path 

to highly efficient computing and storage for some specialized applications.  

Human brains are comprised of various types of cells wherein the main components are 

neurons connected with synapses (Figure 1(c)). A neuron typically consists of a cell body, an axon 

and multiple dendrites [46]. The axon transmits electrical and chemical signals that the dendrites 

receive from other neurons through many synaptic connections. The neurons may be considered 

in large part as processing units and the synapses as storage and learning units. The synapse 

assesses the importance of the information received from the pre-synaptic neuron and subsequently 

passes the weighted information to the post-synaptic neuron.  
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Figure 1. (a) Schematic of in-plane MTJ and perpendicular MTJ in parallel state (“0”) or anti-parallel (“1”) state for 

in-plane MTJ (i-MTJ) and perpendicular MTJ (p-MTJ). (b) Circuit diagram of an STT-MRAM bit cell in 1-transistor-

1-MTJ (1T1J) configuration. (c) A synapse connecting two neurons in a biological neuron structure. (d) MTJs with 

domain-wall motion in the free layer for in-plane magnetizations and perpendicular magnetizations.  

 

The ability of the human brain to store and process information locally and concurrently 

inspired researchers to exploit novel hardware architectures that could mimic to some extent some 

of the biological thinking capabilities of the human brain. This so-called neuromorphic computing 

dates back to the 1940s [47]. Recent advances in emerging non-volatile memories (NVM) and 

memristors [48–52] has accelerated the development of neuromorphic computing hardware. 

Various types of materials have been explored to mimic the function of a neuron or synapse in a 

single nanoelectronic device within RRAM [53–55], PCM [56–59], and spintronic memory 

technologies [60–63]. Of these technologies, spintronic devices have become one of the most 

encouraging candidates for neuromorphic computing. MTJ-based spintronic devices can be 

designed to function as either neurons [64–75], or synapses [73,76–84], and have attracted 
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increasing attention in the research community recently [85,86]. In particular, multi-state 

spintronic devices are especially suitable for building synapses due to their excellent properties 

such as ultrafast dynamic controllability, non-volatility, low-energy, and almost unlimited 

endurance; traits that are also demonstrated by synapses in the human brain.  

In this article, we review recent research developments and advancements in spintronic multi-

state devices for high-density memory and neuromorphic computing. We focus on the materials 

and device structure concepts. We also discuss the prospect of using spintronic-device-based 

artificial neurons and synapses to accelerate both research and the eventual application of 

spintronic devices in neuromorphic computing for artificial intelligence (AI). 

 

II. MULTI-STATE DEVICES BASED ON DOMAIN WALL MOTION 

 

The resistance state of a spintronic spin-valve device is dictated by the magnetization patterns 

in the magnetic free layer. In a small device, e.g., the device diameter is less than 40 nm in 

perpendicularly magnetized MTJs [87,88], the magnetizations prefer to keep a single-magnetic 

domain state because of the large exchange interaction energy, which can be expressed as 

𝐸௘௫௖ = 𝐽 ∙ (𝑆ଵ ∙ 𝑆ଶ),      (1) 

where J is the exchange constant, and 𝑆ଵ , 𝑆ଶ are neighbouring magnetic moments. However, the 

magnetization of the free layer in a large device can break up into several magnetic domains that 

are separated by domain walls. The ability to nucleate, propagate and stabilize domain walls is 

crucial to achieving a multi-state spintronic device.      

 

A. Domain wall motion in continuous magnetic nanowires 

 

A domain wall refers to the transition region between two oppositely magnetized magnetic 

domains [89]. Figure 1(d) illustrates domain wall motion in a spintronic device. The MTJ has an 

elongated stripe shape with length L, and the domain wall position x in the magnetic free layer can 

be driven using a magnetic field or an electric current. The MTJ conductance 𝐺(𝑥) (inverse of 

resistance) is governed by [90] 

𝐺(𝑥) = 𝐺௉
௫

௅
+ 𝐺஺௉ ቀ1 −

௫

௅
ቁ + 𝐺஽ௐ,    (2) 
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where 𝐺௉ , 𝐺஺௉ , and 𝐺஽ௐ  are the parallel, antiparallel conductance, and the conductance in the 

domain wall region, respectively. All these parameters are device specific constants.  

In MTJ based domain wall devices that rely on STT to dive the domain wall motion, the 

applied electric current is passed through the MTJ typically in a two-terminal device configuration 

[77,91,92]. Wang et al.[93] illustrated the basic theory of the memristor effect in such STT induced 

domain wall motion. Sbiaa and Piramanayagam [94] proposed a domain wall device with multiple 

resistance states for achieving multilevel storage. Lim et al.[91] experimentally studied the domain 

wall motion in an in-plane magnetization configuration driven by STT in 2004. A current pulse as 

short as 0.4 ns can displace the domain wall in a 300 nm wide, 30 µm long NiFe spin-valve strip 

with a critical current density of 10ଵ଴  𝐴 𝑚ଶ⁄ . A square pad of 1 𝜇𝑚 × 1 𝜇𝑚 was attached at one 

end of the strip to assist the domain wall injection. Another method to nucleate a domain wall in 

planar nanowires using device temperature was investigated by micromagnetic simulations [95], 

where the authors discussed various device geometry effects on the domain patterns. He and Fan 

[92] investigated the domain wall motion in a perpendicular anisotropy nanowire driven by STT 

as spintronic weight devices in a reconfigurable spintronic threshold logic gate design. Two fixed 

magnetic domains with opposite directions are attached to the ends of the free ferromagnetic layer. 

They achieved a steady domain wall motion with domain velocity of up to 60 m/s in a 20 nm wide 

nano-strip at a critical current density as low as  6 × 10ଵଵ  𝐴 𝑚ଶ⁄ . Lequeux et al. [81] 

experimentally demonstrated a multistate resistive switching using STT in a perpendicularly 

polarized magnetic strip. They fabricated samples with several track widths of 90 nm, 100 nm and 

110 nm with a large nucleation pad attached at one end. Figure 2(a) depicts the side view of an 

MTJ device with a domain wall in the free layer, with the domain wall width denoted as Δ in the 

figure. Figure 2(b) is an SEM image of the MTJ from the top side. The current passing through the 

MTJ controls the direction and displacement of the domain wall motion. Figure 2(c) shows the 

MTJ resistance as a function of the current, showing multistate switching of the device. Figure 

2(d) indicates that the domain wall in the magnetic wire exhibits both Neel and Bloch hybrid wall 

configurations. The current density required for moving the domain wall was reported to be very 

low, on the order of 10ଵ଴  𝐴 𝑚ଶ⁄ . However, such a current density is still too high for the needed 

domain wall motion in two-terminal STT devices as this current passes directly through the MTJ, 

resulting in reliability issues as the electric field across the tunnel barrier approached the 
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breakdown strength. For this reason, researchers continue to explore other possible switching 

schemes.    

 

 

 

Figure 2. (a) Schematic of an MTJ with a domain wall in the free layer (side view). (b) SEM image of the MTJ (top 

view). (c) Resistance as a function of the injected current with an external magnetic field Hz = 85 Oe. (d) 

Micromagnetic simulations showing the domain wall propagation and stabilization in a 100 nm width magnetic track 

[81]. 

 

Domain wall motion in perpendicularly magnetized devices using SOT generated by injecting 

an in-plane electric current into heavy metal/ferromagnet bilayer structures has recently attracted 

significant attention [96–103]. In such structures, the spin-Hall effect [28,30,31] (SHE) produces 

the required current induced torque, and the interfacial Dzyaloshinskii–Moriya vector exchange 

interaction [104] (DMI) induces domain walls with a given chirality. The DM interaction between 

two neighboring spins has the following form, 

𝐸஽ெூ = −𝐷ଵଶ ∙ (𝑆ଵ × 𝑆ଶ),      (3) 

where 𝐷ଵଶ is the DMI vector determined by the underlying symmetry of the crystal lattice on 

which the spins sit. DMI is an antisymmetric exchange promoting chiral spin textures. 

The combination of SHE and DMI promotes the uniform motion of domain walls with high 

efficiency [97,105–108]. Figure 3(a) depicts the concept of such a three-terminal MTJ device for 

achieving the SOT induced domain wall motion in a free layer magnetic strip. The strip is separated 
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from the fixed layer by inserting a tunneling oxide layer, and the domain wall position in the free 

layer strip determines the resistance state of the MTJ.   

Passing a charge current through the Heavy Metal (HM) layer between T1 and T3 can displace 

the domain wall. The direction of the charge current determines whether the domain wall moves 

left or right. The amplitude and length of the charge current pulse dictate the distance moved, 

resulting in a change of the MTJ resistance that is sensed by passing a small bias current through 

T2 and T3.  

Spintronic devices using three-terminal SOT-induced domain-wall motion have several 

advantages over two-terminal STT devices [109,110]. First, a two-orders of magnitude lower 

current density are required to produce the same amount of domain wall displacement achieved 

using STT. Furthermore, the spin-charge conversion for SOT devices can be more efficient than 

that for STT. In addition, the decoupling of reading and writing paths enables the independent 

design optimization for the reading and writing operations. Most of all, the write current used for 

driving the domain wall does not result in dielectric breakdown within the MTJ, as with STT. 

Figure 3(b) shows a simulated SOT-induced domain wall velocity in a perpendicularly magnetized 

nanowire by micromagnetic simulations [111]. The inset shows a snapshot of the magnetization 

pattern with a chiral domain wall. A domain wall velocity of 125 m/s was achieved with a current 

density of less than 2.5 × 10ଵଵ  𝐴 𝑚ଶ⁄ .  
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Figure 3. (a) Three-terminal domain wall motion spintronic device. During writing, a charge current passes between 

T1 and T3 to induce a spin-orbit torque via spin polarized electrons diffusing into the free layer strip, which displaces 

the domain wall. The position of the domain wall dictates the resistance state of the MTJ, which is sensed by passing 

a small current through T2 and T3. (b) Simulated SOT-induced domain wall velocity in a nanowire calculated by 

micromagnetic simulations. The inset shows a snapshot of a magnetization pattern with a chiral domain wall. Here 

Ms, αH, D, and Ku are saturation magnetization, spin Hall efficiency, DMI constant, and perpendicular anisotropy, 

respectively [111]. (c) Schematic of hybrid free layer that consists of a conventional MTJ with FL 1 for efficient STT 

and high TMR and FL 2 with inherent PMA optimized for high domain wall velocity driven by SOT. The two FLs 

are ferromagnetically coupled; schematic of domain-wall based Pt/CO devices, and schematic of SAF FL 2 design 

[103].  

 

The merits of SOT-induced domain-wall-motion devices have attracted numerous research 

efforts aiming to develop and advance applications in neuromorphic computing architectures 

[82,90,102,103,112]. Sengupta et al.[90] carried out a complete device- and system-level computer 

simulation with a free layer strip 160 nm wide and 0.6 nm in thickness. It was shown that the 

velocity linearly increases with the charge current density and reaches a saturation value when the 

current density exceeds 2.0 × 10ଵଶ  𝐴 𝑚ଶ⁄ . The system level simulation in the neural network for 

a standard pattern recognition problem indicates that the energy consumption is reduced by 100 
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times relative to a corresponding CMOS implementation. A method to enhance the domain wall 

motion velocity is demonstrated by using ion irradiation induced interface intermixing [113].  

Raymenants et al.[103] recently proposed a SOT-induced domain-wall-motion device using 

a hybrid free layer (HFL) that offers a solution to device integration challenges in domain-wall 

based devices with a single free layer [114]. The HFL consists of a conventional MTJ attached on 

top of a platinum/cobalt layer or a synthetic antiferromagnet layer (Pt/Co/Ru/Co), as shown in 

Figure 3(c).  The HFL consists of a conventional MTJ with a free layer FL 1 for efficient STT and 

high TMR on top of another free layer, FL 2 with inherent PMA optimized for high domain wall 

velocity driven by SOT. The two FLs are coupled ferromagnetically through the spacer. 

During operation, an STT current is passed locally through the input pillar, injecting a domain 

wall into the HFL. The domain wall is moved along the HFL using SOT and its position is detected 

by TMR. A HFL based on a SAF offers the potential for reliable DW motion and faster write 

speeds compared to a device based on Pt/Co [115]. 

Besides STT and SOT, external magnetic fields can also induce domain wall motion in 

magnetic wires as shown by Kim et al.[116] in their experimental work for application as a 

neuromorphic computing device. The device consists of a single Hall-cross 10-micron in width 

fabricated using Co/Pt multilayers with a perpendicular anisotropy. A nucleation pad was used to 

create a bubble-like reversed domain at one end of the magnetic wire. A magnetic field pulse was 

applied along the perpendicular direction to expand the reversed domain.  

 

B. Multi-state with synthetic pinning sites in nanowires 

 

In smooth ferromagnetic wires, as discussed in the previous subsection, the pulse amplitude 

and width of the magnetic field or electric current was tuned to control the domain wall position. 

Hence, the pulse amplitude and width need to be precisely controlled for a given domain wall 

position. However, in the absence of the magnetic field or electric current, the domain wall tends 

to drift to the device center to minimize the total magneto-static energy [117]. For multi-state 

applications in magnetic memory, it is crucial to control the domain wall position precisely. This 

control can be achieved by using various domain wall pinning schemes [118–126], based on 

geometrical features or based on modification of magnetic properties. Pinning techniques such as 

staggered magnetic wires [127–131], notched geometries [117,132–134], and meander domain 
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wall devices [135] belong to a geometrical approach. Modification of magnetic properties, such as 

modification of local magnetic anisotropy [136–139], local composition [140–142], local magnetic 

interactions [143] can also be used to pin the domain walls.    

Figure 4(a) illustrates a representative device using staggered magnetic wires [129]. The 

magnetic wire is usually NiFe or CoFe for in-plane anisotropy [129] and Co/Ni multilayers are 

used for perpendicular magnetic anisotropy [130]. The offset parameters dictate the pinning 

strength and a domain wall velocity of about 200 m/s was reported for NiFe magnetic wires.  

 

 
 

Figure 4. (a) Schematic of a staggered magnetic wire with a nucleation pad and the offset l in length direction and d 

in width direction [129].  (b) Side view of the domain-wall-motion device with a domain wall in the free layer, and 

top view of the free layer with regular pinning notches [117].  

 

Figure 4(b) depicts the commonly used notched geometry to create pinning sites in magnetic 

wires for domain-wall-motion devices either with in-plane magnetic anisotropy [132] or with 

perpendicular anisotropy [117,133,134]. The notched devices are particularly useful as synapses 

in artificial intelligence neuromorphic computing hardware. The output resistance is linear and 

reproducible with either STT or SOT mechanisms for domain wall motion.  

Other novel designs on domain-wall motion devices include a ring-shaped nanowire driven by 

voltage [144], and vertical-STT-current-induced domain-wall motion with a half ring structure 

[145]. The former design has the merit of ultra-low heat generation of 0.2 fJ, a magnitude of 

approximately three orders smaller than that of the conventional current-driven cases; while the 

latter overcomes poor intrinsic torque [146,147] efficiency acting on the domain walls from 

conventional in-plane-current injection.     
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III. MULTI-STATE DEVICES BASED ON DOMAIN NUCLEATION 

 

Domain-wall based spintronic devices rely on the rich array of magnetization patterns to 

achieve multiple resistance states. Magnetization reversal in the magnetic free layer is either via 

coherent or incoherent modes, with the latter dominated by domain-wall motion or domain 

nucleation. Domain-wall motion discussed in the previous section is prone to pinning effects of 

various defects [148,149]. Magnetic skyrmions [150,151] may reduce pinning issues owing to 

their intrinsic topological nature and particle-like characteristic [152]; however, the control of 

magnetic skyrmions is still in its preliminary stage. Spintronic devices based on domain nucleation 

provides an alternative solution to achieve multiple resistance states. Figure 5(a) visualizes the 

difference between the magnetization pattern changes for domain-wall motion and domain 

nucleation devices. 

Wan et al.[148] proposed a domain nucleation model to describe the magnetization dependence on the 

applied current density and the external magnetic field for SOT induced domain nucleation and propagation 

in the ferromagnetic free layers of a Pt/Co/MgO structure with a size of 120 µm × 30 µm: 

ௗ௠

ௗఛ
= 𝑘଴ ∙ exp (−

ா಴

௞ಳ்
) ∙ (1 − 𝑚) ∙ 𝜋𝑟஼

ଶ.     (4) 

Here m is the switched magnetization, 𝜏 is SOT torque, 𝑘଴ is the attempt-frequency-related scaling 

factor, exp (−
ா಴

௞ಳ்
) is the thermally activated switching probability with  𝐸஼  being the energy 

barrier needed to nucleate a domain, which is dependent on both the anisotropy 𝐾௨ and external 

field 𝐻௫ . 𝑟஼ is the critical radius of the nucleated domain. 

A focused ion beam was applied to a part of the Co free layer for locally reducing the 

anisotropy. As a result, a gradual magnetization reversal via nucleation of numerous domains with 

small sizes was achieved under applied current and external field. The intermediate states are 

detectable by sourcing the proper current.  

In this section, we discuss various materials and structural designs used to obtain multistate 

devices based on such domain nucleation mechanisms. 

 

A. Ferromagnet (FM)/Antiferromagnet (AFM) heterostructures 
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AFM materials, such as PtMn or IrMn, facilitate multi-domain formation thanks to the absence 

of long-range exchange interaction and magneto-static fields. In FM/AFM structures, the AF 

domain patterns affect the nucleation of multi-domains in FM layer under an external field or 

electric current, resulting in non-coherent switching of the FM magnetization. As shown in Figure 

5(b) for the FM/AFM structure in a 10-µm-width Hall-bar, where FM is Co/Ni multilayer with 

perpendicular anisotropy, and AFM is PtMn [80], the measured relationship between the Hall 

resistance and the applied current indicates that the reversed magnetization amplitude can be 

continuously controlled by the  applied current. Such a concept was used as a synapse device in 

the demonstration of associative memory operations [83], and in asynchronous spiking neural 

networks [73]. Kurenkov et al. [153] investigated the device size effect on the multi-state switching 

behaviors in such heterostructures. As the size increases from 50 nm to 5 µm, the switching 

changes from stepwise to several intermediate states to analogue-like behaviors. At the same time, 

the number of the intermediate states increases with increasing size. Fukami et al. [154] reviewed 

their studies on implementing such heterostructures as artificial neuron and synapse devices and 

their applications in low-energy neuromorphic computing. Multi-state switching in other FM/AFM 

heterostructures such as in Pt/Co/IrMn tri-layer has also been studied [155–158]. 

The exchange bias from the interfacial coupling between FM and AFM layers plays a crucial 

role in the switching of such FM/AFM heterostructures [80,155,159].    

 

B. Modification of local material properties 

Another way to introduce multi-domains into the magnetic free layer is to modify the 

microstructure, resulting in local material property changes for facilitating the formation of 

domains. The microstructure of the magnetic layer can be locally modified using ion beam 

irradiation such as in a 10-µm-wide Pt/Co/W Hall-bar [160] and a 5-µm-wide W/CoFeB/MgO 

Hall-bar [161] to locally reduce anisotropy, as well as in Ta/Pt/Co/Pt Hall device [142] to modify 

the local exchange constant. Researchers also used focused ion beam (FIB) irradiation technology 

to change the anisotropy locally in Pt/Co/MgO Hall-bar structures with a size of 120 µm x 30 µm [148]. 

Ion irradiation was also used to enhance domain wall velocity through interface intermixing [113].  

 

C. In-plane field assisted domain nucleation 
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In SOT-induced switching of the magnetic free layer with perpendicular anisotropy, an in-

plane magnetic field can tilt the magnetization within the domain wall to induce an effective 

perpendicular field acting on the domain wall. By varying the in-plane field, the domain patterns 

in the free layer are thus controllable, resulting in multi-state magnetization reversal. This has been  

demonstrated in the Ta/CoFeB/MgO system in a Hall-bar with a size of 400 µm × 50 µm [162,163]. 

Figure 5(c) shows the schematics of the device showing an SOT-induced switching mechanism in 

the CoFeB/Ta heterostructure, an optical image of the Hall-bar, the measured Hall resistance vs. 

current density curves for different values of in-plane fields. These results show that multiple 

resistance states are achievable by varying the in-plane field.  

Similar studies have been carried out to demonstrate multi-state magnetization switching in 

5-µm-width Co/Pt multilayers [164] and in Co/Pt Hall-crosses with dimensions of 50 µm × 5 µm 

at elevated temperatures [165]. 

SOT-induced switching of perpendicular ferromagnetic tri-layers of Co-Pt-Co was also 

studied [166]. In these tri-layers, the thickness and anisotropy of the two Co free layers are distinct, 

resulting in different critical switching current densities. On the other hand, for a fixed in-plane 

field along the charge current direction, the switching behaviors of the two Co free layers are 

opposite due to their contacting opposite interfaces with Pt layers. The device thus exhibits four 

magnetization configurations under different current pulse forms.   
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Figure 5. (a) Magnetization patterns in different steps for domain-wall motion and domain nucleation in a 500 nm × 

1000 um device. (b) Schematic of FM (Co/Ni)/AFM (PtMn) structure, including recipe of measurement procedures, 

Hall resistance vs current loops with positive bias, and Hall resistance vs current loops with negative bias. Black-

curved arrows represent the starting measurement positions [80]. (c) Schematic of SOT-induced switching in a 

CoFeB/Ta heterostructure, the optical image of 400 µm × 50 µm Hall-bar, and resistance vs. current density loops for 

different values of in-plane fields [162]. 

   

 

D. Field-free multi-state switching of PMA magnets 

 

It is worth mentioning that SOT-induced field-free multi-state switching of perpendicular 

magnets in Ta/MgO/CoFeB/MgO heterostructures has been demonstrated using a wedged MgO 

layer between Ta and CoFeB layers [167]. Hall-bar devices with a width of 20 µm were patterned 

using standard photolithographic techniques. Figure 6(a) shows a schematic of a Ta/MgO 

(wedged)/CoFeB/MgO stack, a patterned Hall-bar image and measurement setup, measured results 

for the anomalous Hall resistance as a function of magnetic field at various wedged MgO 

thicknesses, and measured results for the pulse-current induced field-free switching for various 
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MgO thicknesses, showing a four-state magnetization switching for a wedged MgO thickness of 

0.25 nm.    

An alternative scheme for achieving field-free multi-state switching of PMA magnets is to use 

composite free layers such as in Pt/FM1/Ta/FM2 heterostructures. Here FM1 is ferromagnetic 

layer with PMA, and FM2 is a ferromagnetic layer with in-plane magnetic anisotropy (IMA), 

which is anti-ferromagnetically coupled with FM1 through a spacer layer Ta [168]. Figure 6(b) is 

a schematic of the PT/FM1/Ta/FM2 composite magnetic layered system and the measurement 

setup, the measured resistance vs magnetic field loops for various in-plane fields, and the measured 

resistance vs current density loop without in-plane field, showing multi-state switching. The size 

of the Hall-bar is 6 µm × 6 µm. Similar concepts have been adopted in other related research [169].    

 

 
 

Figure 6. (a) Schematic of a Ta/MgO (wedged)/CoFeB/MgO stack, patterned Hall-bar image and measurement setup, 

Anomalous Hall resistance vs magnetic field for various wedged MgO thickness, and pulse current induced field-free 

switching for various MgO thicknesses, showing a four-state magnetization switching for a wedged MgO thickness 

of 0.25 nm [167]. (b) Schematic of a PT/FM1/Ta/FM2 composite magnetic layered system and the measurement setup, 

resistance vs magnetic field loops for various in-plane fields, and resistance vs current density loop without in-plane 

field showing multi-state switching [168].      

 

 

E. Magnetic skyrmions and other domain nucleation devices 
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The characteristics of magnetic skyrmions that are controllable by electric current, including 

their creation, detection, motion, and deletion in a single device, offer the possibility of using them  

to emulate artificial synapses and neurons for neuromorphic computing and have attracted much 

attention [108,170–174]. Li et al. [174] reported  sub-100 nm sized room-temperature skyrmions 

in an MTJ device, which leverages the TMR effect to directly detect the skyrmions observed by 

MFM techniques. The controllable nucleation of skyrmions in the MTJ under electric pulse 

excitation was achieved as shown in Figure 7, leading to a non-volatile multilevel analog 

resistance. This skyrmionic MTJ device could potentially build a complete synapse-neuron system 

with advantages of easily tunable resistance and resistance reproducibility by achievable control 

of the skyrmionic density and size. Recent reviews on magnetic skyrmions can be found both with 

for device concepts and memory and logic applications [175–178]. 

As for other domain nucleation devices, Zhou et al.[149] recently demonstrated current-

induced magnetization switching in a single-crystalline L11-CuPt/CoPt bilayer Hall-bar structure. 

Multiple intermediate magnetization states were shown in the device due to the gradual domain 

nucleation under SOT current. Field-free multi-state switching is achievable when the charge 

current is passing along the low-symmetry axis.  

Another interesting way to achieve multi-state devices through domain nucleation is utilizing 

a remanent magnetism engineering approach [179]. Ten magnetization states are achievable in 

both perpendicular Co/Pt magnetic multilayers and MgO-based MTJs with CoFeB free layer at 

room temperature using magnetic field sweeping.    
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Figure 7. As a function of current density with a single pulse (a) and current pulse number (b), the variation of 

resistance and the induced-skyrmion density. (c) The skyrmioinc MTJ array for the neuromorphic computing. (d) 

Mimic of the long-term potentiation of the synapse.  (e) Activation process of the neuron [174]. 

 

 

IV. MULTI-LEVEL CELLS IN MTJs  

 

As mentioned above, MRAM is one of the encouraging candidates as a universal memory due 

to its non-volatility, high speed, infinite endurance, low energy consumption, and compatibility 

with complementary metal oxide semiconductor (CMOS) [11]. Two-terminal STT-MRAM has a 

compact cell design with shared read and write path; however, the high write current passing 

through MTJ results in MTJ barrier breakdown when the cell size is scaled down to increase 

memory density [180,181]. This limitation is circumvented with an alternative writing scheme in 
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the three-terminal SOT-MRAM, where the write and read paths are decoupled [28,30,182]. 

Although SOT-induced switching addresses the reliability issues encountered in STT, it creates its 

own limitations on decreasing memory density, as each bit-cell in SOT-MRAM requires two 

transistors [37]. Design of multi-level cell (MLC) is one of the most powerful solutions to increase 

the memory density. Various studies using such concept include MLC in STT-MTJ [82,183–193], 

MLC in SOT-MTJ [37], MLC in STT-assisted with SOT MTJ [194], and MLC with domain-wall 

shift (DWS) MTJ [195–199]. Figure 8 illustrates the design concept and the architecture of the 

MLC-MTJ [37,38]. The detailed methods of write and read operations of the MLC-MTJ are shown 

in a review paper written in 2016 by Fong et al.[38]. Prajapati et al.[183] presented a physics-

based circuit model in terms of the LLGS formalism for the MLC-MTJ. Their SPICE simulations 

reveal high performance of MLC-MTJ with a distinct presentation of multiple resistance states, 

making the device suitable for high density embedded memory applications.  

 

  

 

Figure 8. (a) Series-connection MLC-STT-MTJ. (b) Parallel- connection MLC-STT-MTJ. (c) Series-connection 

MLC-SOT-MTJ. (d) Parallel-connection MLC-SOT-MTJ.  (e) Schematic of domain-wall shift memory. (f) Possible 

implementations of MLC-DWS-MTJ [38]. 
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  More recently, double-pinned perpendicular MTJ spin-valve was proposed and 

experimentally demonstrated to achieve a four-level resistance state. High tunneling 

magnetoresistance (TMR) ratios of 152.6%, 33.6% and 166.5%, respectively, are achievable using 

CoFeB as free layers [200,201]. A uniform resistance difference between the four-level resistance 

states exempts the device from writing and reading disturbances in the integrated memory-cells. 

Hong et al.[202] proposed a three-dimensional (3D) configuration for vertical stacking device 

MTJ (3D-MTJ) with sub-20-nm size to achieve three-level switching. Figure 9(a) shows the 

schematic of 3D devices and two-resistance model, as well as the three resistance states and their 

corresponding magnetizations in the three free layers.   

Hong et al.[203] also proposed another 3D-MTJ with a dual domain structure, as shown in 

Figure 9(b). Five resistance states are achievable within a single MTJ with corresponding 

magnetization patterns. By connecting two such two dual-domain MTJ in series, eight distinct 

levels of resistance states are achievable. In principle, by adding more dual-MTJs vertically, one 

can achieve even more resistance states in such 3D configurations. The materials of the free layer 

can be Co/Pt or Co/Pd multilayers whose magnetic properties are controllable through the interface 

as well as the thickness of the stack layers [204].  

 

V. OTHER SCHEMES LEADING TO MULTI-STATE DEVICES 

 

Besides achieving multiple resistance states using either domain-wall motion, domain 

nucleation, or 3D multilevel cell architectures as discussed previously, there are other proposed 

schemes for achieving multiple states. These schemes include fabricating ferromagnetic free layers 

with multiple easy axes [205–210], using antiferromagnetic free layers [211–213], utilizing the 

unidirectional spin-Hall magnetoresistance (USMR) [214], or assisting with other mechanisms 

such as electric field manipulated switching in PMN-PT heterostructure [215], and resistive-

enhanced MTJ [216].  

STT or SOT can switch a ferromagnetic free layer with a uniaxial anisotropy between the two 

opposite uniform magnetization states. In general, four magnetization states are achievable for a 

ferromagnetic free layer with biaxial anisotropy [186,206]. Figure 9(c) shows an artificial free 

layer shape with three crossing ellipses possessing of tri-axial anisotropy; hence, six magnetization 
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states are achievable [205]. Ways to achieve even more magnetization states with such design of 

free layers were described in details in a very recent work [217].  

 

 
 

Figure 9. (a) Schematic of 3D devices and two-resistance model and three resistance states and their corresponding 

magnetization states in the three free layers [202]. (b) Schematic of a dual domain MTJ, the achievable five resistance 

states, and magnetization patterns corresponding to five resistance states [203]. (c) Simulated 6 magnetization patterns 

in the overlapping region of three intersecting elliptical films, and schematic of six resistive states corresponding to 

six different angles. FM1 is the fixed free layer; FM2 is the free layer with multiple easy-axis [205]. 

 

VI. MULTI-STATE SWITCHING IN SINGLE NANOSCALE DEVICES 

 

As both magnetic anisotropy and Heisenberg exchange in ferromagnetic free layers promote 

a collinear spin texture, the stabilization of intermediate magnetization states in nanoscale devices 

is a challenging task under thermal activation and operation currents [218,219]. Possible solutions 

discussed in Sections II and III to create and stabilize intermediate states require a relatively large 

device at least microns in size, or need an external magnetic field to achieve.   

A nanoscale device with submicron dimensions without the need for any external magnetic 

field is imperative in practical applications for high storage density and neuromorphic computing. 

The interfacial DMI, favoring a chiral spin texture, makes it possible to stabilize intermediate 

magnetization states in nanoscale spintronic devices, and thus it attracts numerous studies 



25 

 

[82,97,107,134,220–228]. Significant attention has also been paid to multi-state switching of p-

MTJs with nanoscale dimensions recently.   

Zhang et al.[229] demonstrated a spin-torque memristor spintronic device based on a PMA-

MTJ with a composite free layer (CFL) incorporating the tri-layer structure CoFeB/W/CoFeB. The 

CFL was patterned into nano-pillars 400-nm in diameter. An electric current passing through the 

MTJ induces STT switching of the CFL. Figure 10(a) shows the schematic of the device stack 

structure and the measured results for STT switching of the device showing stable intermediate 

resistances. Energy fluctuation caused by the chiral spin texture may be the main reason resulting 

in strong domain-wall pinning effects in the device. 

Multi-state STT switching for a nanoscale single free layer was also investigated for a p-MTJ 

based on CoFeB/MgO/CoFeB structures [230]. Three or four stable resistance states are achievable 

in a circular device with diameters ranging from 300 nm to 800 nm. Figure 10(b) shows the 

procedures used for the multi-level switching characterization, and the 3-level and 4-level 

switching with 400 and 800 nm p-MTJ, respectively. The insets illustrate the possible 

magnetization configurations of the free layer and fixed layer of the p-MTJ. In general, the free 

layer splits from a single domain into multiple domains with increasing device size. To obtain 

multi-domains in a small device, the magnetic properties need to be properly tuned.  

Three-terminal SOT switching has advantages over two-terminal STT switching in terms of 

high speed, high endurance, and low read disturbance [182,231–233]. Lourembam et al. [234] 

investigated multi-state three-terminal SOT switching for i-MTJ with submicron sized single free 

layers. They demonstrated metastable multi-domain states in Pt/CoFeB/MgO based MTJ devices 

with elliptical shape of 300 nm × 1000 nm. Four resistance states are achievable in most of our 

devices without using any pining steps. Micromagnetic simulations reveal that the multiple 

resistance states in these devices originate from the metastable multi-domain states where the total 

energy is a local minimum in the energy landscape. Hence, multiple resistance states may not 

appear in small devices with sizes below the corresponding domain wall width, as such small 

devices tend to exhibit mono-domain behaviours.     

A recent interesting simulation work [235] aims to realize multi-state switching in mono-

domain MTJ devices using composite free layers in a stack of HM (heavy metal)/p-

FL1(perpendicular free layer 1/CL(coupling layer)/i-FL2(in-plane free layer 2)/BL(barrier 

layer)/RL(reference layer) structure. When applying a charge current (with current density JSOT) 
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through the HM below the MTJ, due to the spin-Hall effect, the induced spin current controls the 

dynamics of the magnetization in p-FL1. It is noted that the long axis of the free layer is 

perpendicular to the flow of the charge current direction. As shown in Figure 10(c), thanks to the 

coupling effect from CL, the magnetization in i-FL2 is set to various directions at different current 

densities, resulting in multistate MTJ resistances. However, the intermediate states in such device 

as shown in B, C, E and F tends to relax to either state A or D upon the removal of the current, 

thus limiting the device’s practical use.  

 

 
 

Figure 10. (a) Schematic of device stack structure, and STT switching of the device showing stable intermediate 

resistances [229]. (b) Multi-level switching of a p-MTJ: the measurement method indicating the applied current and 

the measured resistance, and the 3-level and 4-level states obtained for a diameter of 400 and 800 nm, respectively. 

The insets illustrate possible magnetization configurations [230]. (c) Schematic of the proposed MTJ stacks, and 

snapshots of magnetization patterns in the in-plane free layer (FL2) at different current densities in the unit of 1012 

A/m2 [235].  

 

The works discussed above on multi-state switching in single nanoscale devices are achieved 

either using STT induced switching for p-MTJ or SOT induced switching for i-MTJ. To the best 

of our knowledge, studies on multi-state switching for nanoscale p-MTJ devices with three-

terminal SOT mechanism is still lacking.  
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To understand the SOT induced magnetization dynamics in nanoscale p-MTJs, and to seek 

possible multi-state switching devices, we carry out micromagnetic studies on a p-MTJ with a 

circular free layer as depicted in Figure 11(a). The free layer of a diameter 1000 nm is discretised 

into cell sizes of 2 nm × 2 nm × 1 nm, where the free layer thickness is assumed to be 1 nm. Table 

1 lists the material parameters [30,236,237] used in the simulation. Figure 11(b) depicts the 

average z- component magnetization 𝑚௭ as a function of the current density 𝐽௘ at different in-plane 

fields 𝐻௫. We start from single domain down magnetization (𝑚௭ = −1) and apply currents with 

gradually increasing amplitudes. Each point in the curves represents a sequence of 5 ns current 

pulse passing on the SOT channel followed by relaxation. The corresponding snapshots of 

magnetization patterns of the mid-states achieved at each relaxed point are also shown (The blue 

corresponds to down magnetization, and red corresponds to up magnetization). Without the 

external magnetic field (black curve), the magnetization is unable to switch even with sufficiently 

high current densities. Stable intermediate magnetization states are achievable by controlling 

different pulse amplitudes under external magnetic fields. Different external fields result in 

different intermediate magnetization states ( 𝐻௫= 5, 10, 15, 20 mT). However, the intermediate 

states disappear at high external fields where completely reversal of the magnetization occurs 

( 𝐻௫= 25, 30 mT). 

Table 1: Simulation parameters 

Symbol Parameter Default value Reference 

𝑀௦ Saturation magnetization 1.1 × 10଺ A m⁄  [30,236,237] 

𝐾௨ Intrinsic anisotropy 0.8 × 10଺ J mଷ⁄   

Α Damping constant 0.1  

𝐴 Exchange constant 20 × 10ିଵଶ J m⁄   

𝛼ு 

D 

Spin-Hall angle 

DMI constant 

0.1 

0.5 mJ mଶ⁄  

 

 

To eliminate the external magnetic field, we add a coupling layer and an in-plane magnetic 

layer on top of the perpendicular layer and make the shape elliptic with the long axis along the 

flow of the charge current direction, as shown in Figure 11(c). Table 2 lists the simulation 

parameters for the composite free layer. 
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 Table 2: Simulation parameters for the composite free layer 

Symbol Parameter Default value Reference 

𝑀௦ி௅ Saturation magnetization for FL 1.1 × 10଺ A m⁄  [30,236,237] 

𝐾௨ி௅ 

𝑀௦஼௅ 

𝐾௨஼௅ 

Intrinsic anisotropy for FL 

Saturation magnetization for CL 

In-plane anisotropy for CL 

0.8 × 10଺ J mଷ⁄  

0.8 × 10଺ A m⁄  

2 × 10ସ J mଷ⁄  

 

Α Damping constant 0.1  

𝐴 Exchange constant 20 × 10ିଵଶ J m⁄   

𝛼ு 

D 

Spin-Hall angle 

DMI constant 

0.3 

0.5 mJ mଶ⁄  

 

 

We again start from single domain down magnetization (𝑚௭ = −1) and apply currents with 

gradually increasing amplitudes. Each point in the curves represents the application of a sequence 

of 5 ns current pulses on the SOT channel followed by relaxation or no relaxation. Figure 11(d) 

shows the simulation results, indicating that field-free SOT induced multi-state switching in p-

MTJ is achievable using the proposed composite free layer. The corresponding snapshots of 

magnetization patterns for the mid-states are also shown (The blue corresponds to down 

magnetization, and the red corresponds to up magnetization).   
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Figure 11. (a) Schematic of a single free layer 1000 nm in diameter. (b) z- component magnetization vs current density 

at different in-plane field, showing multi-state switching. (c) Schematic of a perpendicular free layer (FL) coupled 

with an in-plane free layer (CL). (d) z- component magnetization vs current density, showing field-free multi-state 

switching. 

 

VII. PROSPECTS OF USING SPINTRONIC DEVICES IN NEUROMORPHIC 

COMPUTING 

 

Modern AI chips using deep learning algorithms work radically differently from our brain. 

They solve complicated numerical problems with high precision and digital encoding, while our 

brain uses parallel processing with low precision and analog encoding. The brain has two key 

components: synapses for storing connection weights and neurons with nonlinear activation for 
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processing information. To simulate the behavior of synapses and neurons, the use of compact and 

low power spintronic devices has emerged to be an area of great potential [85,86,238–240]. 

 

A. Neuromorphic computing based on Spin Torque Oscillators 

 

Biological neurons in our brain typically work in a leaky-integrate-fire (LIF) model. Neurons 

continuously receive spiking trains from other neurons that increase their membrane potential to a 

threshold, and this triggers firing spikes. After firing, neurons undergo a refractory period and the 

membrane potential goes back to the resting state. The nonlinear magnetization dynamics in some 

spintronic devices can be tailored to mimic the LIF model. One appealing example is spin-torque 

nano-oscillators with nonlinear frequency and amplitude response to an external bias. Moreover, 

the slow decay in the oscillation amplitude can imitate the leaky integration of neurons. 

Furthermore, controlling the coupling and communication of spin-torque oscillators in an array 

offers great design flexibility and tenability for simulating the collective behaviors of neurons in 

the brain. In 2017, Torrejon et al. [72] demonstrated that using a spin-torque oscillator in spoken-

digit recognition can attain an accuracy similar to that of a state-of-the-art neural network, as 

shown in Figure 12.  

The spin-torque oscillator consists of two ferromagnetic layers separated by a non-magnetic 

spacer. A current injected into the oscillator can induce magnetization precessions and output an 

oscillating voltage, which is robust to noise. Moreover, the output voltage, as a function of the 

injected current, is highly nonlinear and depends intrinsically on the past inputs. The combined 

function of nonlinearity and memory enables the MTJ oscillator to work as neurons. Here, the 

neural input is the time-dependent current injected into the oscillator, and the neural output is the 

amplitude response of the oscillator. Their pattern-recognition results indicate that a simple and 

ultra-compact network comprising spin-torque oscillators can well mimic the neural connections. 

The interaction and communication between spin-torque oscillators are realized through current 

and magnetic field coupling. This work has greatly inspired researchers to exploit spin-torque 

oscillators for neuromorphic computing [241–245]. 
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Figure 12. (a) Schematic of a spin-torque oscillator. The magnetization precession at the free layer is driven by an 

injected current. (b) Oscillating output voltage of the spin-torque oscillator. (c) Voltage amplitude as a function of DC 

current. (d) Experimental set-up. The input Vin is generated by a d.c. current and a rapidly varying waveform. (e) 

Time-dependent input voltage Vin and output voltage Vosc emitted by the oscillator [72]. 

 

 

B. Neuromorphic computing based on Skyrmions 

 

The position and motion of magnetic textures in domain walls and skyrmions have been 

explored to function as neurons with their nonlinear dynamics. Using micromagnetic simulations, 

Li et al.[151] and Chen et al.[246] proposed skyrmion neurons exploiting the current-driven 

magnetic dynamic of skyrmions in a wedge-shaped nanotrack. Combining the exciting current 

pulse and the repulsive force (backward PMA-gradient force in [151] and wedge repulsive force 

by nanotrack edge in [246]) exerted by the nano-track device, the tunable current-driven skyrmion 

motion mimics the accumulation of membrane potential at the axon of biological neurons. 

Moreover, its input-output relationship of spiking trains follows the LIF model of biological 

neurons, as depicted in Figure 13. In the recent experiment [247], Yang et al. demonstrated a 
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stochastic skyrmion neuron of a HM/FM/AFM heterostructure by using the competition between 

the SOT and AFM pinning effects. Except for LIF model, an application of a fixed skyrmion with 

Giga-Hertz oscillation for resonate-and-fire type neuron was proposed in [248], using the continual 

breathing of a skyrmion core in the MTJ device. 

 

 

 

Figure 13. (a) Schematic of the skyrmion-based artificial neuron device; (b) demonstration of the LIF behaviors of a 

biological neuron and (c) demonstration of the LIF behaviors of a skyrmion-based artificial neuron [151]. 

 

Synapses are storage and learning units of our brain, working locally and analogically with 

the processing neuron units. The cooperation between synapses and neurons completes the 

nonlinear operation of weighted sum over received information, which is key for neuromorphic 

computing. Spintronic devices are well known for their storage function due to their non-volatility, 

ultrafast magnetization dynamics, and unlimited endurance. Moreover, the tunability of multi-state 
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behavior in spintronic devices enable them to operate as learning units. The resistance in these 

devices depends on the historical activity of inputs, a property called plasticity in memristors. A 

linearly dependent plasticity has been found in notched geometry of domain-wall-motion devices, 

where pinning sites in magnetic wires account for the tunable and non-volatile resistance [117]. 

Besides, multi-state switching and memristive behavior have been demonstrated in FM/AFM 

heterostructures, where the antiferromagnetic order in the AFM layer is effectively manipulated 

by SOT [249]. Tuning the exchange biases in ferromagnetic domains is another effective way to 

realize the memristive function, where the magnetization switching loop is electrically controllable 

[250]. In addition, there have been reports of electrical control of creation, deletion and motion of 

magnetic skyrmions that can also be used to emulate synapses [251]. In Song’s experiment, the 

synaptic weights are proportional to the number of skyrmions in a synapse. They apply electric 

currents to control the accumulation and dissipation of skyrmions. As a result, the variation of 

synaptic weights in skyrmions imitates synaptic potentiation and depression of our brain. 

Moreover, such a multilevel resistance state of the skyrmion device has been explored in circuit 

models to implement different kinds of neural networks [252,253] (e.g., ternary neural network 

and spiking neuron network). In addition to memristors, another important synapse model in 

neuroscience is spike-timing-dependent plasticity (STDP). The conductance change in the STDP 

model is a function of firing time-difference between post-spiking and pre-spiking trains. Spin-

torque MTJs have been reported as random spiking generators and stochastic binary synapses 

obeying the rule of STDP [98]. Based on the temporal correlation between the spiking activities 

of the interconnecting neurons, the synaptic plasticity in the MTJ-HM heterostructure is attained 

by the stochastic switching of the MTJ conductance states. 

To date, the stochastic dynamics of skyrmionic device has also been utilized to realize 

reservoir computing as neuron nodes in the reservoir layer [150] and stochastic computing as a 

true random number generator [254] and signal reshuffle device [255]. In summary, the intrinsic 

dynamic behaviors and particle-like nature of the skyrmion highlight its potential for 

neuromorphic computing in the future [256]. 

 

 

C. Domain wall Magnetic Tunnel Junctions based neuromorphic computing 
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In an earlier section, we have discussed the utilization of domain wall devices with multiple 

resistive states for memory applications. The same concept could also be used for synaptic 

applications. With a slight modification, a magnetic tunnel junction in the form of a domain wall 

device also could be used as a neuron. In this section, we will discuss the use of domain wall MTJs 

for neuromorphic computing applications.  

 

 
 

Figure 14. Illustration of DW MTJ-based neurons and synapses: (a) A step neuron is a domain wall based magnetic 

tunnel junction device. The output is analog like and the value depends on the position of the domain wall. (b) A spike 

neuron has the reference layer of a magnetic tunnel junction at one end of the domain wall device. The output is 

generated only when the domain wall reaches the region below the reference layer. (c) A domain wall device that 

exhibits multiple resistance states may be used for achieving synapse. The resistance of the device depends on the 

domain wall position. The position at which the domain wall gets pinned is determined by the pinning strategies used 

and the current pulses the synapse receives. (d) An all-spin neuromorphic processing element proposed by Sengupta 

and Roy [112]. 

 

Figure 14 shows different configurations of neurons and synapses that can be fabricated 

using domain wall based magnetic tunnel junctions. While there are various possibilities for 

neurons, two types of neurons are commonly investigated. In a “step neuron”, the neuron receives 

inputs from other neurons and its value keeps changing as a function of received inputs. Such a 
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step neuron can be fabricated using the design shown in Figure 14(a). In this design, the tunnel 

barrier and the reference layer are present throughout the domain wall device and the entire device 

is a magnetic tunnel junction. As a result, the domain wall position determines the 

magnetoresistance. Since the position of the domain wall changes gradually, the output increases 

in an analog manner.  

Figure 14(b) shows a spike neuron, analogous to the neurons in the brain – which emits a 

spike when a critical potential is reached. The domain wall device which constitutes a spike neuron 

is mostly the free layer. The tunnel barrier and the reference layer are placed at one end only. As 

a consequence of such a design, the output of the spike neuron does not change much when the 

domain wall moves from one end to the other. However, when the domain wall reaches the region 

below the tunnel barrier and the reference layer, the output is changed resulting in a spike.  

Figure 14(c) shows the concept of a domain wall MTJ-based synapse. Like step neuron, a 

synapse is also built by making the entire domain wall device as a magnetic tunnel junction. As a 

result, a synapse will exhibit multiple resistance states, depending on the position of the domain 

wall. To achieve clear steps in the multilevel resistance values, pinning techniques might be 

employed. The group of Piramanayagam et al., have investigated various techniques to pin the 

domain walls [89,135,140,141,143,257,258]  

Neuromorphic computing circuits based on synapses and spike neurons have also been 

proposed. Figure 14(d) shows an all-spin neuromorphic processing element, proposed by Sengupta 

et al [112]. In this circuit, the synapses receive input voltages from other neurons. Depending on 

the conductivity of the synapse (which depends on the position of domain wall), the currents are 

added in the vertical column. Since the vertical column is connected to a neuron at the bottom, the 

neuron fires if the summation exceeds a critical value.  

Powered by the simultaneously coexisting function of neurons and synapses with spintronic 

devices, all-spin neuromorphic computing has been proposed. Three algorithms, spiking neural 

networks (SNNs), reservoir computing and probabilistic computing, have received significant 

attention. 

SNN works with discrete spiking trains. Spatio-temporal information of input data is 

encoded into spiking trains. In an SNN architecture, the action potential of neurons changes 

according to the LIF model, while synapses update their scaling weight according to some learning 

rules, such as the STDP rule. This bio-realistic SNN model tracks the initialization and propagation 



36 

 

of action potentials in neurons and adjusts the synapse weight according to local spatio-temporal 

information. These features offer SNN advantages in processing dynamic systems like speech and 

gesture recognition, as well as real-world sensory data. The discrete and sparse nature of SNN 

enables powerful and energy-efficient neuromorphic computation [259]. Furthermore, with 

temporal information encoded, the performance of SNN is more robust to noise. Magnetic 

dynamics in a MTJ/HM crossbar array has been explored for SNNs [260]. In this work, thermally 

stochastic switching of MTJs mimic the probabilistic spiking of neurons and the stochastic-STDP 

learning rule is realized by the plasticity function of MTJ synapses. By simulation, MNIST 

classification with 74% accuracy was obtained [98]. To improve the MNIST classification 

accuracy, Wu et al. designed an all-spin SNN using back-hopping oscillation (BHO) in STT-

MRAM [261]. The coupled local Joule heating and STT effects contribute to the bias-dependent 

BHO and the resulting Poisson neurons that encode information in the tunable duty cycle of 

probabilistic spiking trains. Using the all-spin SNN, their simulation achieved 98.4% accuracy for 

MNIST classification with at least 6x smaller chip area than the state-of-the-art integrate-and-fire 

(IF) CMOS neurons. 

Reservoir computing maps input signals into desired outputs through the dynamic of a 

nonlinear reservoir system [262]. Generally, the reservoir system is fixed, and only the output layer 

is trainable. Therefore, reservoir computing has significant advantages in lower training cost and 

faster learning. Exploiting ultrafast nonlinear magnetic dynamics, reservoir computing on 

spintronic devices has been reported [150,263–267]. Based on micromagnetic simulation, Jiang et 

al. [265] investigated two reservoir computing systems using spin-torque nano-oscillators 

(STNOs) and a single magnetic skyrmion memristor (MSM), as shown in Figure 15(a). STNOs 

and MSM show nonlinear responses to current pulses. They achieved 87.7% accuracy on MNIST 

classification using a single MSM. Moreover, a complex task (NARMA10) with unknown 

nonlinear dynamic problems can be solved by STNOs. In addition, reservoir computing can be 

realized with nonlinear current-voltage response of skyrmions due to the non-crystalline 

anisotropic magneto-resistive effect. The anisotropic scattering of carriers by skyrmions leads to 

the magnetization dependent magnetoresistive effect. Therefore, non-crystalline anisotropic 

magnetoresistive effect can be achieved by controlling the type, shape, relative size and position 

of the skyrmion embedded in ferromagnetic thin films. When currents flow through skyrmions, 

tuning spin-orbit coupling and spin torque can deform, stretch, or even move the skyrmion in the 
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ferromagnetic films. Furthermore, multiple skyrmions can be connected and arranged into a 

random, self-assembled, recursively connected configuration. The resulting skyrmion network can 

work for complex reservoir computing with excellent energy efficiency, adaptable and 

homeostatic operation. 

Binary stochastic MTJs enable an emerging unconventional computing paradigm that is 

probabilistic computing [71,268–271], shown in Figure 15(b). The magnetization of an MTJ with 

low thermal barrier (∼ kBT) shows random switching between 0 and 1 under thermal activation. 

A current induced spin-transfer torque or spin-orbit torque can tune the stochastic switching. 

Consequently, the input current and the probability of output (0, 1) states exhibit a sigmoidal 

activation function, which imitates the binary stochastic neuron in stochastic neural networks. 

Stochastic neural networks using binary SMTJs has been applied for modelling restricted 

Boltzmann machine, implementing Bayesian inference, simulating invertible Boolean logic, 

solving annealing optimization for quantum many-body Hamiltonians [272,273]. 

 

 

 

Figure 15. (a) Reservoir computing with skyrmions, showing schematic of a magnetic skyrmion memristor consisting 

of the dumbbell shape ferromagnetic Pt(10)/Co(0.5) bilayer; The skyrmion position (the black curve) under the 

stimulation of square current pulses (the red curve); Time dependent position of the centroid of the skyrmion at 

different currents; Schematic circuit with a vortex-type spin-torque nano-oscillators (STNO); The response of mx to 

the square current pulse, and the maximum envelope of mx /m procession motion at steady state as a function of the 

input current I. (Inset shows the snapshot of the instantaneous magnetization distribution of the STNO) [265]. (b) 

Schematic architecture of a probabilistic computer with a probabilistic element (N-bit RNG), deterministic elements 

(kernel and data collector), and the N-bit RNG block is a collection of p-bits. The input–output characteristics of p-

bit can be realized by CMOS technology using linear feedback shift registers (LFSRs) and lookup tables (LUTs), or 

stochastic magnetic tunnel junction (s-MTJ) [271]. 
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To summarize, the unique features of spintronic devices, including non-volatile, plastic, 

oscillatory and stochastic, offer them great flexibility to design neuromorphic neurons and 

synapses. This may pave the way to neuromorphic chips with ultrafast computing and extremely 

low power consumption. 

 

 

VIII. CONCLUSIONS 

 

The advance in AI technology raises requirements for enormous data storage and 

information processing. Searching for new AI architectures capable of high density and low power 

consumption is becoming imperative and challenging. Spintronic devices, with the advantages of 

non-volatility and low-power consumptions, have attracted immense attention. We have provided 

a systematic review of multistate nonvolatile spintronic devices towards high-density memory and 

neuromorphic computing, focusing on material and device structure concept designs. Multi-state 

in spintronic devices is achievable through various device concepts, such as domain wall motion 

in nanowires, domain nucleation in thin film structures, multilevel cells in series or parallel MTJs, 

free layers with multi-crossing ellipses, free layers with antiferromagnets, as well as assistance 

with other mechanisms, including electric field manipulated switching in PMN-PT 

heterostructures and resistance enhanced MTJs.  

While utilizing the concept of magnetic domain wall motion and domain nucleation are 

natural paths to achieve multi-state spintronic devices, they are vulnerable to pinning by various 

defects, and generally only achieved in relatively large devices (order of several microns). Various 

schemes have been proposed to resolve the domain pinning issues, such as fabricating complex 

geometries or introducing process modifications e.g. ion-beam irradiation.  

Multi-state switching in a single nanoscale ferromagnetic layer is a promising scheme for its 

simple geometry designs and small device sizes. This has recently been demonstrated using STT 

induced switching for p-MTJ or SOT induced switching for i-MTJ. However, studies on multi-

state switching for nanoscale p-MTJ devices with three-terminal SOT mechanism is still lacking. 

We hence performed micromagnetic simulations to explore SOT-induced switching dynamics in 

nanoscale p-MTJs. We showed that stable intermediate magnetization states are achievable by 

controlling different pulse amplitudes under external magnetic fields for a circular free layer with 
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a diameter of 1000 nm. Furthermore, field-free multistate switching can be achieved by exchange-

coupling the perpendicular free layer to an in-plane magnetic layer having an elliptic shape, with 

the long axis oriented along the charge current direction.  

Finally, the rich features of spintronic devices, including their non-volatile, plastic, 

oscillatory and stochastic characteristics are discussed. These unique features offer great flexibility 

to design neuromorphic neurons and synapses and may pave the way to neuromorphic chips with 

ultrafast computing and extremely low power consumption. 
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