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Abstract 

Magnetic skyrmions are nanoscopic magnetization textures that have intrigued the 

spintronics community for more than a decade now due to their potential as a next-generation 

information carrier. Their highly sought-after characteristics, such as high current-induced 

transport speeds, small sizes, and topological stability allows them to simultaneously fulfil 

the function of both random-access memory and high capacity storage media. However, 

several challenges should first be addressed, such as the skyrmion Hall effect (SkHE), 

skyrmion transport efficiency, and the lack of suitable injection methods.  

  In this thesis, the dynamics of skyrmions under the influence of spin-orbit torques and 

magnetostatic field gradients were investigated by using a combination of theoretical and 

numerical modelling methods. Our model on spin-orbit torque reveals that the skyrmion 

speed scales linearly with its size, leading to a tradeoff between skyrmion density and speed. 

A mechanism exploiting the transverse repulsive forces from the nanowire edges was 

revealed, where the skyrmion speed was shown to be increased many times. A similar 

mechanism was found in antiferromagnetically-coupled skyrmions, that allows the negation 

of the SkHE while passively increasing their speed. Furthermore, the difficulty in nucleating 

these type skyrmions was also tackled; a combination of DMI-induced edge tilting and spin-

orbit torque allows single skyrmions to be injected on-demand efficiently. 

For the development of energy-efficient skyrmion memory devices, a model was 

developed to describe the skyrmion motion under a voltage-controlled magnetic anisotropy 

(VCMA) gradient. As no electric currents are required, the VCMA-based devices consume 

several orders of magnitude lesser power. A VCMA-based  device architecture was proposed 

using multiplexed discrete gate electrodes. A maximum speed of 70 ms-1 was achieved, 

similar to current-induced speeds. However, VCMA-based devices are clear winners in terms 

of design flexibility; a recirculating skyrmion track was demonstrated, where skyrmions 

could be shifted and cycled in a loop. To overcome the SkHE in such devices, a transverse 

driving scheme was devised such that the net skyrmion motion is directed parallel to the 

device axis. Finally, a hybrid drive combining both the transverse and longitudinal scheme 

was also demonstrated, resulting in high velocity skyrmion motion with low SkHE. While 

only a few types of skyrmion devices were discussed, the model developed in this thesis 

serves as a platform for the design of novel VMCA devices.   
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Chapter 1 Introduction 

Skyrmions are topological objects that exist in a non-linear field theory for interacting 

pions first proposed by particle physicist Tony Skyrme in 1961.1 Although superseded by 

quantum field theory, the skyrmion has found relevance in other fields of physics such as in 

quantum Hall magnets,2 Bose-Einstein condensates,3 and most recently, magnetism. The 

magnetic skyrmion, which is the subject of the thesis, has garnered significant interest in the 

spintronics community due to its potential to be an information carrier to revolutionize data 

storage and manipulation. In this chapter, a brief history of magnetic skyrmions lasting the 

past decade will be presented. Following which, the practicality and advantages of magnetic 

skyrmions in memory and logic applications will be discussed. 

1.1 Magnetic skyrmion 

Magnetic skyrmions are swirling particle-like magnetization textures most commonly 

found in ferromagnetic materials. The skyrmion profile can then be described as a gradual 

magnetization switch from up (down) to down (up) in the radial direction. In any substrate, 

the skyrmion phase q which describes the chirality is locked. On the other hand, the skyrmion 

polarity p describes the skyrmion outer magnetization and is determined by the initial 

magnetization of the substrate. In Figure 1-1, all the possible skyrmion configurations of the 

Bloch type are illustrated.  

 

Figure 1-1 Magnetization vectors of different magnetic skyrmions in a 2D ferromagnetic system are 

represented by the individual arrows with their colours representing the out-of-plane 

components 
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Given the radial symmetry of the skyrmion profile, the skyrmion magnetization can be 

described by polar coordinates with the following set of equations: 

                            
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where R and c describe the skyrmion gradient and radius, respectively. The two parameters 

are mostly determined by material parameters such as exchange stiffness and effective 

magnetic anisotropy but can also be modified by externally applied magnetic fields. 

Although magnetic skyrmions have been theorized to exist in non-centrosymmetric 

crystals decades ago, the first experimental observation of magnetic skyrmions was only in 

2009. The team led by S. Mühlbauer performed neutron scattering experiments on a cubic 

B20 MnSi crystal.4 The lack of inversion symmetry in the crystal lattice gives rise to a three-

site spin-orbit coupling that is also known as the Dzyaloshinskii-Moriya interaction (DMI). 

This chiral spin-orbit coupling results in adjacent magnetization preferring to be 

perpendicularly oriented to each other. However, such an arrangement is unfavourable for the 

ferromagnetic exchange interaction. The interplay between the chiral spin-orbit coupling and 

the ferromagnetic exchange then results in a gradually canting magnetization as shown in 

Figure 1-2. Below the Curie temperature, the magnetic ordering of MnSi at remanence is that 

of the helical phase where the magnetization winds around the propagation direction. Under 

an applied magnetic field, a conical phase develops where the magnetization also tilts in the 

direction of the magnetic field.    

 

Figure 1-2 A 1D chain of spins is shown to visualize the conical and helical states. Each spin shown 

would have corresponded to a plane of spins in a bulk crystal. (a) The magnetization in the 

helical state winds along the propagation vector, resulting in net-zero magnetization. (b) 

The magnetization in the conical state sweeps between the up (red) and down (blue) 

directions, resulting in a net magnetization in the direction of the applied magnetic field.  
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Applying a stronger magnetic field to MnSi causes the cone angle of the conical phase to 

decrease, eventually saturating and becoming field-polarized. The other factor determining 

the magnetic phase is temperature. Due to the weak exchange interaction, the Curie 

temperature of MnSi is 29 K. The phase diagram of MnSi as a function of temperature and 

applied magnetic field is shown in Figure 1-3a.  Close to the Curie temperature, a skyrmion 

phase emerges. The development of a skyrmion phase close to the Curie temperature can be 

attributed to the weakening of the exchange interaction which encourages the formation of 

longer-ranged magnetization textures. As the DMI becomes the dominant interaction, short-

range magnetization textures such as the skyrmion crystal becoming more favourable.  

In Figure 1-3b, the neutron scattering diffraction pattern at the A-phase is shown. A 

pattern of six-fold symmetry is clearly visible and indicates the presence of a hexagonal 

skyrmion lattice phase. Although direct evidence of the hexagonal skyrmion lattice was not 

shown in this pioneering work, many subsequent works have imaged the skyrmion lattice in 

real space.5-14 In Figure 1-3c, a rendered magnetization map of the skyrmion is shown with 

hexagonal lattice is highlighted. Due to the interplay between the minimization of DMI 

energy by nucleating more skyrmions and the inter-skyrmion repulsion, a close-packed 

hexagonal lattice is formed. 

A major milestone for skyrmionics was the experimental demonstration of the writing 

and deletion of single skyrmions by Niklas Romming and team.15 The experiments were 

performed at 4.2 K on a Pd/Fe bilayer and under a magnetic field of between 1 to 2 T. A spin-

polarized scanning tunneling microscope (SP-STM) was used to observe the skyrmions. The 

magnetic phase of the Pd/Fe bilayer is similar to that of MnSi, where at zero applied external 

magnetic field, the dominant magnetic ordering is that of a helical phase in Figure 1-2a. 

Applying increasing magnetic field reduces the energy costs for skyrmion formation and the 

skyrmion population gradually increases. At 1.4 T, a pure skyrmion state is obtained. 

Applying an even greater magnetic field results in skyrmions gradually annihilating, with no 

skyrmions left at the field-polarized ferromagnetic phase at 2 T.  
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Figure 1-3 (a)The various magnetic phases of the 

MnSi crystal lattice are shown as a function of 

magnetic field and temperature. (b) Neutron scattering 

diffraction pattern observed on an MnSi sample that 

exhibits the skyrmion phase or the A-phase. Images 

taken from reference. (c) Magnetization of a unit cell 

of the hexagonal skyrmion lattice.4 

 

 

The injected spin currents from the SP-STM have a chance to inject or annihilate 

skyrmions depending on the current amplitude. Figure 1-4(a) shows the potential energy for 

the skyrmion phase and the ferromagnetic phase. The model developed by Romming explains 

that each local area has a switching outcome (success or failure) that depends on the potential 

energy. By increasing the magnetic field, the energy cost for the ferromagnetic phase is 

reduced and thus it is more likely to annihilate skyrmions. Operating at a field of 1.8 T, 

Figure 1-4b-c shows a differential SP-STM image before and after injecting spin-polarized 

currents at a few local areas. An increase in the skyrmion population is apparent, thus 

demonstrating the ability to ‘write’ skyrmions. By applying a lower magnetic field, skyrmion 

injection is performed. 
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Figure 1-4 (a) Magnetic field dependence of the potential energy for the skyrmion (Sk) and 

ferromagnetic (FM) phase. Increasing the magnetic field deepens the potential well for the 

ferromagnetic phase and is useful for deleting skyrmions.15 (b) Differential spin-polarized 

scanning tunnelling microscopy images before and (c) after local injection of large spin 

currents. A much lower spin current is used for imaging to preserve the magnetization 

states.15 

The work by N. Romming is also interesting in another sense; a metallic bilayer was 

used, instead of the bulk crystals used by S. Mühlbauer. The work demonstrates that 

skyrmion formation is supported in 2D materials. Importantly, it has also shown that a large 

DMI can be present in an ultra-thin ferromagnetic film. To compensate for the lack of 

inversion asymmetry in the crystal structure of ferromagnetic elements such as Co, Ni, and Fe, 

the interface can be exploited. By having a heavy metal layer only on one side of the 

ferromagnet, a net DMI can be produced as shown in Figure 1-5. The DMI is a three-site 

spin-orbit coupling phenomenon, where the coupling between spins S1 and S2 is mediated by 

the heavy metal atom. In the absence of a symmetric top interface, the spins experience a net 

DMI vector D12 in the in-plane direction. However, it is also known that nominally 

symmetric materials can still exhibit a net DMI due to the inherent differences in the 

interfaces due to material growth processes.16 Heavy metals have an enhanced spin-orbit 

coupling strength due to their large atomic numbers and are thus the favoured for interfacing 

with the ferromagnet.17, 18  
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Figure 1-5 Schematic representation of the three-site spin-orbit coupling at ferromagnet/heavy metal 

interfaces which gives rise to the interfacial DMI. 

The interfacial DMI acting on spins S1 and S2 and its Hamiltonian is expressed as: 

 12 1 2DMH    D S S    Equation 1-2 

Compared to the bulk DMI in crystals with no inversion symmetry, the interfacial DMI 

most notably cant adjacent spins in the same direction as their separation vector. This results 

in the formation of another type of skyrmion, the radial-type skyrmion and also commonly 

known as Néel-type or hedgehog type. The names give a strong hint of their configuration, 

that the spins cant outwards from the skyrmion core, as shown in Figure 1-6. This is in 

contrast with what is shown in Figure 1-1 where the spins spiral around the skyrmion core 

instead. To model the magnetization profile of the Néel type skyrmions, the phase   in 

Equation 1-1 is set to either 0 or  . While the change of skyrmion type from Bloch to Néel 

type seems trivial, we shall see in the next chapter that the skyrmion’s magnetization profile 

has important implications on skyrmion transport. 

The next major breakthrough in skyrmionics occurred in 2016 with the first observation 

of electric current-induced skyrmion transport by Woo Seunghoon and team.19 The current-

induced propagation of skyrmions due to spin transfer torque or spin-orbit torques has been 

predicted in micromagnetics and would be a necessity if magnetic skyrmions are to be used 

for memory or logic applications. Using magnetic transmission soft X-ray microscopy 

(MTXM), the team was able to observe a translation of skyrmions under applied currents in 

[Pt/Co/Ta]15 and [Pt/CoFeB/MgO]15 where the subscript numbers represent the number of 

repeats of the multilayer thin films. 
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Figure 1-6 Magnetization vectors of different Néel magnetic skyrmions in a 2D ferromagnetic system 

are represented by the individual arrows with their colours representing the out-of-plane 

components. 

Néel type skyrmions were nucleated by utilizing the strong interfacial DMI found at the 

Pt/Co interface.20-27 Applying a current pulse, the nucleated skyrmions were observed to 

translate along the nanowire. While the MTXM was not time-resolved, the skyrmion 

propagation velocity due to the applied current pulse can be determined due to the finite 

current pulse duration. In this case, the current pulses were of 20 ns. In the Pt/Co/Ta sample 

and at a current density of 3.51011 Am-2, speeds of about 40 ms-1 were observed. Although 

the speed of 40 ms-1 was already respectable, it was suspected that the polycrystalline 

structure of the sputtered Pt/Co would have caused grain boundaries and pinned the 

skyrmions.28 

 

Figure 1-7 (a) Experimental set up for the magnetic transmission soft X-ray microscopy for the 

observation of current-induced skyrmion transport.19 (b) MTXM images obtained after the 

application of current pulses. Skyrmions were observed to be displaced rightwards, in the 

direction of the applied current.19 
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To increase the skyrmion transport speed, the team also measured the skyrmion speed in 

[Pt/CoFeB/MgO]15 stacks. Due to the amorphous nature of MgO, there would be fewer grain 

boundaries in the magnetic CoFeB layer. The measured speeds in the Pt/CoFeB/MgO layers 

were found to be comparable to that of the Pt/Co/Ta. However, when taking the spin Hall 

angles into consideration, the Pt/CoFeB/Ta would have a speed that is three times higher at 

the same current density. The spin Hall angle is a coefficient that quantifies the conversion 

efficiency from charge current into spin current due to the spin Hall effect.29-35 A detailed 

overview of the spin Hall effect will be given in Chapter 2. Important to note here is that the 

spin Hall effect was predicted to be highly efficient in driving skyrmions. The team further 

confirmed that the spin Hall effect was the dominant driving force as the skyrmions moved in 

the direction of the applied current density. If the skyrmions were to be driven by the spin 

transfer torque, the propagation direction would be against the current direction. The work by 

Woo not only demonstrated the first current-induced skyrmion motion but also proved that 

the spin Hall effect is the dominant driving force, many times stronger than the spin transfer 

torque. 

Although there exists a multitude of other significant and valuable works on skyrmions 

outside of the discussed works, the discussion here has covered the major milestones in the 

decade-long modern history of skyrmions. Next, the unique properties of magnetic skyrmions 

will be reviewed. 

Skyrmions have good stability due to their topologically protected magnetization 

configuration. The topological protection is a result of the locked chirality granted by the 

presence of a DMI. In Figure 1-8, the benefits of having a locked chirality are demonstrated. 

In the initial (rest) state, each chain of spins has two domain walls. The only difference is that 

both the domain walls in the top chain have a right-handed chirality, while the bottom chain 

two domain walls of different chiralities. At rest, and under no perturbations, both chains 

remain unchanged. However, as soon as a magnetic field in the down direction is applied, the 

domain walls would converge on the centre. The shrinking of the central domain is a result of 

the minimization of Zeeman energy given by 0ZeemanE  M H , where M is the 

magnetization vector and H is the applied magnetic field.  
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Figure 1-8 Magnetization vectors of a chain of spins at different times after the application of a 0.2 T 

magnetic field was applied. In each frame, the top and bottom spins differ only in their 

initial magnetization. The magnetization vectors were calculated with micromagnetic 

simulations. 

At 600 ps, the domain walls are almost in contact. At this time, the first differences 

appear; the centre domain on the top chiral chain has magnetization mostly pointing up while 

in the bottom chain, the centre domain is clearly canted towards the right. In the next moment, 

both domain walls in the bottom chain are merged and quickly annihilated. Due to the lack of 

topological protection in non-chiral magnetization, the magnetization is easily perturbed and 

annihilated even in the presence of the small disturbances. On the other hand, the chiral pair 

of domain walls survives until the applied magnetic field reaches 0.4 T.  

The topological protection can be understood from the cant direction induced by the 

inward pressure. In the non-protected case, both domain walls cant in the same direction, 

leading to a coherent rotation of the centre domain wall, after which the two side domains are 

allowed to merge. However, the cant directions in the topologically protected chain oppose 

each other, maintaining an upright direction despite the strong inward pressure. With the 

centre domain still upright, the side domains cannot merge. When the perturbation is 

removed, the centre domain can then again relax into its rest state. Such resilience will prove 

to be an important asset for memory applications. 

Due to the skyrmion’s topological attributes, it can be described by a topological 

charge.36 In a two dimensional space, it reads: 
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                               21
( ) ( ) ( )

4
x yQ d


     r m r m r m r  Equation 1-3 

The topological charge can be thought of as the number of times the magnetization 

 m r  winds around across the space of the two cartesian coordinates x and y. The 

topological charge is an integer of  1 for all types of skyrmions. In practical applications, 

the topological charge is important as the sign (  ) determines the direction of skyrmion 

motion under the influence of a spin Hall torque. The topological charge of a skyrmion is 

equal to its polarity (Q = p).37, 38 However, theoretical predictions and recent experiments 

have found the existence of antiskyrmions with opposite topological charge and polarity (Q = 

-p).39, 40 Such skyrmions consists of a mix of Bloch and Néel characteristics, as shown in 

Figure 1-9. 

 

Figure 1-9  Top down view of the magnetization configuration of antiskyrmions and skyrmion. 

 Besides skyrmions, there exists a wide range of other topological magnetization textures, 

such as the meron (+0.5),  antimeron (-0.5), and bimeron (+1).41, 42 Even within the skyrmion 

family there exists the biskyrmion state which can be described as two bound skyrmions with 

overlapping magnetization.43 

The second characteristic is that the skyrmions can be driven efficiently by magnetostatic 

energy gradients,9, 44-51 by spin transfer torques,11, 52-59 and by spin Hall torques. This is 

enabled by the fact that the skyrmion is particle-like and is translationally invariant on a 2D 

surface. Therefore, they are not easily pinned by defects on the two dimensions that they 

reside in. Faced with a defect, a skyrmion can simply skirt around as shown in Figure 1-10. 

Although the ability may seem trivial, domain walls in nanowires are often pinned by defects 

in the nanowire geometry. Domain walls are translationally invariant in one dimension and 

thus must be bounded by two other physical dimensions. The extra points of contact with the 
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nanowire wall cause pinning as current fabrication processes inevitably result in imperfect 

edges. Even nanometer-sized defects can produce a significant pinning effect. 

 

Figure 1-10 Trajectory (white dotted line) of a skyrmion moving past a barrier. The skyrmion deflects 

lightly to avoid the pinning site (shaded triangle).54 

1.2 Skyrmions for memory applications 

Memory devices are essential for computer operations as they store the information for 

both immediate use and future use in a computer. In most modern computing architectures, 

different types of memory devices have to be used in tandem to leverage on the strengths and 

overcome the shortcomings of each memory type. A memory hierarchy is shown in Figure 

1-11, where at the top of the hierarchy, the fastest but also smallest capacity are present. 

These are usually static random-access memory (SRAM) that are very expensive to produce 

and are of relatively low density.60 When the processing units require information not 

contained within the cache memory, a copy process is required to retrieve the information 

from the next level, the main memory. Up till the main memory, the data storage mediums 

are considered volatile, where a small amount of power is required to preserve the 

information. The disk storage then functions as the non-volatile memory, allowing for long-

term information storage. Although the most dominant form of long-term storage currently, 

hard disk drives have to spin the disk platters mechanically which causes a significant latency. 

  

Figure 1-11 Illustration of the memory hierarchy. The fastest and most important, and most scarce 

memory type reside at the top of the pyramid. Going down the pyramid, the capacity is 

increased at the cost of reduced access speeds. 

The memory hierarchy was designed to leverage the strengths of each type of memory, 

however, it also incurs significant penalties associated with data transfers between different 

types of memory. Furthermore, the volatility of the faster memory types also causes 
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computers to be susceptible to sudden power losses. To resolve the aforementioned 

drawbacks, the concept of a universal memory device is proposed. Universal memories 

should possess the positive characteristics of every memory type in the hierarchy; the speed 

and read-write endurance of SRAM and DRAM, and the non-volatility and low cost of hard 

disk drives. Owing to their ease of manipulation, nanoscale sizes, and high stability, magnetic 

skyrmions are prime candidates for universal memories. In this section, we will review the 

proposed skyrmion racetrack memory architecture and discuss how the read and write 

operations can be achieved. 

The idea of a skyrmion racetrack was first proposed in 2013 by Sampaio,54 as an upgrade 

over the domain wall racetrack memory proposed by S. Parkin.61, 62 Instead of storing the 

information as domains, the skyrmion racetrack utilizes skyrmions.45, 63-67 In Figure 1-12, the 

main processes in a skyrmion racetrack memory are illustrated. In the first phase, the 

skyrmions have to be created or injected into the magnetic wire. Then, by applying a spin 

current, a magnetic force is applied on the skyrmions which propagate it in either direction, 

depending on the spin current direction. Other than using a spin current, several works have 

demonstrated that it is possible to use magnetostatic energy gradients or thermal gradients to 

drive the skyrmions.48-50 To read the encoded information, the skyrmion chain is moved 

across a magnetoresistive read head and a sequential readout is performed simultaneously. 

Magnetic tunnel junctions (MTJs) are preferred for this task as they exhibit large 

magnetoresistance changes of up to a few hundred percent.68-72 The skyrmion racetrack is 

reminiscent of the now obsoleted delay line memory, where acoustic pulses in a metallic wire 

are recirculated indefinitely at a frequency of about one MHz .73, 74  

The first experimental electrical detection of skyrmions was achieved by Du et. al. in 

2014. By measuring the magnetoresistance of the MnSi substrate as a function of the 

magnetic field, they were able to observe rapid changes in magnetoresistance that correspond 

to the skyrmion states.75 In 2015, Dax M. Crum et. al. explored with first principles and 

determined that the electrical readout of single skyrmions in a current perpendicular to plane 

geometry and based on tunnelling non-collinear magnetoresistance (NCMR) effect could be 

achieved.68 Christian Hanneken et. al. experimentally demonstrated the detection of 

skyrmions using the NCMR effect which arises due to the spin-mixing magnetoresistance.76 

As NCMR is dependent only on the non-collinearity of the local magnetization, it is not 

affected by material choice, while MTJs are very sensitive to the crystallinity and interface 
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conditions.77 Kubetza et. al. later analyzed in detail the impact of local properties of the 

skyrmions on the detected peak  energy.70 

 

Figure 1-12 Schematic diagrams of a skyrmion racetrack at different stages of operation. (a) A current 

is passed through the injection line, which produces an Oersted field and nucleates a 

skyrmion. (b) the shift operation is performed by passing an electric current through the 

nanowire to generate spin currents that move the skyrmions forward. (c) A magnetic 

tunnel junction is used to read the presence and absence of a skyrmion. 

While NCMR may seem to be a strong candidate for reading skyrmions, it has only been 

demonstrated using the scanning tunnelling microscope tip. However, an on-device method is 

necessary for any commercial memory applications. Maccariello et. al. has recently 

demonstrated the reading of single skyrmions by using the anomalous Hall effect.78 The 

experiment setup is shown in Figure 1-13(a), where magnetic force microscopy was used to 

observe the skyrmions while the anomalous Hall resistance
xy  was measured. The 

anomalous Hall effect is directly proportionate to the perpendicular magnetization state of the 

ferromagnet. When skyrmions are present in the cross region, also known as the Hall bar, the 

transverse voltage (Vy) changes. In Figure 1-13(b), a clear trend between the number of 

skyrmions and the change in anomalous Hall resistance is observed. The observation can 
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potentially be useful for memristor type devices that are demanded by neuromorphic 

computing. 

 

Figure 1-13 (a) Schematic illustration of the setup for magnetic force microscopy and electrical 

readout of the anomalous Hall voltage (Vy). 78 (b) The measured anomalous Hall voltage 

as a function of the number of skyrmions.78 

The other great challenge lies in the reliable injection of skyrmions. In 2014, Zhou Yan 

et. al. proposed a mechanism for the bidirectional conversion between skyrmions and domain 

walls in a racetrack memory architecture. The reversible conversion between the two types of 

topological objects allows skyrmionic devices to enjoy the advantages of both.58 This is 

especially true for the injection process, as domain wall injection methods have been very 

well studied.79-81 In 2015, Axel Hoffman et. al. demonstrated experimentally a similar 

concept.82 By pushing a stripe domain through a micro-constriction, the chiral stripes were 

converted into skyrmions, as shown in Figure 1-14. In 2017, Felix Büttner demonstrated a 

deterministic electrical injection of skyrmions. Using a constriction, the local current density 

is concentrated which results in a strong spin-orbit torque that can switch the magnetization.83 

 

Figure 1-14 Differential Kerr images demonstrating the conversion between chiral stripes and 

skyrmions. Upon applying a current density je, the right side of the microwire becomes 

filled with skyrmions.82 
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Due to their high current-induced transport speeds, skyrmions can be shifted to the 

read/write heads without requiring any moving parts and enabling high access speeds and 

high read-write endurance. Their atomic- to nano-scale sizes enable skyrmion memory 

devices to have data densities similar to that of hard disk drives. Their stability grants them 

the ability to store data in a non-volatile manner.13, 84-92 Despite the apparent benefits of a 

skyrmion racetrack memory, there exist significant challenges in the integration of various 

technologies required for the skyrmion racetrack memory. Thus, a fully functioning prototype 

remains elusive. 

With the recent surge of interest in artificial intelligence, various ideas have been 

proposed to employ skyrmions for neuromorphic computing.93-98 Li Sai et. al. conceived of a 

racetrack-like device with a magnetic anisotropy gradient that uses skyrmions to function as a 

leaky-integrate-fire spiking neuron.94 By applying current pulses, the skyrmion is propagated 

forward along the track. However, when no current is applied, the skyrmion slips back due to 

the anisotropy gradient. When sufficient current spikes are supplied, the skyrmion eventually 

reaches the detection unit. Chen Xing et. al. took a different approach to recreate the 

“leakiness”; the racetrack was tapered and causes a gradient in magnetostatic energy. George 

Bourianoff et. al. proposed that a skyrmion fabric, which is a wider microwire containing tens 

or potentially hundreds of skyrmions in a disordered state, can be used to implement Echo 

State recognition and prediction.95 The mechanism relies on the formation of differential 

current flows resulting from the anisotropic magnetoresistance. 

1.3 Skyrmion Hall Effect 

Despite the many positive characteristics of skyrmions, they exhibit a crippling 

behaviour known as the skyrmion Hall effect (SkHE).67, 99-101 When driven by an excitation, 

regardless of origin, the skyrmion velocity direction deviates from the driving excitation. The 

phenomenon is a consequence of magnetization precession which results in a gyrotropic force. 

The Thiele equation which describes the skyrmion equilibrium motion reads:52, 102 

 vvG D0                                      Equation 1-4 

The first term describes the gyrotropic force, with ˆ4G Qz  where Q is the topological 

charge given by Equation 1-3. The second term describes the dissipative forces, with D being 

the dissipative dyadic. In general, the gyrotropic force acts transverse to the skyrmion 

velocity, which has also led to some calling it the Magnus force.  
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Figure 1-15 Plot of skyrmion Hall angle versus degree of non-adiabaticity of spin current  . A 

typical value of   is 0.3 which results in almost 20 degrees. Being a material parameter, 

it is not easy to optimize without compromising other material properties. Figure inset 

shows the geometry of the SkHE. 

The SkHE has become a huge obstacle in skyrmionics due to its role in annihilating 

skyrmions as they touch the edges. Under a weak driving force, the skyrmions experience an 

increasingly strong repulsion from the nanowire edge as the skyrmion drifts towards the 

edge.66 Eventually, the transverse gyrotropic forces from the nanowire are cancelled by the 

edge repulsion and the skyrmion moves in a straight line. However, when a stronger driving 

force is applied, the gyrotropic force can overcome the nanowire edge repulsion and 

annihilate at the edges. Such a sequence of events is shown in Figure 1-16.  As a result, the 

driving forces for skyrmion is limited and consequently, the maximum translational speed of 

the skyrmion is reduced.  

The SkHE was identified relatively early in skyrmion research and many solutions have 

been proposed. The first type of solution involves building a magnetostatic barrier on the 

edge of the nanowire to prevent the skyrmion from touching the edges and annihilating. Indra 

et. al. first proposed the use of thickened curbs on the sides of the nanowire.103, 104 The 

thickened curb acts as an extremely strong potential barrier, thus being able to resist the 

gyrotropic forces from a strong driving force. The magnetostatic field profile is shown in 

Figure 1-17. Incidentally, the work also discovered that the curbs can compress the 

skyrmions, resulting in a higher skyrmion density than allowed for in the material. Other 

similar methods were also explored, such as the modulation of perpendicular magnetic 

anisotropy,105-107 or modulation in the DMI,108 or even by modulating the Gilbert damping.104 
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Figure 1-16 Magnetization snapshots at various times. Under a large applied spin torque, the 

skyrmion Hall effect pushes the skyrmion upwards and eventually leads to annihilation. 

 

Figure 1-17 Plot of the demagnetizing field that is acting on the nanowire, across the nanowire width. 

The presence of a curb causes a huge potential well to be formed, trapping the skyrmion. 

The other type of SkHE mitigation strategy involves coupling two skyrmions with 

opposite SkHE. The first concept was shown by Zhang Xichao et. al. using a RKKY-type 

interlayer antiferromagnetic coupling.100 To achieve antiferromagnetic coupling between two 

ferromagnetic layers, a thin Ruthenium layer typically 0.4 nm or 0.8 nm,62 can be inserted to 

create an antiferromagnetic coupling between the two layers that can reach strengths of 0.7 

Tesla.109 The strong coupling between the two opposite Q skyrmions allow for complete 

cancellation of the SkHE. Works on this type of SkHE mitigation method have shown that 

skyrmions speeds of up to 10 km/s can be achieved without annihilation.50 The disadvantage 

of this approach is in the loss of choices for the material interfaces, which is important for 

sustaining a strong DMI and also to create a strong spin Hall current. 

Recent trends in skyrmionics are headed towards the use of true antiferromagnetic 

materials or at least ferrimagnetic materials. The rationale is similar to the use of an interlayer 

antiferromagnetic coupling. In antiferromagnetic materials, the magnetization can be 
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deconstructed into two spin lattices that have opposite magnetization to each other. As such, 

the SkHE can also be effectively cancelled out.110-114 The first experimental observation of 

ferrimagnetic skyrmions was performed by Woo et. al. on GdFeCo films.115 A later study by 

Lucas et. al. further demonstrated that domain walls can be driven at a km/s on GdCo 

films,116 a huge improvement over ferromagnetic domain walls. It is expected that 

ferrimagnetic skyrmions will benefit from such speed gains.  

 

1.4 Objective of this thesis 

The ultimate aim of this thesis is to enable high-performance skyrmion memory devices. 

Therefore, the individual objectives are designed  to improve or aid in the improvement of 

key performance indicators of the proposed skyrmion racetrack memory architecture such as 

skyrmion transport speed, skyrmion transport efficiency, skyrmion nucleation efficiency, and 

the reduction of the skyrmion Hall effect. 

 

1) Develop analytical models for skyrmion dynamics under various forms of excitations 

such as: 

a. Spin-orbit torques 

b. Magnetostatic energy gradients 

2) Demonstrate skyrmion devices that utilizes voltage-controlled magnetic anisotropy for 

skyrmion transport. 

3) Demonstrate an energy-efficient skyrmion injection method for antiferromagnetic devices.  
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Chapter 2 Model for magnetization dynamics 

The magnetization dynamics of a material is governed by the collective effects of its 

individual spin angular momentums, which is an intrinsic quantum property that does not 

have a classical parallel. In this chapter, we will discuss the Landau-Lifshitz-Gilbert equation 

that governs the magnetization dynamics and introduces the various effective fields that can 

act on the spin angular momentum. With this all-encompassing model, magnetization 

dynamics of macroscopic systems, such as those supporting the formation of skyrmions, can 

be numerically solved with finite difference algorithms. 

2.1 Landau-Lifshitz-Gilbert Equation 

The Hamiltonian of a single spin angular momentum S, under a time-varying applied 

magnetic field B is given by:1 

 B
s

g
H t


 S B                       Equation 2-1 

where g is the gyromagnetic ratio, B is the Bohr magneton. By applying the angular 

momentum commutation relations on the Schrödinger equation, the following is obtained: 

     Bgd
t t t

dt


 S S B                                Equation 2-2 

where  tS  is the expectation value of the S. However, most magnetic materials are 

quantified based on their magnetization vector M. Therefore, we can define magnetization to 

be: 

Bg 
  
 

M S                                         Equation 2-3 

The magnitude of the magnetization vector M is given by the magnetization per unit volume 

of the material itself. Substituting into Equation 2-2, the following is obtained: 

   0

d
t t

dt
    

M
M H                                 Equation 2-4 
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where 0
0

Bg 
   is the gyromagnetic ratio. Equation 2-4 describes the magnetization 

precession around an external magnetic field. However, in experiments, it was found that the 

macroscopic magnetization always aligns with the external magnetic field and that the 

precession was damped within tens of nanoseconds. This led Landau and Lifshitz to 

introduce a damping parameter that produces the Landau-Lifshitz equation: 

   0

d

dt
        

m
m B m m B              Equation 2-5 

where 
M

m
M

 is the normalized magnetization and 0   is the phenomenological 

damping parameter and  is the dimensionless damping factor. Damping can be attributed to 

eddy currents,2 the coupling of the magnetization field to spin waves, lattice vibrations, and 

crystallographic defects.  

In 1955, T. L. Gilbert proposed that the damping term should be more accurately 

represented by a term that relies on the time derivative of the magnetization.3, 4 The equation, 

commonly known as the Landau-Lifshitz-Gilbert equation can be written as:5 

0

d d

dt dt
 
  

      
  

m m
m B m                          Equation 2-6 

The LLG equation produces more accurate predictions when the material damping is large. 

Therefore, it has been regarded as the gold standard for magnetization dynamics.6, 7 However, 

the LLG equation has the disadvantage of having the time-derivative of magnetization on 

both sides which makes it difficult to solve. Fortunately, the LLG equation is mathematically 

equivalent to the LL equation, given several substitutions:3 

0

21

 







 
Equation 2-7 

0
0 21





 



 
Equation 2-8 

which gives us the simplified LLG equation: 

  0

d

dt
         

m
m B m m B                         Equation 2-9 
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In Figure 2-1, the spin dynamics under an applied magnetic field is plotted. Without the 

Gilbert damping parameter, the spin precesses indefinitely due to the direction of 
d

dt

m
 which 

is perpendicular to B. With the addition of a small Gilbert damping, m eventually damps to 

the direction of the external magnetic field. The rate at which the damping occurs is given by 

the magnitude of the Gilbert damping parameter, which is usually between 0.01 to 0.3 for 

thin film materials commonly used for skyrmion studies.8-11  

 

 

Figure 2-1 The spin dynamics as modelled by the LLG equation. The spin angular momentum is 

represented by the red arrows, the applied magnetic field by the green arrow and the black 

lines represents the trajectory of the spin angular momentum over time. Spin dynamics (a) 

without damping and (b) with damping term. 

2.2 Effective fields 

While Figure 2-1 models the spin dynamics of a single spin, magnetic materials are most 

often considered as an ensemble of spins with mutual interactions. As such, the most complex 

component of magnetization dynamics is in the calculation of the various interactions acting 

on each local magnetization unit. While the interactions are varied, they can all be quantified 

by effective fields which then allow all interactions to be summed together. The effective 

fields can then be substituted into Equation 2-9: 

  0 2

1

1
eff eff

d

dt
 


      
 

m
m B m m B               Equation 2-10 
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In this subsection, we discuss in detail each of the effective fields.  

2.2.1 Magnetostatic interactions 

Magnetic moments experience a torque when subject to a magnetic field, which 

eventually aligns the magnetic moments to the net magnetic field. The experienced magnetic 

fields can be extrinsic, as in the case of an applied magnetic field, or intrinsic in the form of a 

demagnetizing field. The latter field arises from the magnetic field generated by each 

magnetic dipole in the system. While the demagnetizing field can be solved analytically for 

well-behaving shapes, most situations call for costly and complex numerical calculations.12  

Demagnetizing fields have a great influence on the magnetization states and dynamics. 

For example, anisotropic shapes like bars typically have their magnetization aligned along the 

long axis to reduce the surface magnetic charges. Figure 2-2(a-b) shows the surface charge 

distribution in an elongated shape. The resulting magnetic anisotropy is termed shape 

anisotropy and has been used in magnetic memory devices to form energy barriers between 

states.13 In the perpendicularly magnetized thin films that are central to this thesis, the 

demagnetizing factor is ~1 due to the generation of surface charges on the film surface. This 

indicates that each magnetic moment experiences a magnetic field that is equal to its 

saturation magnetization Bsat. When a skyrmion is nucleated, it experiences a demagnetizing 

field from its surrounding, as illustrated in Figure 2-2 (c).  This interaction can stabilize 

skyrmions.14 In Figure 2-2 (d), the skyrmion-skyrmion repulsion is shown. Due to the similar 

magnetic charges that form on skyrmions, they are known to mutually repel.15, 16 This places 

a limit to the maximum skyrmion density and thus a maximum data density for skyrmion 

memory devices. 

In the implementation of micromagnetics, magnetostatic interactions have a very high 

computational cost as compared to the other types of interaction due to its long-ranged nature; 

every magnetization produces a magnetic field that acts on all other magnetizations. Most 

micromagnetic solvers apply the convolution theorem to complete the calculation efficiently.  

Once calculated, the magnetostatic fields are directly added to the effB  term in the LLG 

equation.  
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Figure 2-2 (a) Illustration of surface charge generation due to magnetization direction in an elongated 

shape. (b) Surface charges are greatly increased when the magnetization does not lie in the 

long axis. (c) Stray magnetic field emanating from the nanowire and flowing into the 

skyrmion centre. (d) Skyrmion separation over time, demonstrating the magnetostatic 

field-induced repulsion. 

 

2.2.2 Exchange interaction 

The exchange interaction is the phenomena responsible for the four types of magnetism 

exhibited by all materials; ferromagnetism, antiferromagnetism, diamagnetism, and 

paramagnetism. However, only ferromagnetism can produce macroscopic and significant 

magnetic interactions and are therefore commonly referred by many to be “magnetic”. 

Ferromagnetic materials, as compared to the other three types of magnetic materials, have 

become an integral part of modern technology, due to their ability to produce 

macroscopically-evident interactions. Ferromagnetic materials form the core element for hard 

disks, motors, generators, speakers, and electromagnets etc. Thus, it would be difficult to 

imagine the absence of ferromagnetism, despite only a few pure elements exhibiting this type 

of magnetism. 

At its core, the exchange interaction is a quantum mechanical interaction that occurs 

between electrons. Due to the antisymmetric shape of an electron’s wavefunction, the 

superposition of two electrons of the same spin always result in an expectation value of zero 

at their center. The phenomenon is better known as the Pauli-exclusion principle, which 
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states that two fermions cannot occupy the same quantum states at the same time. The 

quantum mechanical effect itself does not result in a preference between parallel and 

antiparallel spin configurations. However, when coulombic repulsion is considered, a 

difference in electrostatic energy results. Considering two electrons with opposite spins, the 

quantum superposition of the electrons allows them to occupy the same space. However, 

significant electrostatic energy is required to maintain the electrons’ close proximity. On the 

other hand, electrons with parallel spins have expectation values that are further away and 

thus incur a lower cost in electrostatic energy. The difference in the electrostatic energy 

results in the preference for parallel spins.17  

The example given is true only for a particular overlap of wavefunction between the 

valence electrons of two neighbouring atoms. In general, the overlap is not perfect and 

depending on the phase, antiparallel spins can be favoured. In 1930, John C. Slater proposed 

the idea that the antiferromagnetic and ferromagnetic type ordering can be predicted based on 

the interatomic distance. Illustrated by Bethe later, the Bethe-Slater curve in Figure 2-3 show 

good agreement with observed exchange energy of atoms with unpaired 3d valence electrons. 

 

Figure 2-3 The Bethe-Slater curve. It provides a heuristic understanding of the exchange interaction. 

The x-axis shows the ratio of atomic separation a and atomic radius r. At exchange energy 

E < 0, antiferromagnetism results. 

The Hamiltonian of the exchange interaction between two spins can be given by: 

 1 2exH J  S S                                             Equation 2-11 

where Jex is the exchange coefficient and its sign determine whether the exchange is 

ferromagnetic or antiferromagnetic. In micromagnetic simulations where each cell volume 

can represent more than one spin, the exchange stiffness exA  (J/m) is often used. exA  is given 
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by 
4 exJ

a
 in fcc lattices where a is the lattice parameter. In the continuum limit, the effective 

field is expressed as: 

2 ex
exch

sat

A

M
 B m                                             Equation 2-12                                          

where exA  is the exchange stiffness, Msat is the saturation magnetization, and m is the 

reduced magnetization. For numerical calculations, the magnetization volume is discretized 

into a cuboidal lattice. Thus, the six nearest-neighbour approximation is used:18, 19 

2

2 ex i
exch

isat i

A

M r







m m
B                                     Equation 2-13                  

where i is the index of the six nearest-neighbours. An important consequence of using 

only six neighbours is that the spin angles should be kept as small as possible by using a 

smaller discretization cuboid. At regions where the magnetization is missing a neighbour, the 

Neumann boundary condition is used. 

 

2.2.3 Dzyaloshinskii-Moriya interaction 

The DMI is an anisotropic superexchange interaction that was first proposed to exist in 

2 3Fe O   to explain the presence of weak ferromagnetism in the antiferromagnet.20 In 1958, 

Moriya theorized that spin-orbit coupling was responsible for the interaction.21 As shown in 

Figure 1-5, DMI in magnetic thin films is mediated by the presence of heavy atoms with 

strong spin-orbit coupling. Here, we recall that the DMI is given by: 

 DM ij i jH   D m m                                        Equation 2-14 

where Dij is the DMI vector and i, j are the indices of two adjacent magnetic moments. 

Defining ij j i  m m m  and assuming that 1ijm , we can approximate that: 

 ij ij  m r m                                         Equation 2-15 

where rij is the separation vector. Substituting Equation 2-12 into 2-11, we have: 



38 
 

 

 

  

DM ij i i i

ij i i

H       

  

   

D m m m

D m m

D m r m

                              Equation 2-16 

where in the last line, the indices can be removed since the operation is centered on mi alone. 

Here, we note that Equation 2-13 is general since the DMI vector D can be oriented in any 

direction. However, for the interfacial DMI studied, D is on the same plane as r but D r .22 

Then,  ˆ ˆD r z D  and the DMI energy is given by: 

   

   

ˆ ˆ

ˆ

DMH D r z

D z

      

       

r m r m

r m m m m
                          Equation 2-17 

Then the effective field arising from the DMI can be expressed, in vector notation: 

2
, ,

yxz z
DM

s

mmm mD

M x y x y

  
   

    
B                         Equation 2-18 

For DMI, a boundary condition is applied to the edge magnetization:23 

 ˆˆ
2

d D
z n

dn A
  

m
m                                        Equation 2-19 

Where n is the direction normal to the edge. 

 

2.2.4 Magnetic anisotropy 

Magnetic anisotropy refers to the preference of the magnetization vector to certain axes 

termed easy axes, in contrast to isotropic materials. Magnetic anisotropy is an umbrella term 

for all interactions resulting in an anisotropic magnetization. For data storage applications, 

magnetic anisotropy plays a critical role in locking the magnetization to either direction in an 

axis. Although the causes can be varied, such as from magnetocrystalline, magnetostrictive, 

external electric fields, etc., the spin-orbit coupling can be considered the microscopic origin 

for most of them. With the distortion of the electron orbitals for whatever reasons, magnetic 

anisotropy is manifested through the spin-orbit coupling.  

For the thin films systems considered, a uniaxial anisotropy is dominant and its energy 

density can be expressed as:24 
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   
2 4

1 2
ˆ ˆ

anis u uK u K u     m m                          Equation 2-20 

where Ku1 and  Ku2 are the first and second-order anisotropy energy terms and û  is the 

unit vector representing the anisotropy axis. The corresponding effective field is then: 

   
31 22 4

ˆ ˆ ˆ ˆu u
anis

s s

K K
u u u u

M M
   B m m                      Equation 2-21 

In the 2D skyrmion material systems with strong perpendicular magnetic anisotropy (PMA), 

the demagnetizing field opposes 1uK  and reduce its effective field strength. Therefore, the 

effective anisotropy parameter ,u effK  is often used, where , 1u eff u sK K M  . 

To create stable skyrmions with large energy barriers preventing its annihilation, a strong 

,u effK  is necessary.25, 26 However, large magnetic anisotropies could also prevent the 

formation of skyrmions, as shown in Figure 2-4.27 To determine if a material can support 

skyrmion formation, the critical material parameter 
,4 ex u eff

D

A K


   must be considered.28, 29 

The numerator represents the DMI energy reduction caused by a skyrmion formation while 

the denominator represents the domain wall energy cost while forming the in-plane 

components of a skyrmion. When   1  , skyrmions are energetically stable. However, when 

 1  , skyrmions are metastable states which can spontaneously annihilate.  To improve 

skyrmion stability, it is thus necessary to increase both D and ,u effK  simultaneously. 
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Figure 2-4 Phase diagram showing the skyrmion size as a function of both DMI and magnetic 

anisotropy (Ku). On the top left section (purple), a chiral stripe state is dominant and, on 

the bottom right section (dark blue), a ferromagnetic state is dominant. 

 

2.3 Spin transfer torque 

The phenomenon of giant magnetoresistance was made known by 1995.30 As with other 

forms of magnetoresistance, the resistance of a conducting ferromagnet was found to be 

dependent on the magnetization states due to spin-dependent scattering. In the following year, 

seminal work by Slonczewski et. al. and Berger et. al. demonstrated that the back action of 

the spin-dependent scattering develops a torque that also acts on the spin.31, 32 An applied 

current in a ferromagnet can then develop a nonzero average spin and develops into an 

angular momentum flux. In spatially varying magnetization, the angular momentum flux 

creates a net torque that can deflect the local magnetization.33  

The spin transfer torque (STT) phenomenon is an extremely useful one. For one, it was 

the key enabling factor in the development of domain wall memories where fast, solid-state 

operation can be achieved.34, 35 In Figure 2-5, the illustration shows how the spin-transfer 

torque due to the angular momentum flux, the magnetization can be shifted in the direction of 

the electron flow direction.  

 

Figure 2-5 Illustration of the spin-transfer torque (black arrows). (b) With the passage of time, the 

magnetization is shifted in the electron flow direction. 

The STT can be integrated into the LLG equation as an additional torque term.36 The 

most commonly accepted form of the spin transfer torque is the Zhang-Li spin transfer torque 

and is given by:37 

        2

1
1

1
ZL   


          

m m s m m s m              Equation 2-22 

where   is the degree of non-adiabaticity. s is the spin current density given by: 
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 
0

22 1

B

se M

 

 



s j                                           Equation 2-23 

where 0 is the permeability of free space, B  is the Bohr magneton, e is the elementary 

charge, and j is the current density vector. The two terms in Equation 2-19 represents the 

adiabatic torque and non-adiabatic terms, which are orthogonal to each other. 

 

2.4 Spin Hall torque 

While the spin-transfer torque applies for current flowing within a ferromagnet, the 

Slonczewski spin-transfer torque was developed for spin currents permeating into a 

ferromagnet.32 Cases where this type of spin transfer torque occurs are spin injection from 

magnetic tunnel junctions,38, 39 or spin diffusion caused by the spin Hall effect (SHE).40 Both 

methods attempt to generate a pure spin current and then to diffuse it on another layer, in 

order to exert a torque on the ferromagnet. Slonczewski-type spin torques were first 

considered for the switching of magnetic tunnel junctions.41 However, in recent years, it has 

been shown to efficiently propagate chiral spin textures at high velocities.42 

The geometry for SHE is shown in Figure 2-6 where an unpolarized current passing 

through a heavy metal generates a transverse spin current.43 The effect of spin current 

originating from the spin Hall effect is termed as spin Hall torque. Since it is a torque term, 

its inclusion in the LLG equation is possible. For a thin film with a current flowing in the in-

plane direction, the torque is given by: 

 ˆ
2

B SH
SHE P

s

j
u

eM t

 
     m m                             Equation 2-24 

where SH  is the spin Hall angle which quantizes the efficiency of spin current conversion 

from charge current, t is the thickness of the ferromagnet, and ˆ
Pu  is the polarization of the 

spin current. 
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Figure 2-6 Schematic showing the spin separation and resulting spin accumulation within the heavy 

metal due to the spin Hall effect. The diffusion of spins into the ferromagnet results in the 

spin Hall torque. 

2.5 Micromagnetic simulations 

The MuMax3 micromagnetics package was used for the modelling performed in this 

work. Released in 2015, MuMax3 is the successor to MuMax1 and Mumax2 and exploits the 

massive parallel computing power of GPUs.44 MuMax3 uses a finite difference method to 

discretize the simulation area. To evolve the LLG equation in time, the solver uses explicit 

Runge-Kutta methods with adaptive time steps to optimize between solver error and solver 

speed. Although the LLG solver is the main component in a micromagnetic solver, 

functionalities present in MuMax3 such as geometry creation, region definition, built-in real-

time display, and extensibility greatly improve the simulation design workflow. The 

MuMax3 scripting language is based on a subset of the Go programming language and 

provides good flexibility while still being concise.45 Figure 2-7 shows a simulation snapshot 

of a nanowire where skyrmions are nucleated on the left and shifted right until it is full. The 

entire script is only 40 lines. 

The benefits of GPU-based calculations cannot be understated: it has allowed MuMax3 

to achieve tremendously increase of up to 100 times in calculation throughput as compared to 

CPU-based solvers such as the popular OOMMF.46, 47 A single computer can also be 

equipped with multiple GPUs that can perform multiple simulations at once, thus being the 

more scalable option. Not without drawbacks, the use of GPUs has two noticeable limitations. 

Most GPUs are equipped to deal only with 32-bit variables due to the low precision required 

for computer graphics. However, the limitation does not seem to greatly affect the simulation 

as verified by MuMax3’s solution of the standard micromagnetic problems.46  Also, GPUs 

typically have lower memory sizes and do not benefit from having expandable memory like 

the CPU. As such, the maximum simulation grid size is limited. Efficient design methods 

such as employing periodic boundary conditions should be used to reduce the simulation 

volume. 
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Figure 2-7 Simulation snapshots of a skyrmion racetrack device. Skyrmions are being nucleated on 

the left and shifted rightwards. 

Several modifications were made to the MuMax3 source code and will be discussed here. 

The first change was made to allow for automatic inclusion of spin Hall torques and STTs 

when an electric current is applied. By default, MuMax3 only applies the spin Hall torque if a 

current perpendicular to plane (CPP) with a fixed polarization is applied. This was because, at 

the time of its conception, MuMax3 was commonly employed to simulate the magnetization 

dynamics of magnetic tunnel junctions. In our implementation, there is no need to apply 

current in a CPP geometry in order to generate spin Hall torques. This then removes the 

perpendicular STT effect which may have be unrealistic in simulations of thicker magnetic 

materials. 

The second modification was to extend the range of the exchange coupling calculation. 

Originally, only the six nearest neighbours were used for exchange calculations. However, 

the range is too short for materials with an interlayer exchange coupling mediated by non-

magnetic materials. The modification allows the exchange solvers to look at the nearest eight 

neighbours, which further includes the next nearest top and bottom elements. The change 

allows the simulation of bilayer skyrmions which has been very interesting for skyrmionic 

devices.48, 49 
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Chapter 3 Skyrmion motion under spin-orbit torques  

 

In this chapter, we develop a model to describe skyrmion dynamics under the influence 

of spin-orbit torques. By expanding the method used by Thiele,1 we show that the presence of 

spin-orbit torques in a skyrmion-enabled film results in the emergence of a force whose 

direction and amplitude depend on the configuration and the size of the skyrmion, 

respectively. Micromagnetics were performed to further corroborate our model accuracy. The 

model predicts dismal scalability for skyrmionic devices. However, we show that by 

choosing the correct skyrmion types, an amplification in driving force can be induced which 

compensates the skyrmion’s dismal scaling. 

3.1 Introduction 

The quest to create hi-performance novel magnetic memory devices has led to significant 

advances on the topic of spin-orbit torques as well as magnetic skyrmions in recent years.2-8 

The first topic, i.e. the spin-orbit torques, correspond to the torques that are induced by the 

spin Hall effect and the Rashba effect when electrical currents are injected into a 

ferromagnetic film interfaced with materials with strong spin-orbit coupling.9-11 The spin Hall 

effect is an interfacial spin accumulation that is created due to the deflection of the up and 

down spins of the conduction electrons. As a result, a transverse pure spin current is created 

in materials with spin-orbit coupling which in turn exerts a position-dependent torque on the 

local magnetizations in the ferromagnetic film.12, 13 On the other hand, the Rashba effect 

corresponds to the coupling between the spin and the momentum of the conduction electrons 

of the injected current, which results in the emergence of a field-like torque in the 

ferromagnetic film.14-16 

The second topic, i.e. the magnetic skyrmion, represents a single magnetic domain, and 

therefore it has been proposed to be used as a binary representation in a memory or logic 

device, in a manner similar to what is shown in Figure 1-12.17, 18 From the application 

perspective, the inclusion of spin-orbit torques in magnetic devices has led to fast and energy-

efficient device operation,19-21 whereas research on magnetic skyrmions has led to the 

conception of novel memory and logic devices.22-26 However, work on the fundamental 

understanding of skyrmions under the influence of spin-orbit torque is lacking. Therefore, 

this chapter serves to create a model from which the high spin-orbit torque efficiencies acting 

on skyrmions can be understood.  
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3.2 Model for skyrmion dynamics 

 In the original Thiele equation, the stable-state motion of a magnetic bubble was 

obtained by converting the Landau-Lifshitz-Gilbert (LLG) equation into a force equilibrium 

equation. The Landau-Lifshitz-Gilbert (LLG), which describes the dynamics of the 

magnetizations (M) of a ferromagnet is written as 27, 28: 

   
dt

d

Mdt

d

s

eff

M
MHM

M



  ,                       Equation 3-1 

where γ is the gyromagnetic ratio, Heff is the effective field, α is the damping parameter, and 

Ms is the saturation magnetization constant of the ferromagnetic layer. In the Thiele approach, 

each term that is described in the LLG equation is associated with a specific magnetic field 

(H). The magnetic fields are then used to calculate the forces that are acting on the skyrmion 

by using:  

      F f H MdV dV  Equation 3-2 

                    

This turns the LLG equation into a force density equilibrium equation 29, 30: 

     0D   G v v  ,                         Equation 3-3 

where the first term is the gyrocoupling term resulting from magnetization precession with 

gyrocoupling vector ˆGzG , where 
2d d

G dr
dx dy

 
m m

 and is equals to 4 for the skyrmion 

magnetization configuration. The second term is the dissipative force that results from the 

Gilbert damping parameter  . D is the dissipation dyadic where the elements ij  are

2

xx yy

d d d d
dr

dx dx dy dy
       

m m m m
for a skyrmion. Otherwise, all elements are zero and D 

can be treated as a scalar.31 v is the velocity of the skyrmion in the stable-state motion.  

 It is then possible to extend the Thiele approach to calculate the contribution of spin-

orbit torques to the skyrmion dynamics. The associated field (HSH) from the spin Hall effect 

is written as 32: 
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  0
2 2

z

H H
SH

s F s F

x

M
j j

eM t eM t
M

 
 
 

     
  

H σ M  Equation 3-4 

where θH  is the spin Hall angle characterizing the conversion yield of the longitudinal charge 

current density into a transverse spin current density, j is the conduction electron current 

density, Ft  is the thin film thickness, while zx ˆˆ  is the spin current direction, where x̂  

and ẑ  are unit-vectors in the conduction electron flow and out-of-plane directions. Here, the 

conduction electron flows along the +x direction, which causes the spin current to be directed 

in the –y-direction. By substituting Equation 3-4 into Equation 3-2, the force density ( SHf ) 

for the spin Hall effect is expressed as: 

           ˆ ˆ
2

x xH z z
SH z x z x

F

m mj m m
m m m m

et x x y y

      
       

       
f x y  Equation 3-5 

where mi is the normalized magnetization in each of the cartesian coordinates. The equation 

shows that 
SHf  depends only on the x- and z-magnetization configuration of the system. The 

magnetization configuration of skyrmions can then be described by 33: 

                                

 

 

cos  sech

sin  sech ,

tanh

s

r c
q

R

r c
M q M

R

r c
p

R





   
   

  
  

   
  

  
  

  

 Equation 3-6 

/R A K ,                                Equation 3-7 

where c is the skyrmion radius, R is the skyrmion steepness while A and K are the 

exchange stiffness and the crystalline anisotropy constants of the material, respectively. q is 

the phase of the skyrmion and determines the skyrmion type; a Néel skyrmion is formed at 

 0, , while a Bloch skyrmion is formed at 
2


 . 1p    is the polarity of the skyrmion 

and describes the direction of the skyrmion z-magnetization outside the skyrmion core. 

Together, q and p describe the skyrmion type. 

Substituting Equation 3-6 into Equation 3-5 in cylindrical coordinates: 
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r r c
dr q d

R RM j
p

et r r

R







 

 

 


      
      

     
             
     
 

          
 




 

 

 

x

F

   

   

   

2

2

0 0

2

0 0

2

3

0 0

tanh cos sin

ˆsech tanh cos sin

sech cos sin

R

R

R

c r c
dr q d q d

R R

r c r c
dr q d q d

R R

r r c
dr q d q d

R R







   

   

   











     

      
      

             
     
 

           

 

 

 

y
















 
 
 
 
 



 

Equation 3-8 

 

By performing the integration over the   angle, the SHE force can be simplified to: 

 
0

ˆ ˆsech tanh sech cos sin
2

H
SHE

F

j r c r c r r c
p dr q q

et R R R R




          
          

       
F x y   

Equation 3-9 

 

which shows that the direction of the force from the SHE depends only on the q and p of 

the skyrmion. Fig. 1 shows the magnetization texture generated from Equation 3-6 and the 

corresponding SHf  acting on the skyrmion. For Néel type skyrmions, the SHEF  cancels out 

along the y-direction but a net SHEF  along the x-direction is present. The resulting propagative 

force is then purely in the direction of the current flow. We find that for all the skyrmion 

types considered, SHEF  always acts along either the x- and y-axis. Another observation is the 

lack of a radial symmetry in the force density which could distort the skyrmion magnetization 

if the applied spin currents are too large. Accordingly, care should be taken in applying 

Equation 3-9 in the limit of large SHE forces. Fortunately, for the current densities 

considered in this work and most other experimental works at ~1011 Am-2, the distortion was 

found to have minimal impact on the magnetization.34 
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Figure 3-1 (a, d) Magnetization configuration of skyrmions generated analytically from Equation 3-5. 

The colours represent in-plane magnetization while their brightness represents the out-of-

plane magnetization. (b-f) Force density acting on skyrmions resolved along the cartesian 

axes. 

The skyrmion shape parameters p and q sets the direction of the SHE forces but does not 

affect its amplitude. On the other hand, the parameters R and c are part of the integral in 

Equation 3-9 and affects the force amplitude. By solving Equation 3-9 numerically with 

various R and c values, the relationship between R, c and SHEF  is determined, as shown in 

Figure 3-2.  A simple visual examination reveals that the steepness R has little if any effects 

on SHEF . Although the integral does not set any limits to the values of c and R,  unrealistic 

conditions such as R>c would generate magnetization profiles that are physically impossible. 

Their corresponding SHEF  would therefore also be erroneous (see bottom right corner of 

Figure 3-2). Otherwise, it can be said that the SHEF  depends only on the radius c of the 

skyrmion.  
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Figure 3-2 Contour plot of the force density integral versus the skyrmion wall steepness R and 

skyrmion radius c. The integral is calculated from Eq. (8). 

Although the integral in Equation 3-9 can be solved analytically, the resulting expression 

is complex and unwieldy. Thankfully, the integral has an almost linear dependence with c, 

such that a linear fit can be used. Substituting the fitted equation into Equation 3-9, we get: 

  2 ˆ ˆcos sin
2

H
SHE

j
p c q q

e


 F x y  Equation 3-10 

 

3.3 Modified Thiele Equation 

To get the skyrmion velocities, SHEF  is added to the Thiele equation, resulting in:  

0 SHE

s F

D
M t


   G v v F  Equation 3-11 

which when resolved into the parallel and perpendicular components, the following is 

obtained: 

                             2 2 2 SHE

s F

D
v

G D M t

 


 


F  Equation 3-12 
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                           2 2 2x SHE

s F

G G
v v

D G D M t



 
   


F  

Equation 3-13 

 

where 4G   is the magnitude of the gyrocoupling vector.  

Due to the skyrmion Hall effect, skyrmions rarely move in the direction of the applied 

force. The skyrmion Hall effect arises from the interplay between the various forces.29 

Although there are only three forces acting on a skyrmion, the direction of the forces can be 

quite complex. The first term in Equation 3-11 is the gyrotropic force which acts 

perpendicularly to the velocity, the second term is the dissipative force which acts opposite to 

the velocity. The dissipative force can be seen as a form of drag acting on the skyrmion, 

mainly arising from the Gilbert damping parameter. The third term is the driving force, which 

may be caused by SHE or any other types of forces. At equilibrium, all the forces must cancel 

out. Figure 3-3 shows the forces acting on the skyrmion.  

To quickly determine the skyrmion velocity direction, the skyrmion Hall angle  Sk , 

which is the angle between the force vector and velocity vector can be used.  Sk  is 

determined by material parameters and the skyrmion number and is given by taking the ratio 

between v  and v : 

1  tan


   
 

Sk

G

D
                                         Equation 3-14 

Given the skyrmion configurations studied, FSHE is always along one of the cartesian 

axes, depending on p and q. It is then possible to quickly derive the skyrmion velocity. 

 

Figure 3-3 Illustration of the effective forces acting on a  ,1  skyrmion when a spin Hall force is 

applied. Not drawn to scale. 

 The other effective field exerted by the spin-orbit torque, the Rashba field (HR), is 

expressed by: 
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   σH
sB

R
R

M

jP




  ,                                       Equation 3-15  

where αR is the Rashba parameter that is averaged over the magnetic film thickness, µB is the 

Bohr magneton and P is the polarization of the carries in the ferromagnetic layer. In contrast 

to the magnetization-dependent field from the SHE, the Rashba effect only creates a constant 

field throughout the ferromagnetic film. Therefore, instead of driving the skyrmion, the 

Rashba field only creates a change in the magnetization configuration of the skyrmion. 

Although the altered magnetization configuration will affect the calculated SHEF , the change 

is negligible as compared to the other effective fields35.  

 

3.4 Micromagnetic Validation 

 To validate our model, micromagnetic simulations were performed and compared 

against the analytical calculations. The MuMax3 software was used for the micromagnetic 

simulations in this work.28 The considered geometry was chosen to resemble an infinite 

ultrathin film with a simulation area of 256 nm × 256 nm × 1 nm discretized into 1 nm cubes 

and a periodic boundary condition applied along the x- and y-axis. The material parameters 

were chosen to be similar to that of a Pt/Co multilayer films,36 as shown in Table 3-1. A pure 

spin current was assumed for the simplicity of conversion between charge current and spin 

current. 

Parameter Value 

Saturation magnetization (Ms) 580 kA/m 

Gilbert damping ( ) 0.1 

Exchange stiffness (Aex) 15 pJ/m  

Interfacial DMI (D)  3 mJ/m2 

Uniaxial anisotropy (Ku)  700 kJ/m3 

Spin Hall angle ( SH )  1 

Table 3-1 Material parameters used for the micromagnetic simulations in this chapter. The parameters 

were chosen to be similar to that of Co/Pt.36 

 In the first scenario, the dependence of SHEF  on c was checked. A Néel type skyrmion 

(q = 0, p = -1) is driven by a pure spin current of amplitude 105 10 Jm-2. The skyrmion radius 

c was varied by changing the applied magnetic field from -20 mT to 200 mT in steps of 10 

mT. The skyrmion speed was then calculated based on the total displacement over 2 ns. The 
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time span considered is sufficiently long such that skyrmion inertia can be ignored.37 

Analytical calculations were performed by using Equation 3-12 and Equation 3-13. An 

excellent agreement between the micromagnetic simulations and model was obtained, as 

shown in Figure 3-4(a). To validate our omission of R in Equation 3-10, a second scenario 

was considered, where the steepness was modified by increasing the exchange stiffness from 

15 pJm-1 to 18 pJm-1. The modification would have decreased the steepness by a factor of  

18 /15 . However, Figure 3-4(a) shows that the change in R has an imperceptible effect on 

the skyrmion speed. In Figure 3-4(b), the model was demonstrated to be robust against 

changes in saturation magnetization and provides an accurate prediction over a wide 

skyrmion size range. 

 

Figure 3-4 Plot of skyrmion speed versus radius with data generated analytical and by means of 

micromagnetics. (a) The skyrmion radius from the latter was tuned by an applied 

magnetic field. The skyrmion shape was modified by changing the exchange stiffness 

used for micromagnetics. (b) The saturation magnetization was varied.  

 The skyrmion motion direction was found to have a high degree of symmetry as a 

function of p and q. With two possible values for p (1, -1) and four possible values for q 

( 0, ,
2


 ), a total of eight skyrmion types can be formed. Under the same spin Hall effect, 

each skyrmion type experiences a driving force that is of the same amplitude but of a 

different direction, as predicted by Equation 3-10. In Figure 3-5, the x- and y-velocity for 

each skyrmion type is plotted with the star symbols. Due to the excellent agreement between 

the analytical calculations and micromagnetics, only the analytical data is shown. An 

observation here is that the Bloch skyrmions tend to be driven along the axis of the 

conduction current (x-axis in this case) while the Néel skyrmions prefer to be driven in the y-
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axis. Thus, a unique value proposition is presented by Bloch skyrmions; they can be driven 

by the spin Hall effect with a much lower transverse angle as compared to their Néel brethren. 

 

Figure 3-5 Plot of y-versus x-velocity generated analytically from Eq. 11. The velocities of all 

possible skyrmion configurations are marked with a star symbol with their magnetization 

profile shown beside. Also shown beside is the phase and polarity (q, p) of each skyrmion. 

 

3.5 Skyrmion transport in nanowire geometries 

 Our model predicts a serious challenge for skyrmion-based magnetic devices. While 

semiconductor devices typically run at higher speeds and efficiencies when scaled down, we 

have just shown that skyrmions are slowed significantly when they are shrunk. Further, at the 

limit of 0c , skyrmions can no longer be driven by SOTs. Unfortunately, the same grim 

prediction is also true for skyrmions on synthetic antiferromagnets and antiferromagnets that 

have been touted as the future of skyrmionics 38-40. In modelling such vanishing-moment 

skyrmions 25, 41, the systems are considered as two separate spin lattices that are mutually 

antiferromagnetically-coupled and their combined dynamics is described by the sum of the 

forces acting on the individual sublattices. It can then be understood that the combined force 

also does not scale well with c.  

 To overcome the poor scalability, the correct skyrmion types should be used. Using 

the proposed model, we show that the choice of skyrmion types may be counter-intuitive but 
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can amplify or diminish the skyrmions’ velocity. Figure 3-6 superimposes the trajectory of 

two different skyrmion types driven by a SOT in a confined nanowire of 192 nm 60 nm. 

Each skyrmion trajectory is generated by applying a spin Hall current of 1 ×1010 Am-2
. Both 

skyrmions start at the same position on the left marked with blue crosses with a similar initial 

speed but the Néel skyrmion accelerates while the Bloch skyrmion decelerated to a halt. This 

is surprising given that Bloch skyrmions have a velocity direction that is very close the 

direction of the conduction current. Therefore, it is apparent that the transverse velocity due 

to the gyrotropic force plays a critical role in determining the skyrmion velocity in finite 

geometries. Several studies in the past have revealed a similar phenomenon but with spin 

transfer torques as the main driving force.42, 43 

 
Figure 3-6 Displacement of the two different skyrmions types under the same spin Hall current of 

10 21 10 Am  after 3 ns. The velocity at each displacement point is represented by the line 

colour. The starting and ending points of the trajectories are marked by red and blue 

crosses, respectively. 

The counterintuitive phenomena can be explained in terms of the forces acting on the 

skyrmion. Figure 3-7 shows the direction and magnitude of the forces acting on the 

skyrmions such as the gyrotropic force FG, dissipative force FD, and also the repulsion force 

FR in nanowire geometries . To obtain such a diagram, FSHE is first plotted. Then, FG and FD 

can be added with the condition that FG ⊥ FD and that all forces must cancel out. Finally, v is 

determined from the condition that v ∥ -FD. In infinite planes, the result is the same as Figure 

3-5.  

However, in nanowire geometries, the transverse repulsive force FR is exerted by the 

edges of the nanowire to keep the skyrmion centred.44 FR significantly impacts the dynamics 

of the system. For the Néel skyrmion, the upwards velocity results in a greater downwards (-y) 

FR which results in the skyrmion velocity increasing but having a lower transverse direction. 

At equilibrium, the skyrmion must have a velocity in the direction of the nanowire; FR would 

need to have a magnitude roughly 6 times larger than FSHE such that it’s downwards force can 
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completely negate the transverse velocity component. The massive increase in velocity can 

be attributed to FR.  

 

Figure 3-7 Forces acting on a Néel (𝜋,1) and Bloch (
𝜋

2
,1) skyrmions on 2D infinite planes and on 

nanowire geometries. The nanowire axis in the x-direction. In (d), the effective forces are 

shown at the onset of FSHE and (e) at equilibrium after about 3 ns. Forces are not drawn to 

scale. 

By considering the velocity due to the SHE (vSHE)  and due to FR (vR), it is possible to 

derive the net velocity (veff) of the skyrmion in a finite nanowire, purely from vector sums, as 

shown in Figure 3-8(a). Applying the trigonometric relations, veff can be expressed in this 

form: 

 cos s n an i t  eff SHE SSk SkHE Sk   v v v        Equation 3-16 

For parameters used in this study, a very significant amplification in the skyrmion velocity is 

obtained, where sin tan 6.23   Sk Sk   .  

For the Bloch skyrmions to fulfil the condition that the skyrmion has no net transverse 

velocity, the only solution is that FR cancels FSHE completely, as shown in Figure 3-7(d-e). 

This is a consequence of FR being antiparallel to FSHE; as the skyrmion drifts closer to the 

edge, FR increases and negates FSHE. At equilibrium, FR = -FSHE and skyrmion motion is 

stopped. 

The results presented suggests that a constructive vR can be generated at no cost to 

increase veff. . It is then tempting to change the electric current direction to push the skyrmion 



59 
 

more strongly against the edge, i.e. vSHE points closer to +y direction and increases vR. 

Changing the electric current direction has been proposed thus far to reduce the skyrmion 

Hall angle, such that vSHE is in the direction of the nanowire.45 However, in our case, the 

intention is to increase the skyrmion speed by setting vSHE perpendicular to the nanowire in 

order to maximize vR. In Figure 3-8, the velocity vectors are illustrated for (a) the default case 

and (b) electric current rotated by an angle  .  

     co        tan  i ns seff SHE SH SESk k Sk         v v v  

Equation 3-17 

where  is introduced as a deviation angle for the electric current, as compared to the x-axis. 

The first term originates from the parallel component of vSHE while the second term is the 

additional force granted by vR. 

 

Figure 3-8 Illustration of the skyrmion velocity vectors (a) when the driving current is in the direction 

of the nanowire and (b) when the driving current is offset by  . 

With Equation 3-17, the x velocity of a skyrmion under different   can be evaluated and 

compared to micromagnetics. While the force provided by vR is increased, the decrease in the 

x-component of vSHE decays even faster. Unfortunately, the velocity peak occurs at 0  . 

Performing the differentiation of veff and it to zero, we obtain: 

     

     
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Equation 3-18 
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It is thus clear that the maximum forward driving force occurs at 0   and that altering 

 provides no benefit. The relation between velocity and   is shown in Figure 3-9 where 

Equation 3-17 was used to plot the analytical data. The difference between the two data sets 

arises from the compression of the skyrmion which is not considered in Equation 3-17. 

 

Figure 3-9 Plot of skyrmion x-velocity against current deviation angle. 

 

 In this chapter, we have shown that in a system where spin-orbit coupling is prevalent, 

only the torque from the spin Hall effect contributes to the dynamics of the skyrmion. In 

steady-state, the spin-orbit torque can be regarded as a force whose magnitude depends 

purely on the skyrmion size and whose direction depends on the skyrmion type supported by 

the system. While several pioneering works have modelled skyrmion dynamics under spin 

currents, their predictions are not always consistent, and their mathematical form can be 

complex 46, 47. In contrast, our model is well-corroborated with micromagnetics over a wide 

range of material parameters and yields a simple mathematical form. From there, we 

predicted a serious scalability challenge for skyrmion-based devices, where truly atomic-

scale skyrmions would barely be driven by the spin Hall effect. Not all is doom and gloom, as 

we further uncovered the importance of the gyrotropic force in amplifying the skyrmion Hall 

force. In our system, the skyrmion was able to move six times faster due to this phenomenon. 

Therefore, given the significant consequences, the model and analysis provided in this work 

serve as an important starting point for the engineering and design of skyrmion-based devices. 
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Chapter 4 Skyrmion motion under voltage-controlled magnetic 

anisotropy gradients  

Despite the inefficiencies associated with current-induced spin torques, they remain the 

predominant mode of skyrmion propulsion. In this chapter, we demonstrate numerically that 

skyrmions can be transported much more efficiently with a voltage-controlled magnetic 

anisotropy (VCMA) gradient. In this chapter, an analytical model was developed to 

understand the underlying skyrmion dynamics under a VCMA gradient. The calculations 

reveal that the repulsive skyrmion-edge interaction not only prevents the skyrmion from 

annihilating but also generates most of the skyrmion propulsion. Therefore, edge engineering 

will greatly improve the performance of anisotropy gradient-driven skyrmion devices.1-3 A 

multiplexed array of gate electrodes can be used to create discrete anisotropy gradients over a 

long distance, leading to the formation of a series of translatable skyrmion potential wells. 

The strong confining potentials allow skyrmions to be transported at a 70% higher packing 

density. Lastly, we demonstrate that this form of skyrmion propulsion can be implemented on 

almost any 2D geometry, providing improved versatility over current-induced methods. 

 

4.1 Introduction 

Skyrmions are prime candidates as information carriers for next-generation ultra-high 

density non-volatile memory.4, 5 To realize such devices, many works on skyrmion dynamics 

have been performed, especially on skyrmion transport via application of spin-polarized 

currents.3, 6-9 However, there are still significant challenges for high-speed current-based 

manipulation which requires the application of high current densities on the order of 1011 

A/m2.1, 3, 10-12 Under such high current densities, Joule heating significantly increases the 

device temperature, further leading to device instability. Besides the increased risk of 

skyrmion annihilation due to the higher thermal fields, works by Sug-Bong Choe et. al. and A. 

Yamaguchi et. al. have also shown that temperature can have a strong influence on the 

propagation speeds of magnetization textures.13-15  Therefore, it is necessary to develop an 

energy-efficient skyrmion manipulation technique that reduces the Joule heating. 

To increase the efficiency of magnetic devices, many recent scientific endeavours have 

turned to voltage-controlled magnetic anisotropy (VCMA). The effect relies on the electric 

field-induced change in the relative occupation of 3d orbitals to alter the magnetic 
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anisotropy.16-20 Since VCMA is a field-induced effect, they consume much lower energy as 

compared to the electric current-based methods. By applying a gate voltage across an 

insulating layer, the magnetic anisotropy of the ferromagnetic layer can be modulated. The 

VCMA effect has already been shown to be large enough for magnetization switching in 

magnetic random-access memory devices and for speeding up domain wall transport.21-29 

In this chapter, a cell size of 1 nm   1 nm   0.5 nm was used for micromagnetic 

simulations. The material parameters are based on the experimentally measured values for 

Pt/Co thin films.30, 31 A summary is shown in Table 4-1. 

Parameter Value 

Saturation magnetization (Ms) 600 kA/m 

Gilbert damping ( ) 0.1 

Exchange stiffness (Aex) 13 pJ/m  

Interfacial DMI (D)  3 mJ/m2 

Uniaxial anisotropy (Ku)  800 kJ/m3 

Table 4-1 Summary of material parameters used for the micromagnetic simulations 

4.2 Skyrmion dynamics under VCMA gradient in an infinite plane 

We first consider the motion of a skyrmion on an unconfined planar skyrmion system 

under the influence of a magnetic anisotropy gradient. To model the infinite system, periodic 

boundary conditions were imposed on both x-axis and y-axis that enables the magnetization 

to wrap around in both directions and a Néel skyrmion typical of systems with interfacial 

DMI was used as the starting configuration.32, 33 The VCMA gradient across a wedged 

insulating layer was modelled by a gradient in the magnetic anisotropy energy density of 

600udK

dx
  GJ/m4 along the x-axis. This corresponds to a percentage change of 7.5% over a 

length of 1 μm. Figure 4-1(a) shows a schematic of the electric field geometry. At the side 

with a thinner dielectric layer, the charge buildup would result in a high electric field, while 

at the side with a thicker dielectric layer, the electric field is weaker. The gradual change in 

the electric field induces a VCMA gradient. Upon the application of the anisotropy gradient, 

the skyrmion was observed to propagate in a single direction indefinitely. 
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Figure 4-1 (a) Schematic of a voltage-controlled magnetic anisotropy device capable of creating an 

anisotropy gradient. (b)The deviation angle θ of skyrmion motion to the direction of Ku 

gradient  600
dKu

dx
  GJ/m4 as a function of the Gilbert damping constant α in a wide plane, 

in which skyrmion moves at an angle θ with respect to the x-axis. Inset is a snapshot of a 

skyrmion, which drifted diagonally after a Ku gradient was applied. 

Assuming that the skyrmion magnetization profile performs a translation without 

deformation, the isolated Néel skyrmion can be considered as a rigid point-like particle. The 

skyrmion dynamics can then be modelled within the framework of the Thiele equation 

without polarized spin current:7, 34, 35 
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where v is skyrmion drift velocity, G is gyromagnetic coupling vector that depends on the 

direction of the magnetization in the skyrmion core and far away from the core, D is 

dissipative force tensor that is dependent on the radial profile of the out-of-plane angle of the 

skyrmion, α is the Gilbert damping constant. The vector F is a force acting on skyrmion, 

originating from an inhomogeneous magnetostatic energy landscape. 
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The first term of Thiele equation describes the gyrotropic motion of a skyrmion,6, 36-38 

which gives rise to a Hall-like behaviour of magnetic skyrmions (SkHE) which causes them 

to deviate from the direction of applied stimulus as shown in Figure 4-1(b) inset.39 The 

second term is the dissipative force originating from the Gilbert damping while the third term 

is the driving force from the inhomogeneous energy landscape which is attributed to the 

magnetic anisotropy gradient. To simplify the Thiele equation, the skyrmion motion is 

decomposed into the x-component and the y-component: 

                       :    y x x

s

x Gv D v F
M d


 $

                            Equation 4-4 
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where G = 4 𝜋 is the magnitude of the gyrocoupling vector. This leads to the expression for 

the ratio of vy and vx: 
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Equation 4-6 

For a Néel-type skyrmion with α = 0.1, the calculated skyrmion Hall angle Sk  of 82° 

results in mostly transverse motion. Micromagnetic simulations were performed to verify the 

dependence of skyrmion Hall angle on α. Indeed, a linear relation in Figure 4-1(b) was 

observed as predicted. However, a discrepancy between the numerical results and the 

analytical expression (Equation 4-6) exists which increases with α. This difference can be 

almost completely accounted for by the change of the skyrmion magnetization profile as the 

skyrmion moves from a region of higher Ku to a region of lower Ku. The resulting change in 

D can be calculated by numerically integrating the volume magnetization. The dissipative 

tensor D in Thiele equation can be written as,40 

µ µ2
  ( , ) ( , ), ( , ),

0    otherwise.
ij i j

sk

D i j x x y y
D d r m m


    


             Equation 4-7 

In the numerical simulations, D was observed to change as the skyrmions were driven to 

the lower Ku regions, as shown in Figure 4-2. Therefore, a small difference between the 

simulated and analytical trajectories will are observed. 
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Figure 4-2 Dissipative force tensor and radius at different x-position during skyrmion motion under 

various Ku gradients. 

Figure 4-1(b) shows the relation between the modified D and α. By introducing this 

modified D back into Equation 4-6, the theoretical calculations match almost exactly with the 

simulation results. Therefore, we can conclude that the skyrmion Hall angle is determined by 

α even in the absence of a spin current. 

 

4.3 VCMA gradient-induced skyrmion dynamics in finite systems 

Translation invariance on an infinite plane is commonly invoked to argue that a 

skyrmion velocity is not a function of its position. However, a skyrmion on a finite track is no 

longer translationally invariant. Therefore, the energy potential from the edges must be 

considered in a finite system. Over a large range of nanowires width values, the skyrmion is 

observed to drift towards the edges with an angle of 82° but starts to travel parallel to the 

edge close to its vicinity and does not annihilate, as shown in Figure 4-3(a). The dependence 

of trajectory with nanowire width, as shown in Figure 4-3(b), implies that repulsive potential 

plays a key role to repel a skyrmion from the edges.41 42 
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Figure 4-3 Skyrmion motion in nanowire induced by anisotropy energy gradient along the x-axis. (a) 

snapshots of  skyrmion motion at 2 ns intervals in a 64 nm wide nanowire. (b) Skyrmion 

trajectories in nanowires of different widths, from 64 nm to 640 nm, indicating that the 

skyrmion trajectory is highly dependent on nanowire geometry. (c) The longitudinal and 

transverse velocities (vx, vy), at the different nanowire widths. vy slows down to almost 

zero at the end of its displacement along the y-axis, meanwhile, vx dramatically increases 

from several m/s to tens of m/s. 

As the skyrmion approaches the edges, its motion soon becomes parallel to the nanowire. 

This leads us to the conclusion that F  in Equation 4-1 must include the repulsive potential if 

the system is finite. The Thiele equation can be rearranged to express velocity v   as: 

 
2 2 2

( )
( ) s

D
G D M d





  


v F G F  Equation 4-8 
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 As discussed before, 
x

F
ur

 originates from the inhomogeneous energy attributable to the 

Ku gradient and can be written as: 

uK u
x

u

dE dK
F

dK dx
                                            Equation 4-9 

2 2( )
uK u skE K m z R d  

ur
$                                Equation 4-10 

Here 
uKE  is the anisotropy energy,43 d is the thickness of the skyrmion system, Rsk is the 

radius of skyrmion. predicts that the decrease of Ku leads to the decrease of energy in the 

skyrmion system, which is consistent with the observation that skyrmions tend to move to a 

region of lower Ku. From the above, we can also see that larger anisotropy gradient will 

create a larger driving force which in turn leads to a higher speed, the trend confirmed by 

numerical results, as shown in Figure 4-4(a).  

 

In the case of finite nanowire system, the repulsive potential exists in the edge of the 

skyrmion system leads to a force pushing the skyrmion back to the centre position. At the 

centre, where y displacement from the centre of the nanowire (Δy) is zero, this force is also 

zero as expected from the symmetry along the x-axis. However, when the skyrmion is 

displaced towards the top or bottom edge (𝛥𝑦 ≠ 0 ), an increased magnetostatic energy 

creates a repulsive potential from the edges, keeping the skyrmion from approaching the 

edge.41, 42, 44  

 

Figure 4-4 (a) Numerically calculated values of saturation velocities vxT vs. udK

dx
, indicating that vx is 

directly proportional to udK

dx
.  
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The change in magnetostatic energy along the y-axis was found by applying a spin-

current (7×1011 A/m2) along the x-axis to drive the skyrmion. Under the applied current, the 

skyrmion experiences a skyrmion Hall effect and drifts in the y-axis. The system’s total 

magnetostatic energy E was then calculated at every y-position as shown in Figure 4-5(a). 

Since the skyrmion-edge interaction is magnetostatic in nature, E was modelled by the 

inverse square law: 

  2=E y A By ,    Equation 4-11 

where A and B are quadratic fit coefficients. The energy gradient and in turn Fy  along the y-

axis of a nanowire of width  w can be expressed by: 

( ) ,      20 
2

y

y

E w
F C x y y nm

y


     


       

           Equation 4-12 

where C(x) is the magnetostatic interaction coefficient. As Fy is assumed to be purely 

magnetostatic in nature, the linear relation proposed in Figure 4-5(a) is only valid for small y 

displacements. At larger displacements, the exchange interaction may play a significant 

role.45 When the skyrmion centre is less than 20 nm from the edge, a strong attractive 

potential is experienced which can cause skyrmion annihilation (see Figure 1-16).  

Under a udK

dx
, the skyrmion size also changes due to the difference in Ku. Since the 

skyrmion is magnetically charged, a larger skyrmion experiences a larger repulsion 

from the edges. Hence, in a nanowire with udK

dx
, the coefficient C(x) is also a function of x, 

this relation is shown in Figure 4-5(b). To obtain the function C(x), the change in energy ΔE 

versus Δy was extracted from numerically calculated data. As expected, C(x) decreases with 

increasing Ku (decreasing size) as shown in Figure 4-4(b). 
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Figure 4-5 (a) Micromagnetic energy as a function of skyrmion displacement along the y-axis from 

the centre of the nanowire with various anisotropy constants. Inset is the schematic 

diagram of the skyrmion displacement along the y-axis. (b) Both C and radius of skyrmion 

depend are a function of Ku. This indicates that C increases with the increase of x-position 

in a system with udK

dx
. 

 

In our analysis thus far, we have established that the skyrmion propulsion induced by the 

anisotropy energy gradient is determined by the interplay between two forces. The first of 

which is that a driving force originating from an anisotropy energy gradient that can propel 

the skyrmion along the x-axis. Secondly, there is a repulsive force caused by an 

inhomogeneous magnetostatic energy landscape perpendicular to the edge. By combining the 

two, a two-dimensional force (Fx, Fy) vector field in the x-y plane can be generated, as shown 

in Figure 4-6(a). In a system without SkHE, a skyrmion will move in the +x direction 

monotonically while the edge interaction forms a potential well keeping the skyrmion at the 

centre of the nanowire. The situation becomes interesting when the force field is transformed 

into a velocity field by applying Equation 4-8. While the force field is symmetric along the x-

axis, the SkHE destroys the symmetry in the velocity field. Figure 4-6(b) shows that the 

velocity field is asymmetric, and the equilibrium trajectory is shifted upwards. In this context, 

the equilibrium trajectory is defined as the trajectory at which the skyrmion moves in the 

direction along the nanowire; all other y-displacements result in the skyrmion returning to the 

equilibrium trajectory.  

An important consequence of the asymmetry is that the initial skyrmion position can 

significantly modify the skyrmion trajectory. As shown in Figure 4-6(c), it is possible for the 

skyrmion to perform a boomerang manoeuvre whenever it is nucleated closer to the bottom 

edge. This phenomenon results from the strong repulsive potential overpowering the forward 
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propulsion, resulting in an initial backward motion. As the skyrmion passes the centre of the 

nanowire (Δy = 0 nm), the edge interaction changes in sign and propels the skyrmion forward 

instead, thus completing the boomerang manoeuvre. However, trajectories of skyrmions at all 

initial positions still gradually converges towards the equilibrium trajectory. In the 

equilibrium trajectory, the terminal x-velocity vxT can be expressed as: 

2 2( ) z sk u
xT

s s

m R dKF x
v

M d D M D dx



 
           Equation 4-13 

Equation 4-13 assumes that the repulsive edge potentials are sufficient to prevent 

skyrmion from annihilation and shows that the terminal velocity of a skyrmion is 

proportional to udK

dx
, a conclusion consistent with the numerical result in Figure 4-4(a). The 

equation also highlights how the material parameters such as D, α and Ms can affect the 

velocity of skyrmion motion. Meanwhile, the y-displacement at which terminal velocity is 

achieved can be expressed analytically as: 

2 2

( )

sk z u
T

R m Gd dK
y

C x D dx




   Equation 4-14 

It is easy to see from Equation 4-14 that with a higher 
dKu

dx
, the equilibrium trajectory is 

shifted upwards. Equation 4-14 also reveals that the maximum velocity is in fact limited by 

the edge interaction. For a finite system, ( 20 nm)
2

T

w
y    determines the maximum force 

along the y-axis; skyrmion annihilation would occur readily when the skyrmion centre is less 

than 20 nm from the edge. A dilemma results, in which a larger anisotropy gradient will 

increase the skyrmion transport velocity but once the maximum Fy is exceeded, skyrmion 

annihilation will result. 

 



74 
 

 

Figure 4-6 (a) 2D force field of the system as a function of skyrmion position on the nanowire (100 

nm × 64 nm). (b) 2D skyrmion velocity field. The equilibrium trajectory is marked by the 

white dotted lines. (c) The trajectories of skyrmion motion with different initial (Δy) 

obtained by evolving Equation 4-8 in small time steps. (d) Skyrmion trajectory calculated 

from micromagnetic simulations (solid line) and analytically (dotted).     

 

4.4 Stepped anisotropy gradient for skyrmion transport 

To increase the skyrmion velocity, a larger anisotropy gradient is favoured. However, for 

a skyrmion to remain stable, the Ku should be kept above 0.56×106 Jm-3. This leads to a 

limitation that fast-moving skyrmions can only exist in relatively short nanowires. To allow 

for devices of any arbitrary length, we propose the use of a discrete gate array (DGA) instead 

of a single gate electrode that covers the entire device. In such a scheme, an anisotropy 

gradient can be created when adjacent parts of the nanowire have different Ku values.  

Figure 4-7(a) shows the schematic of such a DGA device. The device uses a repeated 

array of three gate electrodes which can modulate the magnetic anisotropy of the adjoining 

track region to be one of three states; +2.5 % (high), -2.5 % (low) or unchanged (off).  
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Figure 4-7 (a) Schematic diagram of a multiplexed discrete gate array architecture for controlling 

anisotropy gradient (b) Magnetostatic energy levels across the length of the nanowire 

demonstrating how the stepped voltages can create potential wells. The potential gradient-

induced motion of the skyrmion is indicated by the green arrows. (c) Magnetostatic 

energy levels after a "shift" operation. (d) Magnetization snapshot after three consequent 

shift operations. 

Therefore, when the states of three consecutive electrodes are set to off-low-high, a 

potential well is formed at the second electrode. The electrodes in each set of three electrodes 

are also multiplexed; since each electrode is connected to its next nearest neighbour, a series 

of skyrmion potential wells are formed as shown in Fig. Figure 4-7 (b-c). In this way, the 

skyrmion-skyrmion repulsion can be overcome and the spacing between skyrmions be kept 

constant. For conventional skyrmion-based devices, skyrmions should have a spacing of at 

least 2.6 times larger than its diameter to minimize the skyrmion-skyrmion interaction.46 In 

our device, skyrmions are packed at 1.5 times their diameter, which increases the packing 

density by at least 70%. The strong confining potentials also traps skyrmions in discrete 

positions without the need for inefficient geometrical pinning sites.1 

To propel the skyrmion, the electrode voltages are then changed to the low-high-off 

states which shift the potential well to the right. In the device, the use of three electrodes 

allows us to ensure that skyrmions are always propelled in one direction; in a device with 

only groups of two electrodes, a skyrmion sitting at a high state electrode has the equal 
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likelihood to shift in either direction as both adjacent electrodes would have the same 

potential. The shift operation can be repeated indefinitely and with a change in Ku between 

the gates at ± 2.5%, an average velocity of 70 m/s was achieved. Increasing the change in Ku 

to above ± 2.5% leads to eventual annihilation at the edge. The change of Ku at ± 2.5% 

between the gates correlates to a udK

dx
 of 1300 GJm-4, which should produce a skyrmion 

velocity of 103 m/s according to Equation 4-14. However, as only a part of the skyrmion is 

on the anisotropy step at any given time, the effective  udK

dx
  acting on the skyrmion is 

decreased, unlike in a smooth Ku gradient which Equation 4-14 is based on. 

Besides the improved energy efficiency, the use of discrete gate electrodes allows 

anisotropy gradient-induced skyrmion transport to be implemented on almost any arbitrary 

2D geometries. Of interest is the recirculating closed loop structure which allows read/write 

operations to be non-destructively, as shown in Figure 4-8(a). In contrast, conventional 

nanotrack devices must be at least twice as long as the skyrmion chain in order for the entire 

skyrmion chain to traverse past the central read-write heads. In other words, at least half the 

nanowire must be used as a skyrmion buffer for reading. As shown in Figure 4-8, the use of a 

closed-loop also enables skyrmions to be returned to their original positions after read/write, 

thus removing the need for a skyrmion buffer area. The ability to continuously shift the entire 

skyrmion chain by applying the same excitation can also simplify the design of skyrmion 

devices. 
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Figure 4-8 (a) 3D Schematic diagram of a stepped anisotropy for racetrack memory. The electrode 

layer V1, V2 and V3 corresponds to those in Figure 5. (b) Magnetization snapshots at t = 0 

ns, t = 1.2 ns and t = 7.2 ns respectively. There are 3 skyrmions in the system and 6 sets of 

Ku, which is represented by the grey rectangle in the centre loop and induced by a voltage 

gate. When the gate voltage is switching clockwise, skyrmions are driven clockwise. 

 

4.5 Energy efficiency of VCMA vs current-based driving methods 

The VCMA effect does not require a current in the magnetic layer and is therefore 

inherently dissipationless. However, a microscopic amount of electrical energy is needed to 

charge the capacitive dielectric layer. The VCMA efficiency can be expressed as a ratio 

between induced PMA change and applied electric field uK

E




. As reported by Y. Suzuki et. 
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al., a small electric field of 100 mV/nm can cause a 40% change in Ku with 210uK

E






fJ/Vm.47 Using a more conservative estimate of 100uK

E





 fJ/Vm, we find that for the 

42 10  J/m3 change in the Ku required by stepped anisotropy gradient, an electric field of 0.1 

V/nm needs to be applied across a gate oxide of 1 nm. Using MgO as a gate oxide with a 

relative permittivity of 7 and an area of 60 nm   20 nm, the energy required to create the 

electric field is 0.18 aJ. To achieve a speed of 70 m/s, the gate must be charged at a rate of 

3.5 GHz. The resulting power consumption of shifting a single skyrmion at 70 m/s is then 

0.65 nW. 

The energy dissipation in current-driven skyrmion devices can be calculated from the 

resistive energy losses through Joule heating. Experimental data from Hrabec et al. show that 

a current density of 51011 Am-2 is required to drive a skyrmion at 70 m/s.11 For comparison 

purposes, we assume that skyrmions on both systems have the same total magnetic volume. 

However, for current-driven devices, an additional 4 nm of heavy metal, usually Ta or Pt is 

added for a strong spin Hall effect required for high-speed manipulation Taking a bulk 

resistance value of 110-7 m , the power consumed in current-driven skyrmion devices for 

shifting a single skyrmion at 70 m/s is 0.5 μW. 

 

4.6 Challenges for the discrete gate array devices 

Despite the many positive attributes about DGA devices, it faces a few challenges which 

need to be addressed. In this section, the disadvantages of the DGA devices are discussed in 

detail, before a solution to the problems is discussed. 

The small feature sizes required by DGA devices create significant challenges for 

manufacture. Here, the discussion is based on the criteria to achieve fast skyrmion translation 

speeds using Equation 4-13. Assuming that the skyrmion size stays constant, dK should be 

maximized while dx should be minimized. While the maximum achievable dK has seen large 

improvements in recent times,48, 49 it may not be applicable in every material system and 

hence, it may not be prudent to rely on increasing dK to improve skyrmion transport speeds. 

To minimize dx, each individual gate electrode should be made as narrow as possible such 

that dx is small. Further, to prevent shorting, each electrode must be spaced apart by at least 

the thickness of the gate oxide layer. Many works on VCMA have used an oxide layer thicker 
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than 20 nm to prevent leakage currents.50-52 This requirement has so far been too prohibitive 

for small skyrmions. As illustrated in Figure 4-9(a), the electrodes should be smaller than the 

skyrmion radius, while the gap between electrodes should be larger than 20 nm, this leads to 

large devices being feasible but with lower densities. 

The SkHE-induced gyration of the skyrmion also adds uncertainty. In Figure 4-9(b), the 

practical implication of the SkHE is demonstrated. The K in the highlighted region was 

increased from 800 kJm-3 to 1000 kJm-3, which then exerts a force in the x-direction. 

However, plotting the simulated skyrmion trajectory over 10 ns reveals that the skyrmion 

does not move directly to its intended position but rather gyrate around the intended position 

with decreasing amplitude. The gyrating motion adds an element of stochasticity in 

controlling DGA devices where the gate electrodes must be turned on in sync with the 

skyrmion position. Mistracking occurs when the skyrmion fails to keep up with the shifted 

VCMA. In order to prevent the mistracking of the skyrmion, a long wait time is enforced 

between driving skyrmions from one well to another. Such a technique was employed in 

Figure 4-7(d), where the gyrating motion of the skyrmion was observed, and allowed to be 

damped over time. 

 

 

Figure 4-9 (a) 3D rendered cross-sectional image of a Discrete Gate Array (DGA) skyrmion device. 

The voltages on each of the electrodes are alternated between the high and low states such 

that between two adjacent electrodes, there exists a gradient in VCMA that drives the 

skyrmion. (b) Trajectory (in red) of a skyrmion 10 ns after the area highlighted (dotted 

line) is increased in magnetic anisotropy. The black arrow represents the initial forces and 

resultant velocity acting on the skyrmion. 
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To illustrate some of the consequences, the Thiele equation including the contribution 

from Fy (Equation 4-12), was evolved in time numerically. In Figure 4-10, the skyrmion is 

repeatedly propelled by using cycles of 1 ns of applied Fx and then followed by 1 ns of 

relaxation. The varying distances moved by the skyrmion under the same applied forces is 

made obvious by the vertical lines. This is due to the net y-displacement of the skyrmion, 

which according to Equation 4-12, confers additional x-velocity to the skyrmion. While the 

increased velocity may seem advantageous for hi-speed memory applications, it can be hard 

to realize the velocity gains. Under an ideal situation, the skyrmions can be assumed to be at 

the centre of the nanowire. Then, to account for the increasing y-displacement, the “on” 

duration of the gate voltage pulse should decrease with increasing pulses. However, the 

position of the skyrmion cannot always be determined.  

 

Figure 4-10 Trajectory of a skyrmion under repeated cycles of 1 ns “on” and 1 ns “off” pulses of the 

driving force. The trajectory was obtained from numerically evolving the Thiele equation. 

The blue and red vertical lines mark the start of an “off” and “on” pulse, respectively. 

The motion of skyrmions under a discretely shifting potential was also calculated using 

the Thiele equation in a setup similar to Figure 4-7.  The driving force was modelled by 

having a positive sign when the skyrmion is within ±20 nm of the potential well centre, and 

the sign turns negative everywhere else. The negative force is experienced when the 

skyrmion incurs onto the high Ku regions. The negative force also describes the penalties of 

mistracking when the skyrmion is more than 20 nm away from the centre of the potential well. 

The potential landscape was then shifted every 0.6 ns. In Figure 4-11(a), the optimized drive 

trajectory of a skyrmion is shown. Similar to Figure 4-10, a smooth trajectory was observed 

because the shift operation is almost perfectly in sync with the skyrmion position. In Figure 

4-11(b), we observe that at the initial third and final third of the trajectory, the skyrmion does 

experience negative Fx due to mistracking. However, the signs of the mistracking were 
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switched as evidenced in Figure 4-11(c). Initially, the skyrmions were too slow, but as it gains 

y-displacement, it starts to outpace the rate at which the potential wells shift. 

The two other non-optimal driving conditions are when the potential wells shift too 

quickly or too slowly. In Figure 4-12, we show the two non-optimal situations. In the case 

that the potential is moved too quickly, just 0.1 ns faster than the optimal situation, it can be 

said that catastrophic failure has occurred. The skyrmion has completely lost track of the 

potential well centre and will continue to do so. When used in a skyrmionic racetrack 

memory device, the data is lost. While the case of being too slow does not cause data loss, the 

total distance travelled in 5 ns of operation results in 65 nm of translation. In contrast, the 

optimal shift rate achieved 175 nm of translation. For DGA devices, it is thus important for a 

good compromise between speed and reliability to be struck. 

 

Figure 4-11 Trajectories of skyrmions under optimal drive condition of 0.6 ns/shift. (a) The trajectory 

of the skyrmion with its speed indicated by the line colour. (b) The plot of Fx against 
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position. Due to mistracking, the experienced force is not constant. (c) The mistracking 

of the skyrmion, which is the difference between the potential well centre and the 

skyrmion centre. Results are derived from numerical calculations based on Thiele 

equation. 

 

Figure 4-12 Trajectories of skyrmions under non-optimal drive conditions (0.5 ns/shift and 1.5 

ns/shift). (a-b) The trajectory of the skyrmion with its speed indicated by the line colour. 

(c-d) The plot of Fx against position. Due to mistracking, the experienced force is not 

constant. (e-f) The mistracking of the skyrmion, which is the difference between the 

potential well centre and the skyrmion centre. Results are derived from numerical 

calculations based on Thiele equation. 

 

4.7 Skyrmion ratchet device 

Evidently, the SkHE greatly reduces the reliability of DGA devices. In this section, we 

demonstrate an improved skyrmion transport architecture also utilizing a VCMA gradient, the 



83 
 

skyrmion ratchet. The new device overcomes many of the challenges faced by DGA devices 

and additionally, can use a single gate electrode to drive any number of skyrmions. To 

achieve the feat, a transverse driving force was used in tandem with an array of engineered 

potential wells that serve as a ratchet for unidirectional skyrmion motion. A key advantage of 

the skyrmion ratchet lies in its ability to move the skyrmion very closely to the centerline of 

the nanowire, thus allowing for predictable behaviour and high transport velocities. Finally, 

we demonstrate that, to circumvent the unidirectional operation, the skyrmion ratchet can 

recirculate the skyrmions in a closed-loop, thus retaining the very unique and positive 

characteristic of DGA devices. 

Here, we propose the use of a transverse VCMA gradient scheme where FdK is directed 

in the -y-direction as illustrated in Figure 4-13. The driving scheme relies on the SkHE to 

drive the skyrmion forward, instead of the driving force itself. Figure 4-14 shows the 

trajectories of skyrmions driven by a transverse FdK. As the skyrmion moves downwards (-y), 

the skyrmion experiences asymmetric repulsive forces from each of the nanowire edge, 

leading to an effective force FR that restores the skyrmion to the centre of the nanowire. By 

initializing a skyrmion magnetization at different x and y coordinates, an amplitude map of 

the system’s magnetostatic energy is generated.53 Further performing a gradient operation, FR 

is obtained as a function of skyrmion position and is shown as a colourmap superimposed on 

Figure 4-14(a). FR increases with the skyrmion y displacement from the nanowire centre up 

to about 6 nm, before abruptly changing signs and pushing the skyrmion away from the 

nanowire centre. In our analysis, only small displacements were considered as the large 

displacements would have caused skyrmion annihilation. The interplay between FdK and FR 

results in the complete cancellation of the forces at a threshold y-position as marked in Figure 

4-14(a) as a dotted line. If the applied VCMA is increased, FdK is increased and the threshold 

y-position would be shifted further downwards so that FR becomes as strong as FdK. 

 

Figure 4-13 Schematic illustration of the transverse driving 

scheme. The driving force is oriented transversely 

to the direction of intended motion.  

 

 

The naïve approach of using a transverse FdK to propel skyrmions backfires when the 

VCMA modulation is turned off. Without FdK to oppose FR the skyrmion experiences an 
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upward force which leads to the SkHE driving the skyrmion backwards to its starting point. 

As   affects the SkHE angle, the total x-displacement allowed was observed to be very 

dependent on  . The ratio between the x- and y-velocity is given by 
x

y

v G

v D
  (Equation 

4-6). Since the final y-displacement is fixed, the SkHE angle determines the maximum x-

displacement that the skyrmion can reach in one voltage pulse.  

In Figure 4-14(b), the displacement x  over time due to an applied transverse FdK is 

shown. Immediately after the transverse FdK is applied, the skyrmions move forward with 

very similar velocities. However, with time, the larger downwards displacements of the 

higher   skyrmions result in rapidly increasing FR and reduces the net downwards force 

acting on the skyrmion. Consequently, the x-velocity decays quickly. Therefore, it is 

important to capitalize on the first nanosecond of applied FdK for fast skyrmion transport, 

especially in materials with a high  . 

 
Figure 4-14 (a) Skyrmion trajectories driven by a transverse VCMA gradient in a nanowire. To 

observe the small y displacements, the image is zoomed in such that only the middle 20 

nm out of the total 36 nm width is shown. The length is 76 nm. The nanowire 

background colour shows the transverse forces acting on the skyrmion due to the edge 

repulsion. The black dotted line indicates the position where the VCMA driving force 

equals to the edge repulsion force. (b) The skyrmion x-displacement over time as a 

function of Gilbert damping  . 

To summarize, there are two main challenges for using a transverse FdK. Firstly, the 

skyrmion x-displacement is strongly tied to the interplay between FdK and FR; as soon as the 

driving FdK is removed, FR takes over and moves the skyrmion backwards. Secondly, the 
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maximum x-displacement that can be achieved by the transverse driving mechanism is 

limited by  . To overcome these challenges, we propose the addition of a series of potential 

wells along the nanowire axis. The potential wells create an attractive force that prevents the 

skyrmion from moving backwards once the skyrmion moves into the next potential well’s 

radius of influence.54-56 Also, by spacing the potential wells closely, a single gate pulse is able 

to propel the skyrmion to the next potential well. In Figure 4-15(a), such a skyrmion ratchet is 

shown, with the potential wells created in between geometrical notches. The operation is 

simple; by applying a gate voltage to the upper half of the nanowire, K is locally increased 

and the 
dK

dy
 induces a FdK which drives the skyrmion rightwards.  

In Figure 4-15(b-c), the force map of FR acting on the skyrmion ratchet is shown for 

the y and x directions, respectively. The force landscape has transformed significantly as 

compared to Figure 4-14(a) due to the addition of the geometrical notches. Three main events 

occur during the process and are circled in Figure 4-15(b). In the first event, the skyrmion is 

at rest and resides at the centre of the potential well due to energy minimization. The gate 

voltage is turned on and the skyrmion is propelled forward with a slight downward velocity. 

At the second event, the skyrmion is close enough to the next potential well, and the gate 

voltage is switched off. The attractive force of the next potential well is used to pull the 

skyrmion forward, i.e. FR is in the positive x-direction. In doing so, the SkHE also generates a 

+y displacement due to the SkHE, which allows the skyrmion to quickly reach the potential 

well centre. At the third event, the skyrmion once again resides at the centre of the potential 

well and the voltage pulse sequence can be repeated at any time. 

 In Figure 4-15(b), the y-displacements in the skyrmion trajectory was observed to 

match very well with the line where 0y

R F . In fact, the skyrmion ratchet is operated such 

that the VCMA gate should be turned on/off to minimize the deviation from 0y

R F . When 

the skyrmion is driven too low  0y

R F , 
y

RF  starts to oppose FdK which results in inefficient 

operation. Figure 4-15(c) shows that at the midway point of two potential wells, 
x

RF  also 

switches direction (-x to +x) and propagate the skyrmion forward instead.   
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Figure 4-15 (a) Image of a 192 nm long skyrmion ratchet device with 12 nm × 8 nm notches. The red 

line represents the skyrmion’s trajectory across the device. To shift the skyrmion, a series 

of four voltage pulses were applied and the on/off state of the gate electrode is 

represented by the green/black bars underneath the image. The inset on the right shows 

the cross-sectional image of the nanowire. (b-c) Force map of nanowire edge repulsion 

force FR acting on the skyrmion where (b) and (c) shows the y and x magnitude, 

respectively. 

 Due to the nanowire geometry, there can be two different placements of the gate 

electrode (top or bottom) and two dK polarities (dK < 0 or dK > 0) that can be used to 

propagate the skyrmion. The design used for the device in Figure 4-15 was subjected to two 

design considerations. First, to propagate the skyrmion past the notches, the pinning forces 

should be reduced. A study by Fook et. al. has shown that when propagating a skyrmion 

across a geometrical pinning site, most of the energy is expended to compress the skyrmion 

to the threshold size. To reduce the skyrmion size, a positive dK is used, such that the 

skyrmion is shrunk rather than enlarged. With the dK polarity fixed, the placement of the gate 

electrode determines whether the skyrmion is driven upwards or downwards (+y or -y). 

Keeping in mind that the notches are positioned on top, the gate electrode should also be on 

top, to drive the skyrmion downwards away from the notch. 

An important performance characteristic for skyrmion devices is the skyrmion 

transport velocity. In Figure 4-16, the skyrmion velocity versus dK is shown. The velocity 
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was calculated based on the gate voltage on duration versus the inter-notch distance. The 

results indicate that despite requiring only a single gate electrode, the skyrmion ratchet can 

achieve similar performance to DGA devices. However, at a low dK (175 kJm-3), FdK is 

insufficient to overcome the attraction of the potential wells.  To reduce the attractive 

potential, the notch depth can be reduced, as shown on the bottom right inset of Figure 4-16. 

However, the skyrmion velocity is also reduced, due to the reduced FR that also helps to 

propagate the skyrmion. Therefore, in reducing the threshold dK, the skyrmion velocity is 

traded-off.  

 

Figure 4-16 Plot of skyrmion velocity versus the amplitude of the high state anisotropy. The pinning 

depth d, illustrated in the top right inset, was also varied.  

The skyrmion ratchet also offers new possibilities as compared to the well-studied 

spin torque-induced skyrmion transport techniques. In the latter type of skyrmion transport, 

an electron current is needed, either for spin-transfer torque or for generating spin-orbit 

torques. Therefore, in having a current source and sink, the skyrmions on such a device are 

limited to travelling between the source and sink. The disadvantage is that the skyrmion 

read/write operation must be placed midway between the source and sink and that a 

maximum of half the device can be occupied at any time, to allow the entire skyrmion chain 

to pass under the read/write head. On the other hand, the skyrmion ratchet can reliably drive 

skyrmions in a recirculating manner, thus allowing for high storage density and continuous 

operation.  

Figure 4-17 shows a skyrmion ratchet racetrack where, using the same driving scheme 

as in Figure 4-15, a skyrmion is shifted across 18 potential wells before returning to its 

original position. The skyrmion trajectory appears to be irregular close to the bend as the 
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distance between notches was not modified to account for the curvature. However, since the 

skyrmion is maintained at the position of lowest energy, the skyrmion can still be driven 

reliably across. The first enabling factor is attributed to the predictability is the skyrmion’s 

small deviation from the racetrack centerline. In contrast, DGA devices suffer from excessive 

gyrations due to their significant distance away from the centre of the nanowire, as shown in 

Figure 4-9(b). The second enabling factor lies in having the attractive potentials that ensure 

that the skyrmion is always close to the potential well centre at the end of an operation, even 

if the voltage pulse duration was suboptimal. Other than providing certainty in skyrmion 

position, the potential wells also serve as a passive trap for the skyrmion to resist thermal 

fluctuations, thus allowing for long term data storage even when the gate voltage is turned off. 

In other words, the skyrmion ratchet is a truly non-volatile memory. 

 

Figure 4-17 Image of a recirculating skyrmion ratchet where the red line represents the skyrmion 

trajectory. To shift the skyrmion by a step, a voltage pulse of 0.8 ns was applied 

followed by a 1 ns interval for the skyrmion to relax into the potential well. 

 

In this section, a skyrmion ratchet was conceived to prevent the backwards motion by 

introducing a series of potential wells. The attractive potentials prevent the skyrmion from 

moving backwards, resulting in a unidirectional, ratchet-like motion. The performance of the 

skyrmion ratchet devices was also demonstrated to be fairly similar to DGA devices, despite 

requiring only a single gate electrode to operate. The simplicity of the skyrmion ratchet is its 

greatest advantage over DGA devices. Finally, to allow for read/write operations to be 

performed on the entire skyrmion chain, a recirculating skyrmion ratchet was demonstrated. 

The device was able to recirculate the skyrmions, thus allowing for a skyrmion chain the 

length of the nanowire to be stored and achieving a high skyrmion density. Therefore, our 
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work here has demonstrated a new class of VCMA-gradient devices that has better 

performance characteristics as compared to previous device architectures.  

 

4.8 Skyrmion Hall effect-assisted depinning 

In the skyrmion ratchet device, the maximum velocity is limited by the pinning potential. 

As the skyrmion is initially pushed against the pinning notch, a significant amount of 

propulsive force is used to counter the pinning potentials. In this section, we briefly show that 

the VCMA-gradient devices can easily be tweaked to alter the skyrmion trajectory. This is 

enabled by using the theoretical understanding developed in Section 4.2 and 4.3. To avoid the 

pinning potentials, the skyrmions should be initially driven away from the pinning notches, 

before being sent in the forward direction.  

In Figure 4-18(a), a modified skyrmion ratchet design is shown. The skyrmion is driven 

with 0.2 ns of an “on” state followed by 0.7 ns of “off”. By having vertical strips of gate 

electrodes, a rightwards force can be exerted on the skyrmion, which due to the skyrmion 

Hall effect, drives the skyrmion upwards. The additional vertical segments are highlighted by 

the red dashed line in Figure 4-18(a). The red trajectory shows the initial upwards 

displacement. The notches are also moved downwards so that the skyrmion is initially pushed 

away from the notches. A benefit of this modification is that the FR of the edges gives the 

skyrmion a rightwards velocity. As evidenced in the velocity profile in Figure 4-18(b), the 

skyrmion accelerates quickly in the “on” state and maintains a respectable velocity of 20 to 

40 ms-1 even during the “off” state. In this demonstration, a dK of 0.2 MJm-4 is used, which 

allows the skyrmion to achieve a maximum speed of 85 ms-1, which after accounting for dK, 

is several times faster than the original skyrmion ratchet.  



90 
 

 

 
Figure 4-18 (a) Rendered image of a modified skyrmion ratchet device, with an additional vertical 

gate to give the skyrmion a slight initial upwards boost. (b) Skyrmion velocity profile 

during the operation of the modified skyrmion ratchet device. 

 

The forces acting on the skyrmion are plotted in Figure 4-19. In the “off” state, the 

skyrmion experiences a force landscape that is due to the pinning potentials. During the “on” 

state, what was previously the energy minima turns repulsive. Due to the leftwards placement 

of the vertical gate electrode sections, the skyrmion is pushed rightwards. Also noticeable is 

the increased downwards force. When transitioning into the “on” state, the horizontal gate 

electrode performs the function of shifting the repulsive force FR downwards. As discussed 

in Section 4-3, FR is responsible for greatly increasing the rightwards speed. By shifting the 

repulsive force FR downwards, the skyrmion does not have to travel closer to the edge in 

order to experience a strong FR. Therefore, the skyrmion speed is greatly enhanced without 

too much deviation from a purely rightwards trajectory. In using such a scheme, the pulse 

timings are once again important. As the skyrmion moves across the geometrical notch, it 

comes into contact with the next vertical gate electrode. If at this moment, the device is still 

in the “on” state, the skyrmion experiences a backwards force. 
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Figure 4-19 The force landscape acting on a skyrmion. The horizontal forces acting on the skyrmions 

during the “off” (a) and “on” (b) states. The vertical forces acting on the skyrmions 

during the “off” (c) and “on” (d) states 

In Figure 4-20, the skyrmion trajectories on fast and slow operating conditions are shown. 

Even though an upper speed limit of 0.9 ns per shift operation still applies, the modified 

skyrmion device can operate at lower speeds without risk of losing track of the potential 

profile. This behavior is attributed to the good control of the skyrmion trajectory, which 

minimized gyrations like those seen in Figure 4-10(b).  

 

 

 

Figure 4-20 Skyrmion trajectories when operating at different speeds. The optimized configuration is 

determined to be the fastest that the skyrmion can be shifted without losing steps. 
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4.9 Summary 

In conclusion, we have shown that skyrmions can be driven by an anisotropy gradient 

created via applying a gate voltage in the absence of spin current. A model was developed to 

understand the forces acting on a skyrmion under an anisotropy gradient. Using the model, 

the skyrmion’s speed and trajectory can be accurately predicted. To create anisotropy 

gradients of any arbitrary length without a large variation in anisotropy, three schemes of 

using a stepped magnetic anisotropy was demonstrated: 

1. In the first scheme, the gate electrodes create a rightwards force, which results in the 

skyrmion moving upwards and experiencing significant gyrations. 

2. The gate electrodes create a downwards force, which drives the skyrmions 

rightwards. Geometrical pinning sites were used to prevent the skyrmions from 

shifting back due to an upwards FR. However, the pinning sites also results in strong 

pinning and lower velocities. 

3. The gate electrodes were used to create spatially non-uniform forces; an initial 

upwards push so as to avoid the pinning site and then later, a rightwards push for 

high-velocity translation. 

The anisotropy gradient-driven skyrmion devices were found to be very flexible in terms 

of design. With the theoretical understanding, it is possible to manipulate skyrmions in a 

precise manner. As compared to conventional spin torque-driven skyrmion devices, the use of 

discrete anisotropy steps in both a nanowire and closed-loop geometry is three orders of 

magnitude more energy-efficient. Our work here provides insights into the development of 

anisotropy gradient-driven skyrmion devices and paves the way for its realization. 
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Chapter 5 Highly-efficient injection of antiferromagnetically-

coupled skyrmions 

Although it has been proposed that antiferromagnetically-coupled skyrmions can be 

driven at extremely high speeds,1, 2 such skyrmions are near impossible to inject with 

conventional methods used for similar domain-wall devices.3, 4 In this section, we first 

discuss the characteristics and various advantages of using antiferromagnetically-coupled 

skyrmions. Then, we propose an in-line skyrmion injection method using the DMI-induced 

edge magnetization tilting on a synthetic antiferromagnetic branched nanostructure. For 

skyrmion injection, the energy consumption could be considered an important factor; the 

proposed method lowers the required current density by circumventing the skyrmion 

topological protection. Further, it was found that, by allowing additional domain walls to 

form on the branch, the threshold injection current density was further reduced by 59%. The 

increased efficiency was attributed to inter-domain wall repulsion and domain wall 

compression. The former acts as a multiplier to the effective field experienced by the pinned 

domain wall while the latter allows domain walls to accumulate enough energy for depinning. 

The branch geometry also enables skyrmions to be shifted and deleted with the use of only 

three terminals, thus acting as a highly scalable skyrmion memory block. 

 

5.1 Dynamics of antiferromagnetically-coupled skyrmions 

Despite the skyrmion’s attractive attributes as a candidate for a universal memory, they 

have been at the centre of much scientific endeavors5-11. However, a few persistent challenges 

hinder the realization of the skyrmionic memory. Secondly, as skyrmions are magnetically 

charged, they experience significant repulsion with each other10. This limits the skyrmion 

packing density and imposes a data density limit on any skyrmion-based memory device.  

Although several solutions have been proposed to overcome these challenges, the switch 

to the use of a synthetic antiferromagnetic medium for skyrmions has been shown to be more 

promising1, 12. In such a system, two skyrmions with opposite polarity but similar chirality are 

antiferromagnetically coupled across a heavy metal layer, as shown in Figure 5-1(a). 

Typically, the spacer heavy metal of choice is Ru, at specific thicknesses of 0.4 nm or 0.9 

nm.13 The antiferromagnetic coupling energy density which can be described by: 
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 m m                 Equation 5-1 

where Aie is the interlayer exchange stiffness and describes the strength of the interlayer 

exchange coupling, d is the separation between the two skyrmion layers, and mi is the 

normalized magnetization vector on each of the layer i. The variation in m can be considered 

as a continuum by expanding m:  
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and substituting the expanded m into Equation 5-1: 

2
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z


 

   
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m
        Equation 5-3 

The linear expansion term is neglected as the exchange energy is symmetric; m1 experiences 

the opposite effective fields compared to m2. The term m1∙ m1 was also neglected due to its 

constant value which is insignificant in the energy considerations. Finally, to solve equation  

in a discretized form, small angle approximations can be applied:14 

 1 22AFC ieA   m m                                   Equation 5-4 

The effective field (BAFC) due to AFC  can be quite significant, reaching fields of up to 1 

T.15 The strong BAFC creates a strong coupling between the two antiferromagnetically-

coupled (AFC) skyrmions of opposite polarity. Recalling from Equation 3-10, the direction of 

the spin Hall torque is in part determined from the skyrmion polarity. Hence, the opposite 

skyrmion polarities in an AFC skyrmion pair results in the cancellation of the skyrmion Hall 

effect (SkHE). In Figure 5-1(b), the exerted forces on each skyrmion are illustrated. 

  



98 
 

 

Figure 5-1 (a) Schematic illustration of two antiferromagnetically-coupled skyrmions. The 

antiferromagnetic exchange field Bafc act mutually on the top and bottom skyrmions. (b) 

Illustration of the forces acting on both skyrmions. Under the influence of the same 

driving force, the two skyrmions experience opposite skyrmion Hall effects. 

The elimination of the SkHE is only the tip of the iceberg when it comes to the 

advantages of AFC skyrmion devices. The driving speed, which is one of the key 

performance characteristics for skyrmion devices, is also greatly enhanced. In the 

ferromagnetic case, the skyrmion can experience a large speed increase due to the additive 

edge repulsion force. This is when the SkHE from the transverse force translates into the 

desired horizontal rightwards motion. In the AFC case, the skyrmion does not need to travel 

to the edges to experience a transverse force; the skyrmions exert a mutual transverse force 

on each other. In other words, AFC skyrmions always enjoy the full acceleration from the 

transverse forces. The amplification factor is given in Equation 3-16 and for the material 

parameters used, is about six times. The tremendous improvement in speed is evident in 

Figure 5-2. A pure spin current polarized in the y-direction and flowing in the out-of-plane 

direction and of magnitude 51010 Am-2 was applied. Over 3 ns, the AFC skyrmion evidently 

travelled a much longer distance. 

 

Figure 5-2 Skyrmion trajectories of the ferromagnetic and antiferromagnetically-coupled skyrmion 

when driven by the same rightwards force for 3 ns. Results were calculated using 

micromagnetics. 
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The next advantage of AFC skyrmions is that they can easily be sustained in thin films 

with the same material parameters. In Figure 5-3, the magnetic ordering of thin films as a 

function of DMI and magnetic anisotropy is shown. AFC skyrmions can form in a wider 

range of parameters and are generally smaller. The smaller sizes are advantageous for 

memory applications and can be attributed to the lower stray magnetic fields. 

 

Figure 5-3 Magnetic ordering of thin films as a function of DMI and magnetic anisotropy. In the 

skyrmion phase (middle portion), the size of the skyrmion is indicated by the rainbow 

colour with its scale bar given on the right. Results were calculated using micromagnetics. 

Due to the lack of a net magnetic moment, AFC skyrmions do not repel each other as 

significantly as ferromagnetic skyrmions. In Figure 5-4, two skyrmions are pushed together 

by a driving force as shown in the figure inset. At 2 ns, the converging driving force is 

removed and the skyrmions are allowed to drift apart. The AFC skyrmions were separated by 

75 nm, while the ferromagnetic pair was separated by 175 nm. For memory applications, the 

more than twice higher packing density is a significant advantage. 

 

Figure 5-4 Plot of skyrmion separation distance versus time. A converging current was first applied to 

push the skyrmions inwards for 2 ns, before being allowed to relax. 
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Despite the many advantages of AFC skyrmions, there exist a few challenges for their 

use in skyrmionics. In a synthetic antiferromagnetic (SAF) medium, the compensating 

magnetic moments of the top and bottom layers are insensitive to externally applied magnetic 

fields, resulting in single skyrmion injection becoming an almost impossible task. Research 

by Zhou Yan et. al. has shown that the vertical injection of spin-polarized current can create 

skyrmions1. However, even with a low interlayer exchange of -2 pJ/m, spin current densities 

of at least 700 MA/cm2 are needed. The resulting Joule heating imposes a large thermal stress 

of the magnetic material, affecting both its spin configuration and its magnetic properties16-19. 

Consequently, the lack of a reliable method to inject single skyrmions remains a key 

challenge for the development of skyrmionic memory devices. 

In the following sections, we will demonstrate a highly efficient, in-line and on-demand 

injection scheme for SAF-coupled skyrmions on a branched magnetic nanostructure. At the 

branch edges, the DMI-induced magnetization tilting at the film boundary was harnessed to 

create a chiral in-plane magnetization that allows spin-orbit torques to efficiently nucleate 

domains. The domains are then ejected from the branch and propelled into the nanowire to 

form a skyrmion. The energy-intensive depinning processes were found to be governed by 

inter-domain wall repulsion and compression which, in a SAF material, exhibits a spring-like 

behaviour. The effect was exploited by the injection of an additional domain wall into the 

branch to further reduce the threshold injection current density by a third. Reversing the 

applied current, we show that the skyrmions are drawn towards the branch and deleted. 

Therefore, the branched nanostructure can inject, shift and delete skyrmions efficiently. 

 

5.2 Numerical methods 

To calculate the effective field, material parameters of Co/Pt multilayers are used as 

shown in Table 1.9, 10 The synthetic ferromagnetic coupling models the use of a 0.4 nm 

Ruthenium spacer layer between the top and bottom magnetic layers with an interlayer 

exchange strength corresponding to 0.2 pJ/m.2 However, the magnetization dynamics was 

found to be insensitive to changes in the SAF coupling strength as long as the skyrmions 

remained coupled. In all simulations, cell sizes of 1   1   0.4 nm3 were used. The material 

parameters used for the micromagnetic calculations are listed in Table 1. For the synthetic 

antiferromagnet stack, the Ru layer is assumed to not contribute to either DMI or SOT 

experienced by the magnetic layers as Ru/Co interfaces show a low spin-orbit coupling.20 
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Symbol Quantity Value 

satM  Saturation magnetization 580 kA/m 

uK  Uniaxial anisotropy 500 kJ/m3 

D Dzyaloshinskii-Moriya interaction strength 2 mJ/m2 

A Exchange Stiffness 15 pJ/m 

  Damping parameter 0.1 

  Degree of non-adiabaticity 0.35 

SH  Spin Hall angle 0.15 

Table 5-1 List of micromagnetic parameters used for numerical and analytical calculations. 

Current density modelling 

The current density for the branched nanostructures was calculated using the DC current 

module in the COMSOL multiphysics software. All stated current densities refer to the 

average current density in the branch. 

Domain wall length calculation 

To calculate the domain wall length in Section 5-6, the following magnetization profile 

for the Néel wall was assumed:21   

 
/

1

/

1
2 tan ,

1

x L

x L

e
x

e
   

  
 

                                   Equation 5-5 

where   is the magnetization angle in the xz-plane and L is the domain wall length. In 

this case, x is taken to be zero at the centre of the DW. The expression can be rearranged to 

show the out-of-plane magnetization component:  

  tanhz

x
m x

L

 
  

 
 .                                          Equation 5-6 

The equation was then fitted to the simulated domain wall profile to obtain the domain 

wall length L. 

 

5.3 Spin-orbit torque-induced in-line domain injection 

Spin-orbit torques (SOT) have been the subject of many recent research endeavours due 

to their potential for efficient magnetization switching22-26. In particular, the spin 

accumulation at the heavy metal-ferromagnet interface due to the spin Hall effect has been 
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found to be useful for driving chiral magnetization and switching magnetization. For an 

electric current applied in the x-direction, the effective field from the spin Hall effect is given 

by: 

02

SH a
SH

s

j
y

e M t



 
  H m                                Equation 5-7 

where m is the magnetization, 
SH is the spin Hall angle, 

aj
is the applied current density 

and t is the thickness of the magnetic material27. To enable efficient SOT-induced 

magnetization switching in perpendicular magnetic anisotropy (PMA) materials, the z-

component in 
SHH should be maximized by having large x-magnetization (mx)

28-30. It is then 

convenient to take advantage of the inherent edge magnetization tilting effect due to the DMI 

to produce a mx. 

In PMA ferromagnets with DMI, the magnetization at the edges experiences an in-plane 

tilt due to the boundary conditions imposed by the DMI. In the case of a nanowire along the 

x-axis, the magnitude of mx due to edge magnetization tilting is given by: 

2
x

D
m L

A
                                               Equation 5-8 

where L  is the domain wall (DW) length, D  is the DMI energy per unit area and A is 

the exchange stiffness31-33. By lowering the perpendicular magnetic anisotropy, thus 

increasing L, mx is increased even further. More importantly, the DMI-induced edge tilting 

has a chirality and produces a mx that is opposite in direction for the two SAF-coupled 

magnetic layers. This conveniently enables the magnetization of both SAF-coupled layers to 

be switched simultaneously using SOT, without requiring any bias field.  

Figure 5-5(a) shows a SAF nanowire with the left and right halves having an anisotropy 

energy density of 300 and 600 kJ/m3, respectively. Such localized reduction in PMA can be 

achieved experimentally by using a combination of ion implantation and lithography 

processes34, 35. Even though the magnetization of the top and bottom layers is opposite, the 

effective field from the spin Hall effect  SHH  always acts to reverse the magnetization at 

the edges. Furthermore, the lowered PMA allows SHH to switch the magnetization without 

needing a high current density. Figure 5-5(b) shows that after nucleation of the first DW, it is 

driven to the right into the region of higher PMA by the spin Hall effective field. The 
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magnetization at the left edge will tilt again when the DW is driven sufficiently far, and the 

cycle can be repeated indefinitely for continuous domain nucleation. 

 

Figure 5-5 Schematic representations of the top  Tm and bottom  Bm magnetization of the 

synthetic antiferromagnet nanowire along with the spin Hall effective field SHH acting on 

magnetizations. The colour of the arrows represents the mz component. (a) Initial 

magnetization before application of current. Due to the lower Ku on the left, a significant 

magnetization edge tilting is observed while the high Ku on the right resists the edge tilting 

(b) Magnetization at 19 ps after application of current. The injected DW is driven along 

the +x direction. 

 

5.4 Three terminal skyrmion device 

To circumvent the topological protection of a skyrmion, the magnetization reversal 

process should be initiated at the edges where topological charge can be added without much 

energy costs.36 In Figure 5-6(a), we show such a device where skyrmions can be injected via 

a 20 nm wide branch protruding from the 60 nm wide main nanowire. Positioned in the 

middle, the branch allows skyrmions to be injected in between skyrmions in a skyrmion chain. 

The limitations of standard fabrication techniques were also taken into consideration by 

rounding the inner corners of the device. In the branch, the PMA is reduced to take advantage 

of SOT for efficient in-line domain injection as described earlier. The device is operated by 

the application of pulsed current at each of the three terminals. To write a skyrmion, a 

positive voltage is applied to V2 and V3 while keeping V1 grounded. Due to the small width 

(20 nm) of the nanowire branch, a high current density is experienced within the branch 

which conveniently allows rapid domain nucleation and thus skyrmion injection.  

The skyrmion injection process can be summarized as the nucleation of two DWs, 

followed by their depinning at the branch junction, during which, the two DWs wrap around 
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to combine and form a single skyrmion. Under a current density of 67 MA/cm2, skyrmions 

are nucleated in less than 100 ps. To analyze the nucleation process, the current density is 

increased in small steps, allowing the individual depinning mechanisms to be observed. The 

simulation snapshots at various times of interest are shown in Figure 5-6 (b). Applying a 

current density of 36 MA/cm2, the DMI-induced edge magnetization tilting allows the SOT to 

nucleate a DW, in the same way as shown in Figure 5-5. However, at the junction, there is a 

strong pinning field attributable to two sources. Firstly, the higher PMA in the nanowire, and 

secondly, the energy needed for DW bending and stretching. The latter can be seen from the 

crescent DW shape in the magnetization profile at the 15 ps snapshot. Without a higher 

current density, the DW remains pinned. 

Since the skyrmion injection process involves the nucleation and propulsion of DWs, the 

magnetostatic energy of the system can be understood from the DW areal energy density 

given by,21, 37 

2
2 eff

A
K L D

L
         Equation 5-9 

where Keff is the effective anisotropy considering the demagnetizing fields. When the DW is 

compressed, the exchange energy is increased at the expense of the anisotropy. The interplay 

between the two energies therefore signals any change in DW length. The magnetostatic 

energy of the system with respect to time is shown in Figure 5-6(c). 

At 70 ps, the current density is increased to 49 MA/cm2 to provide sufficient spin-torque 

for the nucleation of the second DW. As the second DW is pushed downwards, it interacts 

repulsively with the first DW which is apparent from the spike in the exchange energy and 

the fall in anisotropy energy. However, the pinning potential experienced by the first DW is 

still stronger than sum of the SOT force and repulsive interaction force received. With the 

final increase of current density to 67 MA/cm2, an immediate spike in exchange energy is 

observed which is explained by the second DW exerting additional pressure on the first, due 

to the second DW experiencing the increased push from the SOT. At 275 ps, a third DW is 

nucleated which provides the last push required to depin the first two DWs from the junction 

and a skyrmion is expelled. 
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Figure 5-6  (a) Vector map of threshold current density applied for skyrmion injection. The arrows 

represent the electron flow direction. The main nanowire has a width of 60 nm and a 

length of 312 nm. (b) Simulation snapshots at the branch junction at various times during 

the injection process. (c) Magnetostatic energy and applied current density of the 

skyrmion device as a function of time during injection. Snapshots of interest from (b) are 

highlighted in roman numerals. The dotted red circles highlight the spike in exchange 

energy that is due to DW compression. 

While the DWs must overcome multiple energy barriers to form a skyrmion, the 

threshold current density for skyrmion nucleation only depends on the amplitude of the 

highest barrier. Therefore, a single pulse with current density greater than 67 MA/cm2 can 

also nucleate a skyrmion. The system energies over time is shown in Figure 5-7 below. The 

magnetization dynamics are very similar to in Figure 5-6 with the exception that the 

processes evolve in a much smoother fashion.  As compared when a stepped current density 

is applied, the features in the energies are less visible as the DWs are only momentarily 

pinned. The possibility of using a single pulse for nucleation greatly reduces the complexity 

of operating the device. 
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Figure 5-7 The different magnetostatic energies versus time in the skyrmion nucleation process. The 

applied current density (orange dashed line) has a rise/fall time of 10 ps. 

 

5.5 Role of domain wall chain pressure in skyrmion nucleation 

From the skyrmion injection process, it is apparent that the cumulative DW pressure 

helps to reduce the threshold injection current. The effect of having additional domain walls 

(n) in the branch was also studied. To prevent the nucleation of additional domain walls, a 

line of spins on the top of the branch were fixed to stop the SOT-induced domain wall 

nucleation. By doing so, the DMI-induced edge tilting is suppressed and nucleation of 

domain walls beyond what is needed is suppressed. The SOT is then unable to nucleate the 

third DW. With only two DWs (n = 0), the minimum required for skyrmion formation, the 

threshold injection current density was found to nearly triple to 163 MA/cm2 as compared to 

the case of one additional DW (n = 1). Although more DWs can be added to the DW chain to 

further reduce the threshold skyrmion nucleation current density, it is necessary to increase 

the length of the branch to accommodate additional DWs which would increase the Joule 

heating losses and offset the gains in efficiency from the reduced threshold current density. 

The dependence of the threshold injection current density on the branch width was also 

investigated. Increasing the branch width while keeping the main nanowire width constant, 

the threshold injection current density was found to decrease, as shown in Figure 5-8(a). 

However, there exists a limit for the maximum branch width. At widths of more than 40 nm, 

the first DW (DW1) depins much earlier than the second DW (DW2). Consequently, the two 

DWs do not join to form a skyrmion as shown in Figure 5-9(a, c). The phenomenon can be 

understood from the current density distribution where most of the current is concentrated at 

the branch corners as highlighted in Figure 5-9(d). Therefore, in wide branches, DWs are 
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depinned more easily. On the other hand, branches that are narrower than 16 nm have a 

relatively uniform current density and do not suffer from this mode of failure. Instead, the 

narrower branches cause the main nanowire to receive a relatively low amount of current. 

Therefore, when the first domain wall is pushed into the main nanowire, the first DW does 

not receive much propagation force. As a result, the DWs in a narrow branch require an 

unrealistically high current density to depin. 

 

Figure 5-8 Graph of threshold current density required for skyrmion injection as a function of branch 

width. n is the number of additional domain walls injected. Inset shows the dimensions of 

the nanostructure studied. 

 

Figure 5-9 (a-b) Simulation snapshots of a failed injection attempt in the 44 nm wide branch 

nanostructure. Current density distribution in (c) 44 nm wide and (d) 16 nm wide 

nanostructure. The same colourmap is used for both. 
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The branched nanowire geometry is not only able to achieve efficient skyrmion injection, 

but it also allows for bit shift and delete operations. By changing the pulse amplitudes of V1-3, 

the write, shift, and delete operations can be performed. In  

 

Figure 5-10, we demonstrate the writing of two skyrmions (i-iv) followed by a shift 

operation (v) and finally the deletion of the first skyrmion (vi). Skyrmion shifting is achieved 

by the application of a current density along the axis of the nanowire. Due to the right-handed 

skyrmion chirality induced by the DMI and also the positive spin Hall angle, the skyrmion 

moves in the direction of the electron flow1.  

The delete operation is the reverse of the write operation; the skyrmion is instead drawn 

towards the branch where it eventually annihilates. The magnetostatic energy during the 

process is shown in Figure 5-11. For reference, the magnetization snapshot at  Figure 5-10(vi)  

is taken at 412 ps. For the shift and delete operations, the threshold current density is less 

than 20 MA/cm2 which is significantly less than the threshold skyrmion injection current. The 

difference is due to the reduced pinning force; moving from the high PMA nanowire into the 

low PMA branch is energetically more favourable. While the nucleation and manipulation of 

only two skyrmions were demonstrated, the proposed device has a storage capacity that is 

similar to the well-studied skyrmion racetrack memory devices5, 8, 11. 
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Figure 5-10 Demonstration of 

write/shift/delete operations of the 

branched nanowire device. Each 

operation is accomplished by changing 

the voltage at each of the three 

terminals (gold). The blue arrows 

indicate the direction of the current 

flow. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5-11 Magnetostatic energy profile during delete operation. The start of the delete pulse was 

applied at 380 ps and marked with red dotted lines. 
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5.6 Domain walls as magnetic springs 

The DW magnetization profile was studied as a function of the number of DWs in the 

chain. A SAF nanowire with an anisotropy step was considered as shown in Figure 5-12. The 

anisotropy step represents an energy barrier that pins the leading DW if insufficient spin-orbit 

torque is supplied. Under a current density of 30 MA/cm2, the number of DWs in the chain 

was gradually incremented. Figure 5-12 shows the equilibrium magnetization configuration. 

As more DWs were added, the leading DWs becomes increasingly compressed. 

Unsurprisingly, when increasing the current density to 40 and 50 MA/cm2, the DW chain 

compression also increases. It can be concluded that the compression arises from the spin-

orbit torques experienced by the DWs. 

 

Figure 5-12 Magnetization snapshots of nanowires containing varying numbers of DWs at 30 

MA/cm2 and nine DWs at 40 and 50 MA/cm2. 

By calculating the DW length from micromagnetic simulations, the DW compression 

can be quantified. In Figure 5-12(b), an increase in current density compresses each DW in 

the chain non-uniformly, with the first DW experiencing the most compression and slightly 

less for each DW that follows. This suggests that each DW up the chain experiences the 
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cumulative force that acts on the previous DWs. Figure 5-12(c) shows the magnetostatic 

energy of each DW in the system. As the DWs become increasingly compressed, anisotropy 

energy is decreased. However, the energy change is offset by the increase in exchange energy, 

resulting in a net linear increase of energy in the system. The change in magnetostatic energy 

is consistent with the DW areal energy density given by Equation 5-9. 

Néel DWs are known to tilt when a spin-orbit torque effective field is applied. However, 

in a SAF nanowire, the tilt of the top and bottom DWs cancels out and results in a DW with 

no tilt. Therefore, the SAF DW chain system is reminiscent of a vertical stack of mechanical 

springs; each spring experiences a gravitational force F1 and the gravitational force from all 

the springs above, culminating in the bottom-most spring acquiring the most compression 

energy. Substituting the equilibrium DW length eq

eff

A
L

K
  into Equation 5-9, the 

Maclaurin’s series read: 

   
3

2 32eq

K
L L O L

A
        Equation 5-10 

where L is the change in DW length caused by the compression and eq  is the DW 

energy at equilibrium which is calculated to be 0.317 eV for the geometry and material 

parameters used in our study.  

In Figure 5-13(a), we show that the spin torque-induced DW compression can indeed be 

modelled like the compression of a mechanical spring; in the form of a quadratic relation 

between energy stored and compression length using Equation 5-10. The slight y offset 

between the analytical and numerical data can be explained by the DWs experiencing a DMI-

induced edge tilting along the y-axis which results in increased anisotropy energy. 

Nonetheless, the energy offset is less than 5%. The coefficient of the quadratic term was also 

found to be different by no more than 1%. The surprisingly good fit between the numerical 

data and our spring model demonstrates that the energy changes due to the application of spin 

torques can be completely accounted for by DW compression. 
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Figure 5-13 (a) Characteristic DW length as a function of current density and number of DWs. 

Bottom inset shows a similar mechanical spring analogue of the DW system. (b) Energy 

per DW for each additional DW added to a nanowire at 30 MA/cm2. 

Under a spin torque compression, the DWs accumulate energy which is then used to 

overcome pinning potentials. With a quadratic spring model, it becomes possible to obtain 

the compression energy of the DWs using only the changes in DW lengths. The compression 

energy of the leading DW was obtained as a function of applied current density and number 

of DW in the chain, as shown in Figure 5-14(b). The compression energy was found to scale 

linearly with both the current density and number of DWs. The number of DWs therefore acts 

as a multiplier to the amount of spin-torque experienced by the leading DW. As a result, the 

combination of a high current density and a long DW chain can produce a compression 

energy that is equal or more than the DW equilibrium energy. 
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Figure 5-14 (a) DW energy extracted from micromagnetic simulations at various current densities 

versus the DW compression length L . The spring model is the analytic function plotted 

from Equation 5-10. (b) 2D map of DW compression energy stored in the leading DW as 

a function of current density and number of DWs. 

 

 

5.7 Summary 

In this chapter, we have demonstrated a highly efficient in-line skyrmion injection 

method using a branched nanowire geometry in a synthetic antiferromagnet system. The 

exploitation of DMI-induced edge tilting and efficient SOTs allowed DWs to be injected 

efficiently into the branch. Further accumulating DWs in the branch created a compression of 

the leading DW, which provides the required energy to depin at the branch junction. The 

compression mechanism resulted in the reduction of the threshold injection current density by 

a third. The branched device can also function as a skyrmion memory cell that uses only three 

terminals to accomplish the shift/delete/write operations. Lastly, we have also investigated 

the DW compression and found that the DW chain acts as a mechanical spring when 

compressed, storing energy. This discovery can reduce the depinning current density in DW 

logic and memory devices, thus improving energy efficiency. 
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Chapter 6 Conclusion and Future Works 

6.1 Summary of the Thesis 

To use skyrmions as information carriers in memory devices, a reliable means of 

skyrmion transportation has to be developed. Throughout the thesis, various skyrmion 

transport methods were studied theoretically and several different types of devices were 

conceived and demonstrated numerically. One of the most convenient methods is by using 

spin-orbit torques when the current source can be applied across the skyrmion racetrack. 

While this transport method has been demonstrated in various experiments,1-3 the theoretical 

understanding is quite lacking. In Chapter 3, the skyrmion equation of motion under an 

applied spin-orbit torque was modelled by using the Thiele approach. Using several 

approximations, the model was simplified into a linear form: 

  2 ˆ ˆcos sin
2

H j
p c q q

e


 SHEF x y  Equation 6-1 

Equation 6-1 shows that the propagative spin Hall force scales linearly with skyrmion 

radius (c) and that the spin Hall force always acts collinearly or transversely with respect to 

the applied current density. The first result predicts a poor scaling of skyrmion-based devices 

at the limit of atomistic skyrmions. To improve the skyrmion speeds, the latter result from 

our model can be exploited; by choosing the right skyrmion type, the skyrmion can receive an 

additional propagative force from the repulsive edge forces. This type of amplification was 

found to be about size times. Choosing the wrong skyrmion type could result in zero net 

propagative force. 

In Chapter 4, the use of anisotropy gradients to generate propagative forces were 

investigated. The anisotropy gradients were found to be able to move skyrmions as quickly as 

spin-orbit torques. However, creating an anisotropy gradient across long distances is a 

challenge for two reasons. Firstly, the fabrication process in creating sloped dielectric layers 

can be a challenge. Secondly, the skyrmions only exist in a finite anisotropy range. Long 

gradients can result in anisotropy energies too large/small for sustaining skyrmions. 

Therefore, a discrete VCMA gate array device was proposed.4 By applying different voltages 

to adjacent gate electrodes, an anisotropy gradient can be created and thus a force acting 

along the nanowire axis can be exerted. The device was found to be very versatile; it enables 
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closed-loop operation where after shifting across all locations, the entire skyrmion chain is 

returned to its original position.  

To reduce the device complexity and skyrmion Hall angle, a single gate electrode 

providing transversely-oriented force was studied. In such a scheme, the skyrmions moved in 

a predictable manner, close to the centerline of the nanowire. With the flexibility offered by 

the VCMA-gradient devices, a mix of longitudinal and transverse driving forces can also be 

applied. Such a device is used to shape the skyrmion’s trajectory such that an initial upwards 

velocity is acquired to avoid the pinning site. The hybrid skyrmion ratchet device is able to 

propel skyrmions three times faster than if only a transverse force is used. 

In Chapter 5, the discussion shifts to antiferromagnetically-coupled skyrmions driven by 

spin-orbit torques. Such skyrmions exhibit many positive characteristics but are limited by 

their limited nucleation options. One very advantageous characteristic is the greatly amplified 

skyrmion velocity as compared to ferromagnetic skyrmions,5, 6 which is attributed to the 

antiferromagnetically-coupled skyrmions’ mutually attractively coupling. An injection 

method using spin Hall torque was proposed. Due to the spin Hall torque’s dependence on 

magnetization direction, it is possible to exert opposite torques on opposite magnetization, 

thus achieving switching in the antiferromagnetically-coupled thin film. The injection method 

was implemented in a three-terminal device. To improve the injection efficiency, cumulative 

domain pressure was investigated for use in domain depinning. When multiple domain walls 

are on the branch, it was found that the depinning current density decreased by 60% that 

translates into an injection energy reduction of  84%. 

In this thesis, extensive studies in the area of skyrmion transport and nucleation were 

performed with the ultimate aim of enabling high-performance skyrmion memory devices. 

The conclusions derived in the work here enables a myriad of other works to be performed, 

both theoretical and experimental. 

 

6.2 Future works 

In this section, several ideas building upon our theoretical methods and device 

architectures will be discussed. In Chapter 4, the equations derived can be applied to not just 

anisotropy energy gradients but also to other types of magnetostatic energy gradients; the 

driving force from a gradient in saturation magnetization, film thickness or exchange stiffness 

and any material parameter can be calculated similarly to in Chapter 4. Therefore, the 
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theoretical understanding of most types of driving forces has been uncovered. However, an 

important and inevitable type of driving force is due to thermal gradients. 

6.2.1 Skyrmions in a thermal gradient 

In applying electrical fields or currents to skyrmion devices, it is inevitable that thermal 

gradients will arise due to local Joule heating. The effect of temperature on skyrmion 

dynamics has been studied by some.7-10 While not exactly an effective or efficient method to 

drive skyrmions, thermal gradients can produce an unwanted driving force on the skyrmions 

which can reduce device reliability. In Figure 6-1, the skyrmion magnetization driven by a 

thermal gradient is shown. It was suggested that under a thermal gradient, there will be a non-

uniform generation of thermally-generated magnons. A net magnon flow then arises. Due to 

the non-zero spin of the magnons, they can exert a spin transfer torque on the local 

magnetization and propel the skyrmions.11 However, we propose that the theory is incomplete 

and that the temperature also induces changes in material parameters. 

 

Figure 6-1 Schematic illustration of the skyrmion magnetization on a substrate with a temperature 

gradient. The temperature gradient drives the skyrmion rightwards as highlighted by the 

white line. 

In Figure 6-2, our initial investigation shows that the temperature-induced reduction in 

anisotropy is sufficient to account for most of the thermally-induced skyrmion propagation. 

The anisotropy at different temperatures was calculated from micromagnetics by measuring 

the hard axis hysteresis at different temperatures. An important reason to derive the 

contribution of various effects in the thermal gradient-induced skyrmion driving is such that 

the skyrmion velocity will scale correctly with different parameters. The Thiele equation for 

spin transfer torque does not depend on the skyrmion radius directly,12 while the anisotropy-

gradient force scales with skyrmion radius. A modified theoretical model can be developed to 

explain for the discrepancies observed in the current models, especially when the skyrmion 

size is changing. 
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Figure 6-2 (a) Displacement of skyrmions due to temperature gradients of different magnitudes. (b) 

Skyrmion velocity versus temperature gradients and versus anisotropy gradients. 

 

6.2.2 Experimental verification of skyrmion velocity dependence on radius when 

under spin-orbit torques 

In Chapter 3, the skyrmion velocity was predicted to be linear with the skyrmion radius. 

This was further confirmed in micromagnetic studies. However, it should be possible to test 

the model in experiments. To be able to image skyrmions and measure their velocity, 

extensive efforts have been devoted to constructing a Kerr microscope. The Kerr microscope 

measures and images the Kerr rotation in polarization induced by the magnet, as shown in 

Figure 6-3(a). The advantage of Kerr microscope is that it can take as little as 100 ms to form 

an image and does not require high vacuum nor expensive vibration isolation solutions. 

Meanwhile, as long as skyrmions are not spaced within 250 nm (the optical resolution), the 

Kerr microscope can identify the skyrmion size and position with nanometer resolution.13 

 

Figure 6-3 (a) Schematic illustration of the operation principle of a Kerr microscope. (b) The Kerr 

microscope constructed for imaging magnetic skyrmions. 
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To test the velocity-radius relation, an external magnetic field can be applied, such that 

the size of skyrmions can be changed.1 This is shown in Figure 3-4. By sweeping the 

magnetic field over a wide range and measuring the skyrmion speeds, a linear trend should be 

observed. If indeed the skyrmion can be sped up by expanding its size, a new class of devices 

can be developed that temporarily enlarges the skyrmion to benefit from the increased 

propagation velocity. Such a mechanism could make use of the VCMA effect to speed up 

antiferromagnetically-coupled skyrmions. Therefore, this simple experiment can potentially 

unlock higher skyrmion speeds in skyrmion devices. 

6.2.3 Experimental realization of antiferromagnetically-coupled skyrmions 

In Chapter 4, the advantages of using antiferromagnetically-coupled (AFC) skyrmions 

are only briefly discussed. It cannot be stressed sufficiently how AFC skyrmions could be a 

game-changer for skyrmions. Recent skyrmion research has shown great interest in 

ferrimagnetic materials.14, 15 In theory, the ferrimagnetic skyrmions would also possess many 

of the advantages of AFC skyrmions. However, it poses a significant challenge in its 

electrical detection. Due to the ferrimagnet’s close to net-zero magnetization, tunnelling 

magnetoresistance sensors would only produce a small change in resistance when the 

ferrimagnet’s magnetization is flipped. In contrast, the tunnelling spin-polarized current will 

always interface with a ferromagnetic layer in AFC materials, thus resulting in much larger 

magnetoresistance changes. 

The first prediction for AFC skyrmions is that the skyrmion Hall angle should be 

proportional to the net magnetization of the individual layers combined. The force due to 

spin-orbit torque is dependent on the total magnetization s FM t . Therefore, the SkHE should 

be dependent on the total magnetization. When the AFC medium is fully compensated, the 

SkHE should vanish, while the skyrmion should still be detectable by a magnetoresistance 

sensor.  

The AFC medium requires a relatively strong perpendicular magnetic anisotropy, a  high 

DMI, produce a strong spin-orbit torque, and the heavy metal also needs to produce RKKY-

coupling. An interesting candidate for AFC skyrmions would be Pt/Co/Fe/Ir/Fe/Co/Pt. 

Skyrmions have been shown to exist in Ir/Fe/Co/Pt multilayers,16, 17  which indicates that the 

proposed multilayer could possess the correct material parameters to sustain skyrmions. In 

the multilayer, iridium acts as the heavy metal for RKKY-coupling while providing DMI and 

spin-orbit torque.18 
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