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Skyrmions are topologically protected magnetic structures originating from Dzyaloshinbskii–Moriya 
Interaction (DMI) which can be driven by a spin-polarized current making it a candidate for many 
different novel spintronic devices. However, the transport velocity is proportional to the size of the 
skyrmion rendering the effort of miniaturizing spintronics devices useless indicating that it is not 
possible to realise high-speed transport, small size and low operating current at the same time. 
One approach to solving the trilemma is to increase the spin Hall angle θSH , the conversion ratio 
between charge current and spin current, in the heavy metal layer. For example, beta-tungsten (β
-W) has attracted attention due to its high spin Hall angle, abundance in nature and the potential to 
combine with other materials to form complex structures. To characterise the use of β-W as a heavy 
metal layer along with a CoFeB magnetic layer, the interfacial DMI and the external field required to 
generate skyrmions were estimated to be 1.5 mJ/m2 and 0.1 T respectively, which were confirmed to 
be realistic. In that case, the about 10 nm diameter skyrmion was transported under SOT at a velocity 
of about 40 m/s, which has the potential for skyrmion-based unconventional computing devices like 
skyrmion race track memory and logic gate.

The rapid advancements in artificial intelligence and big data applications have underscored the critical need for 
storage solutions that offer a compelling combination of high density, exceptional performance, energy efficiency, 
robust reliability, and enhanced security. Skyrmions, a topologically non-trivial magnetic nanostructure, can be 
stored in high density and transported at a high velocity with little power1–3. These advantages attracted research 
into skyrmion racetrack memory, skyrmion logic devices, artificial synapses, and other devices4–8. Skyrmions 
can be generated by the interfacial Dzyaloshinskii-Moriya Interaction (DMI) arising from a spatial symmetry 
breaking at the interface between ferromagnetic and heavy metal layers. The Hamiltonian of the DMI between 
two neighbouring spins, S1 and S2 can be characterized by:

	 ĤDM = −D12 · (S1 × S2)� (1)

under the DMI vector D12 characterized by the heavy metal layer. As a result, the two spins do not align parallel 
or anti-parallel favoured by exchange interaction. To minimize the energy in such a symmetry broken and PMA 
system, a possible ground state is to generate a skyrmion when a balance exists between the DMI, PMA, exchange 
and demagnetisation energy9–12. Skyrmion has been observed in heavy metal and ferromagnetic multilayers 
such as [Ir/Fe/Co/Pt]20

13, [Ir/Co/Pt]10
14, Pt/Co/Os/Pt15, Pt/Co/Ta16, Pt/CoFeB/MgO17, Ta/CoFeB/MgO18 

and W/CoFeB/MgO19. For the latter three CoFeB systems, the interfacial DMI constant Dinterfacial were 
found to be within the same range. It was suggested that a W/CoFeB system has the same interfacial DMI 
constant Dinterfacial = 1.15 ± 0.57 mJ/m2 as a Pt/CoFeB system within the uncertainties of measurements20. 
Another piece of work used a different structure Pt/Co/X (X can be W or other materials like Ti and Ta). For W, 
Dinterfacial = 1.48 ± 0.03mJ/m2 is comparable with materials such as Cu and Ti while being higher than 
Ta21. The W/CoFeB caught the attention because of W’s abundance in nature and the ability to form multilayers 
or alloys with other materials to tailor the desired material parameters such as DMI constant, spin Hall angle 
and resistivity22–28.

To realize low-power and high-density spintronic devices based on skyrmions, skyrmions have to be transported 
to act as an information carrier. In this process, spin orbit torque (SOT) can be utilized to transport or manipulate 
the skyrmion, which can conveniently be generated from the heavy metal layer already in the system29–31. 
However, there exists a trilemma in the transport velocity v of a skyrmion,
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v ∝ d × J × θSH

Msat × t
� (2)

where the transport velocity v is proportional to the diameter of the skyrmion d, the current density J and 
the heavy metal layer’s spin Hall angle θSH , while inversely proportional to the magnetic layer’s saturation 
magnetisation Msat and thickness t32–35. The proportionality of the skyrmion diameter and transport velocity 
hinders the effort of miniaturising skyrmion devices.

One can improve the effective SOT efficiency by decreasing the Msat and the thickness of the magnetic layer 
to overcome the problem. Approaches like using ferrimagnetic or antiferromagnetic materials and designing 
synthetic antiferromagnetic (SAF) structures can be employed to decrease Msat

36. Skyrmions in ferrimagnets 
composed of rare earth and transition metals are being actively studied because the momentum compensation 
can reduce the magnetisation and the angular momentum compensation improves SOT efficiency37,38. However, 
the angular momentum compensation temperature is typically so close to the device operating temperature 
that stable and desired magnetic properties are hard to obtain39,40. Skyrmions in antiferromagnets41,42 and SAF 
structures43–45 have no net magnetisation so as skyrmion Hall effects making them an attractive candidate for 
skyrmion transport. Unfortunately, these structures only have Néel vectors making it difficult to detect skyrmions 
using magnetoresistance when designing and constructing a device.

On the other hand, one could leverage θSH  of the heavy metal layer to overcome the trilemma of velocity 
and diameter without a dramatic change to magnetic properties when using ferrimagnetic or antiferromagnetic 
materials. A promising material is tungsten in its β form (β-W) that can provide θSH  in the range of −0.30 to 
−0.4946–51. In contrast, other commonly used materials such as Platinum Pt only have a θSH  ranging from 0.03 
to 0.1052–57. Recent work focused on alloying β-W with materials such as Ti58 to achieve lower resistivity and 
higher θSH . Another work introduced N as a dopant to suppress the formation of α-W while promoting β-W 
to further increase the spin Hall angle showcasing the enormous potential of β-W in SOT devices59. Even larger 
values of spin Hall angles up to 0.8–0.9 have been reported60 suggesting further the potential for future iterations 
and improvements. Compared to the other approaches, increasing θSH  is the most realistic way to enhance 
SOT as the high θSH  in β-W may increase the skyrmion transportation velocity and overcome the trilemma in 
skyrmion transport.

In this work, the skyrmion generation conditions in terms of the external field and DMI constants in a β-W/
CoFeB system were characterized. The results would provide a window of the conditions required to generate 
skyrmions in a β-W/CoFeB system. Since skyrmions are a result of the balance between DMI, PMA, exchange 
and demagnetisation energy, their size is expected to change with the external field Bz,extand interfacial DMI 
constant Dinterfacial. The sizes of the skyrmion are correlated with the transport velocity of the skyrmion as 
suggested leading to the second part of the study. The generated skyrmions were transported under SOT with 
different spin Hall angles θSH  to verify the effect of θSH  on the transport velocity of small-sized skyrmions. The 
correlation between these factors in both the first and second parts can provide useful insight for future material 
and device engineering that requires precise control of aspects such as skyrmion size and transport velocity.

Results and discussion
This computational study is divided into three parts. The first part determined the initial state of the skyrmion 
generation process forming the basis of the other simulations. The Dinterfacial and Bz,ext required to generate 
skyrmions were then characterized using the initial conditions determined. It is followed by a study into the 
transport behaviour from SOT under different spin Hall angles θSH . The detailed configuration of the finite 
different micromagnetic simulator Mumax3, which solves the Landau-Lifshitz-Gilbert equation, can be found 
in the Methodology section61.

Initial states
The generation of skyrmion was achieved by applying a uniform field in the −z-direction against an initial 
magnetisation state during a relaxation process. Since the results could be heavily influenced by the initial state, 
three initial magnetisation states were considered: 

	1.	� a random magnetisation
	2.	� a uniform magnetisation in +z-direction
	3.	� a uniform magnetisation in −z-direction with a −z-direction magnetisation circular region in the middle

As shown in Fig. 1a–c respectively. To test out the three initial states, simulations were conducted with 
Dinterfacial = 1.5mJ/m2 and Bz,ext = 0.1 T. For State (1), a random initial magnetisation, multiple Néel-
type skyrmions were formed on the mesh as shown in Fig. 1d. The typings were determined by in-plane 
components pointing away from the centre of the skyrmion62. Stripe domain walls, on the other hand, were 
formed from State (2) which can be found in Fig. 1e. Figure 1f shows the relaxed state of State (3), where a 
single Néel-type skyrmion was formed after the relaxation. A random State (1) can easily generate a lot of 
skyrmions compared to the other two configurations. It is possible to achieve a random magnetisation state by 
heating the sample above the Curie temperature Tc and cooling it under an external field known as the field cool 
method63–65. However, the W/CoFeB/MgO system of 1.2 nm thickness of CoFeB was reported to have a Tc up 
to 750 K66. The high Tc renders the method impractical for experiments. State (3), a circular region with anti-
parallel uniform magnetisation in the middle is also in-practical for experiments. On the other hand, in State (2), 
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a uniform magnetisation in ±z-direction can be easily generated by applying a saturation field, although it was 
more difficult to generate skyrmions. Thus it was chosen as the initial state for this study.

Skyrmion generation criteria and resultant diameter
Under the chosen initial state, for the skyrmion generation process, Bz,ext ranging from 0 to 0.2 T was applied 
under Dinterfacial ranging from 0 to 2.0 mJ/m2. Figure 2 shows results from the skyrmion generation part of the 
study indicating the relaxed state under different Dinterfacial and Bz,ext. It can be divided into four categories, 
an un-flipped magnetisation, a flipped magnetisation, a skyrmion and stripe domain walls. As the external field 
Bz,ext increased, the Zeeman energy overcame the PMA and the magnetisation was flipped. It allowed the 
observations of the DMI field exerted on the system. If the DMI energy was sufficient, domain walls were formed 
to minimize overall energy. With the continued increase of Bz,ext, at 0.08 T and Dinterfacial = 1.1mJ/m2, 
a skyrmion was generated. It is a point where the equilibrium between DMI, PMA and the external field which 
is also the minimum Dinterfacial and Bz,ext required to generate skyrmion in this system. Assuming Ku is 
unchanged, the range of uncertainties in the value Dinterfacial = 1.15 ± 0.57mJ/m2 from20 might fall into 
the region lower than Dinterfacial = 1.0 mJ and not able to generate a skyrmion. On the other hand, it could 
fall into the upper range of forming a stripe domain wall pattern. In this case, an increase in Bz,ext would be 
required to transit into a skyrmion ground state.

Nonetheless, the region of which skyrmions were generated expanded with the increase in Bz,ext

. The same trend could also be seen from the pattern of the stripe domain walls. Focusing on the cases of 
Dinterfacial = 2.0mJ/m2. Even at Bz,ext = 0.0 T, the DMI was able to overcome the PMA and flipped part 
of the mesh’s magnetisation to form complex stripe domain wall structures. The increase in Zeeman energy 
gradually reduced the complexity of the stripe domain walls. Eventually, the complex stripe domain walls were 
reduced to a skyrmion at Bz,ext = 0.13 T. One could notice that at Bz,ext = 0.20 T, the skyrmion was not 
situated in the centre of the mesh. The high Zeeman energy in this case resulted in a rapid shrinking of domain 
walls which the symmetry of the process was distorted by the grains in the system. The video of the generation 
process at Bz,ext = 0.15 T and 0.20 T were included in Supplementary Material 1 and 2 respectively.

Within the skyrmion favourable parameter space, the size of the generated skyrmions changes. To obtain the 
size of the resultant skyrmions, the following formulation was used:67

Fig. 1.  Three different initial states considered. (a) A random magnetisation, (b) a uniform magnetisation in 
+z-direction and (c) a uniform magnetisation in −z-direction but a -z-direction magnetisation circular region 
30 nm diameter in the middle. (d–f) The resultant states after relaxation under Dinterfacial = 1.5mJ/m2 
and Bz,ext = 0.1 T for the three initial states respectively. The inserts show the feature of each relaxed state, 
corresponding to Néel skyrmions in (d) and (f) but Néel stripe domain walls in (e).
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Θ(r) = 2arctan

[
sinh(R/w)
sinh(r/w)

]
� (3)

where the polar angle of the magnetisation Θ at point r away from the centre of the skyrmion is given by the radius 
R and 360◦ domain wall width w. The formulation fits well into the generated skyrmions, despite noticeably a 
lack of a plateau around the centre of the skyrmion generated under Bz,ext = 0.14 T and Dinterfacial = 2.0 
mJ/m2 as shown in Fig. 3a. The diameter of the resultant skyrmion decreased with increasing Bz,ext which 
can be explained by the increase in Zeeman energy as shown in the heat map in Fig. 3b. On the other hand, 
the opposite trend could be seen with the increase of DMI constants increasing the skyrmion radius. It is 
due to the presence of a negative sign in DMI energy contribution to the total energy. Recently, the various 
topological structures were studied, expanding the possibility of skyrmion properties and usage. For example, 
by repeating Ta/CoFeB/MgO layers, a magnetic structure different from a simple skyrmion, called a skyrmion 
bag, can be obtained68. In such a structure, the skyrmion size reaches the micrometre range mainly due to the 
large demagnetization field19,69, suggesting the single W/CoFeB/MgO layer is preferable to reduce the size of 
skyrmion.

Fig. 2.  Map indicating different relaxed ground states which the system evolved into including an unflipped 
state, a flipped state, a skyrmion and domain wall across different Bz,ext and Dinterfacial. The inserts show an 
example for each state. Focusing on the Dinterfacial = 2.0mJ/m2 case, as Bz,ext increases, the domain wall 
structures become less complex and form a skyrmion at Bz,ext = 0.13 T.
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Skyrmion transport
The generated skyrmions from the above section were then transported using SOT with a current density of 
J = 3 × 1011 A/m2. During the transportation process, spin Hall angle θSH , equivalent to the spin polarisation 
in Slonczewski spin transfer torque (STT) formulation70, was varied between 0.1 to 0.5. The resultant transport 
velocities as a function of skyrmion diameters are shown in Fig. 4. For all θSH , a general trend that the velocity is 
proportional to the skyrmion diameter can be observed and confirmed. One might notice the deviation of data 
points from the linear trend due to the introduced grains which have an inter-grain exchange coupling reduced 
by 10% as discussed in the methodology section. Linear regressions were carried out for each θSH  data series. 
The resultant gradients also confirmed the trend of which a larger skyrmion can receive more SOT torque and 
travel at a higher velocity as expected, posing challenges to minimizing skyrmions.

For the previously reported value Dinterfacial = 1.15 ± 0.57 mJ/m2 that is comparable to a Pt/CoFeB 
system20, the diameter of the resultant skyrmions would fall below 15 nm as shown in Fig. 3b. For skyrmions 
radius smaller than 11 nm, at θSH = 0.1 and current density J = 3 × 1011 A/m2, some skyrmions gained 

Fig. 4.  The relation between skyrmion transport velocity and its diameter under different θSH . The dotted 
lines show the result of the linear regression. The gradients from linear regression were shown in the insert.

 

Fig. 3.  (a) Cross section Mz  of a skyrmion generated under Bz,ext = 0.14 T and Dinterfacial = 2.0mJ/m2

. The fitting results suggest the skyrmion has a diameter of 27.88 nm and a domain wall width of 6.91 nm. (b) 
The size of the skyrmions generated different conditions of Bz,ext and Dinterfacial.
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very little momentum with a velocity close to zero. An increase from θSH = 0.1–0.2 or above can avoid this 
situation. Since Pt typically has θSH  ranging from 0.03 to 0.1052–57, the use of β-W as the heavy metal layer can 
significantly boost skyrmion transport velocity and avoid skyrmions not having enough momentum to move.

Considering the recent development in CMOS transistors, race track memory or logic devices are expected to 
have a comparable size to the state-of-the-art CMOS transistors of less than 20 nm in width. The grain in velocity 
for the discussed skyrmion size by enhancing θSH  would be vital to realising and commercializing skyrmion 
devices. However, one should notice that the skyrmions were unconstrained, unlike race track devices, due to the 
large mesh in the simulation. The edge of the race track would exert additional dragging force on the skyrmion 
transport and thus must be taken into account in device design71,72. The process of driving the skyrmion might 
alter the exchange interaction and thus affect the size of the skyrmion indicating more research into the basic 
aspects of skyrmion transport is needed73. For the future aspects of race track devices, there have been proposals 
of using multiple channels of skyrmion race track74,75 and multiple layers76,77 to encode information. Theoretical 
research into skymionium that has a zero topological charge and thus no skyrmion Hall effect without having 
to dramatically alter the magnetic properties of the device as suggested in the introduction33,78. These devices 
would surely benefit from a high skyrmion transport velocity from the enhanced θSH .

Conclusion
To conclude, the generation and transport of skyrmion based on β-W/CoFeB system was studied under different 
spin Hall angle θSH . The region of Dinterfacial and Bz,ext has been identified. The later skyrmion transport 
simulations confirmed a general proportionality between the skyrmion diameter and transport velocity. The 
confirmation reiterates the difficulties of miniaturising skyrmion devices while maintaining the high transport 
velocity required for high-performance operation. Fortunately, a clear trend was observed that increasing θSH  
can increase the transport velocity providing a way to overcome the skyrmion transport trilemma. For the 
previously reported Dinterfacial values of β-W/CoFeB systems, it is likely to form skyrmions in the range 
of 10–20 nm in diameter based on the findings. In this regime, a considerable gain in velocity compared to a 
Pt heavy metal layer system can be achieved by the use of β-W. The results provided useful insights into the 
skyrmion size and transport velocity in β-W/CoFeB system for future experimental work in material and device 
engineering.

Methods
The simulation parameters of the mesh composed of 1024 × 1024 × 1 cells in the size of (1 × 1 × 1) nm can be 
found in Table 1. In addition, material grains were introduced using Voronoi tessellation79. Each region has its 
uniaxial anisotropy constant Ku scaled by ±5 %. Exchange coupling between each region was also reduced by 
10 %. All simulations were carried out with Nvidia H100 GPUs on the Genkai Supercomputer.

For the skyrmion transport simulation, a spin current with a density of J = 3 × 1011 A/m2 polarized in 
the y-direction was injected in the z-direction. The positions of the generated skyrmion between 2.5 and 7.5 ns 
were used to obtain transport velocities. The first 2.5 ns was neglected to provide a window for the skyrmion 
to reach its full velocity. Some skyrmions with large diameters went outside the mesh in the 5 ns interval. They 
would be evaluated between 2.5 and 5 ns or discarded if the velocity is large enough to drive the skyrmion out 
of the mesh within 5 ns.

It should be noticed that the damping-like torque (DLT) was assumed to be dominant in SOT. Field-like 
torque (FLT) is not negligible when other materials such as Ta are used as a heavy metal layer, which has a ratio 
of FLT-to-DLT from 0.7 to 4.081–85. While W has an FLT-to-DLT ratio of about 0.386,87, it was assumed that DLT 
is dominant in this system and FLT is negligible in the simulations for simplicity by setting the Slonczewski 
secondary STT term ϵ′ to zero.

Data Availability
The simulation scripts and data can be found on ​h​t​t​p​s​:​​​/​​/​g​e​n​k​a​​i​-​n​e​x​t​c​l​o​u​​​d​.​h​​p​c​​.​k​y​u​s​​​h​​u​-​u​​.​​a​​c​.​​j​p​​/​s​/​b​N​T​a​B​n​J​q​Y​S​G​
4​x​3​K.
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