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ABSTRACT 

The generation and manipulation of magnetic skyrmions are perquisites for any skyrmion-

based information processing devices, where skyrmions are used as nonvolatile information 

carriers. In this work, we report experimentally the skyrmion generation through the usage of 

a nonmagnetic conducting Ti/Au point contact in a device made of Ta/CoFeB/TaOx trilayer 

film. Moreover, the accompanied topological charge dependent skyrmion dynamics, namely 

the skyrmion Hall effect, is also observed in the same device. The creation process of a 

skyrmion has been numerically reproduced through micromagnetic simulations, in which the 

important role of the skyrmion-antiskyrmion pair formation is identified. The motion and 

Hall effect of a skyrmion, immediately after its creation is described using a modified Thiele 

equation after taking into account the contribution from spatially inhomogeneous spin-orbit 

torques and the Magnus force. Our results on the simultaneous generation and manipulation 

of skyrmions using a nonmagnetic point contact are useful for understanding the ultrafast 

dynamics of skyrmion creation, which could also provide an effective pathway for designing 

novel skyrmion-based devices. 
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I. INTRODUCTION 

Magnetic skyrmions are topological spin textures that can be found in chiral bulk 

magnets(1-4) and asymmetric multilayers(5-16). In terms of potential spintronic applications, 

magnetic multilayers are particularly interesting not only for providing ample material 

systems hosting room-temperature skyrmions, but also for enabling efficient electrical 

manipulations through current-induced spin-orbit torques(8, 15-20). These asymmetric 

multilayers are typically made of inversion-symmetry breaking trilayers with a perpendicular 

magnetic anisotropy, which contain an interfacial, noncollinear Dzyaloshinskii-Moriya 

interaction (DMI)(21-24) that stabilizes Néel-type skyrmions with a fixed spin chirality, in 

contrast to swirling Bloch-type skyrmions in most bulk chiral magnets(25). As such, many 

interesting topological physics and device concepts have been revealed with direct relevance 

for spintronic storage and logic applications(18, 26-30). On the other hand, as skyrmions may 

become key components for future data storage and logic devices, electrical generation and 

manipulation in a controllable manner are thus essential(31, 32).  

The generation of magnetic skyrmions has recently been demonstrated by applying 

magnetic fields(8), spin-polarized currents(27, 33, 34), local heating(35), laser beams(36, 37) 

and electric voltage(38, 39). Meanwhile, skyrmions can also be generated in geometrical 

constricted devices(6, 40-44) by applying electric currents(45). For example, the dynamical 

generation of skyrmions can be realized by squeezing chiral band domains through a 

(magnetic) geometrically constriction after being subjected to spatially inhomogeneous spin-

orbit torque (SOT)(6, 42, 43, 46, 47). In addition, skyrmions can also be generated in a 

constricted region as a result of inhomogeneous current induced nonlinear magnetization 

dynamics(40, 43). Similarly, magnetic inhomogeneities with a homogeneous current may 

result in skyrmion nucleation(48). However, the simultaneous occurrence of skyrmion 

generation and spin-topology dependent motion − skyrmion Hall effect(11, 13, 44, 49-51) in 

devices with geometrical constrictions, has not been experimentally demonstrated. The 

skyrmion Hall effect is important for identifying the topological nature of Néel-type 

skyrmions found in the related magnetic multilayers and provides a basis for enabling 

electrically programmable skyrmionic devices(18, 52). Early micromagnetic simulations 

suggested two possible regimes for skyrmion generation(46). At low current, skyrmion 

nucleation may proceed via deformation of existing domain walls in a process analogous to a 

Rayleigh-Taylor instability(6), while larger currents may provide large enough SOTs to 

eliminate pre-existing magnetic domain structures and nucleate new skyrmions from 

inhomogeneous SOTs. Since this latter mechanism does not require pre-existing magnetic 
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domains, we explore in this work the use of inhomogeneous current injection from a 

nonmagnetic point contact. 

So far, it is known that the skyrmion Hall effect occurs when the translational motion 

of skyrmion is in the steady flow motion region, which demands a sufficiently large driving 

current density(6, 32, 53). While typical geometrically constricted devices facilitate the 

formation of skyrmions, they can only tolerate a relatively small current density, above which 

the constriction will break(6). In the smaller current density region, the translational motion 

of skyrmion is strongly influenced by the randomly distributed pinning sites inside the 

materials. Namely, skyrmions stochastically hop from one pinning site to another resulting in 

creep motion. This explains the previous inconclusive results with respect to the skyrmion 

Hall effect in the devices with magnetic constrictions(6, 43). In the present work, we 

demonstrate the simultaneous observation of skyrmion generation and the skyrmion Hall 

effect in a modified Ta (5nm)/CoFeB (1.1nm)/TaOx (3nm) device with a nonmagnetic point 

contact. Our experimental observation is made possible by replacing the previous thin 

resistive magnetic geometrical constriction Ta/CoFeB/TaOx with a conducting nonmagnetic 

Ti/Au point contact. The choice of a thick Ti (10 nm)/Au (100 nm) electrode allows 

sufficiently large electric currents that can generate skyrmions through the divergence of 

current-induced SOT, with less chance of the device failure and current densities sufficiently 

large for sustaining flow motion of the newly generated skyrmions. More importantly, it can 

also produce a steady flow motion of skyrmions together with less pronounced joule heating. 

It should be mentioned here that the usage of a nonmagnetic point contact excludes the 

generation of skyrmions inside the contact(6, 40, 41, 43). The location of the skyrmion 

generation should occur at the contact region between the constriction and FM trilayer where 

the divergence of the current induced SOT is maximized. It is also worth mentioning that 

such a skyrmion creation method using the point contact is different from that using the 

geometric constriction [6], where skyrmions are created based on the conversion between 

stripe domain walls and skyrmions, which we will discuss below. 

We start to formulate the working mechanism of the proposed device, as shown in Fig. 

1a. After injecting an electron current +𝑗# (from left to right), the constricted device naturally 

introduces a spatially inhomogeneous current distribution, as shown in Fig. 1b. The 

convergent (left)/divergent (right) distribution of electron current density 𝑗$ in our device can 

be computed by solving the Laplace's equations with boundary conditions of fixed potentials 

at the left and right ends of the device(46). It can also be seen from Fig. 1b that 𝑗# is relatively 
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large near the contact region. It should be noted that the electrostatic potential is assumed to 

be constant through the thickness of the device as the thickness of the FM/HM bilayer is very 

thin. In addition, the FM and HM layers exhibit comparable resistivities, and the thickness of 

the HM layer (𝑑&') is five times larger than that of the FM layer (𝑑('). Thus, the electron 

current is mostly flowing in the HM layer. Note that the direction of electron current 𝑗# is 

opposite to that of charge current 𝑗). 

Heavy metals exhibit a strong spin-orbit interaction that results in a spin dependent 

preferential scattering, which is also known as the spin Hall effect(54, 55). Namely, in the 

FM/HM bilayer, a charge current is flowing in the HM layer and produces the spin current 

due to the spin Hall effect, which gives rise to SOT on the adjacent FM layer that can be used 

for manipulating the magnetization dynamics(56). For our constricted device, the spin current 

distribution 𝑗*  and its polarization for positive electron current flow is shown in Fig. 1c, 

which follows the same non-uniform distribution as charge current 𝑗# in the HM layer. It is 

worth mentioning that a small portion of the electron current directly flowing in the FM layer 

could theoretically induce magnetization dynamics through a spin-transfer torque. The 

contribution from spin-transfer torque to the overall skyrmion dynamics(27, 46, 57) has been 

estimated to be negligible, and therefore excluded in the present simulation. 

II. RESULTS AND DISCUSSION 

A. Micromagnetic simulation of skyrmion generation by using a nonmagnetic point 

contact 

In order to reveal the feasibility of generating skyrmions using a nonmagnetic Ti/Au 

point contact, we first performed micromagnetic simulations by using the Object Oriented 

MicroMagnetic Framework (OOMMF)(58). Following the modified Landau-Lifshitz-Gilbert 

(LLG) equation, the magnetization dynamics driven by SOT can be written as: 

	,𝒎
,.
= −𝛾1𝒎 × 𝒉#44 + 𝛼 7𝒎 × ,𝒎

,.
8 − 𝜏:,[𝒎 × (𝒎 × 𝒑)]                           (1) 

where 𝑡  is time and 𝛼  is the Gilbert damping coefficient. 𝒉#44 = −𝛿𝜀/(𝜇1𝑀F)𝛿𝒎  is the 

effective field that correlates with the functional derivative of the micromagnetic energy 

density ε which includes the exchange, anisotropy, Zeeman, demagnetization and DMI terms. 

𝒎 = 𝑴/𝑀F  stands for the normalized vector of the magnetization with saturation 

magnetization 𝑀H , 𝒑 is the local spin-polarization direction, which is along Î$ × 𝒏 in our 

device, where Î$ is the local electron current vector and 𝒏 is the normal vector of the FM/HM 

interface. 𝜏:, = | MNℏ
PQN$

| RSTUV
,WXYZ

 represents the antidamping-like spin torque coefficient, where 

𝛾1 is the gyromagnetic ratio, ℏ is the reduced Planck constant, 𝜇1 is the vacuum permeability, 
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𝑒 is the electron charge and 𝑑\Y is the thickness of ferromagnetic layer. The spin Hall angle 

𝜃^_ = 𝑗*/𝑗# measures the conversion efficiency from charge current to spin current. Detailed 

discussion about micromagnetic is provided in the Supplemental Material(59). Through 

micromagnetic simulation, it is found that skyrmions can be generated even in the absence of 

field-like torque, we therefore only consider in the following the dominant contribution from 

the antidamping-like torque. The intrinsic magnetic parameters employed in our simulation 

are: exchange stiffness 𝐴 = 10 × 10cdP J m-1, magnetic anisotropy 𝐾	 = 	2.89 × 10j J m-3 

(effective anisotropy 𝐾#44 = 2.34 × 10m  J m-3), DMI constant 𝐷 = 0.5 × 10cp  J m-2, 𝑀H =

6.5 × 10j  A m-1, 𝛾1 = 2.211 × 10j  m A-1 s-1, 𝛼 = 0.1 , and 𝜃*r = −0.2 . The electrical 

resistivities of the electrode (Au), FM layer (CoFeB), and HM layer (Ta) are set as(56): 

𝜌tu = 2.3 × 10cv  Ω m, 𝜌wx(#y = 1.7 × 10c{  Ω m, 𝜌|} = 1.9 × 10c{  Ω m. The model is 

discretized into tetragonal cells of 5 nm × 5 nm × 1.1 nm and free tetrahedral elements with a 

maximum element size of 10 nm in the finite-element current distribution calculation. 

The device scheme for micromagnetic simulation mimics a device in which the HM 

layer, the FM layer, and nonmagnetic constricted electrode are built in a bottom-up fashion, 

as illustrated in Fig. 1(a). The length and width of the FM and HM layers are 𝑙 = 3000 nm 

and 𝑤 = 700 nm, respectively. The nonmagnetic electrode with a length of 𝑙� = 200 nm and 

a width of 𝑤� = 20 nm is placed at the top center of the device, bridging the left and right 

halves of the FM layer. The thicknesses of the HM layer, FM layer, and electrode are equal to 

𝑑&' = 5 nm, 𝑑(' = 1.1 nm, and 𝑑� = 5 nm, respectively. The material specific parameters 

employed in our simulation are available in the Method section. In the micromagnetic 

simulation, the skyrmion may be destructed by touching the sample edges. To display the 

nucleation of skyrmions completely, the magnetizations of the cells along the edge of the FM 

layer are fixed to the initial relaxed direction to prevent the destruction of skyrmions due to 

the skyrmion Hall effect. In order to reveal the topological properties of the generated 

magnetization textures, we have also calculated the evolution of the topological charge based 

on the magnetization configuration simulated by OOMMF. The topological charge of spin 

textures, namely, the skyrmion number, is expressed as 𝑄 = 1
4𝜋� ∫𝒎 ∙ 7𝜕𝒎 𝜕𝑥� ×

𝜕𝒎
𝜕𝑦� 8 𝑑𝑥𝑑𝑦. A well-defined ground-state skyrmion has a skyrmion number of |𝑄| = 1. 

The numerical demonstration of the generation process of a single isolated skyrmion is 

enabled by using the spatially divergent antidamping-like SOT near the contact region. The 

electron current pulse is 𝑗# = 6 MA cm-2 that is normalized by the width of the wider part of 
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device w = 700 nm. Figure 2(a) illustrates the complete generation process of an isolated 𝑄 =

−1 skyrmion, where the upper and lower panels show, respectively, the detailed evolutions 

of magnetization configurations and the associated topological charge densities [i.e.,	𝑞(𝑡) =

𝒎 ∙ 7𝜕𝒎 𝜕𝑥� × 𝜕𝒎 𝜕𝑦� 8] as a function of time (t). It is clear that in the topological charge of 

the magnetization configuration there exists a transition from a topologically trivial bubble 

with 𝑄 = 0 to a topologically nontrivial skyrmion with 𝑄 = −1 [Fig. 2(b)]. In the first 𝑡 =

0~0.5  ns (immediately after applying a current), the magnetization orientation near the 

contact region between constriction and trilayer reverses from upward to downward and 

forms a circular bubble domain with a substantial in-plane magnetization component aligned 

along the +x direction. The associated topological charge	can be calculated as Q = 0. This 

topologically trivial magnetic bubble continues to expand and moves into wider area of the 

FM layer driven by the spatially divergent current-induced SOT, while 𝑡 = 0.5~1.0 ns. 

During t = 1.0 ~ 1.5 ns, the in-plane magnetization component of the circular bubble 

domain rotates and evolves from a quasi-uniform configuration pointing along the +x 

direction into an outward-pointing configuration favored by the interface-induced DMI, 

where an intriguing defect-like magnetization texture is formed at the left side of the bubble, 

as indicated by the dashed circle in Fig. 2(a) at t = 1.5 ns. Such a defect-like magnetization 

texture has an associated topological charge of Q ~ +1, which means that it can be regarded 

as an antiskyrmion excitation(60, 61). On the other hand, the other larger part of the bubble 

has an associated topological charge of Q ~ -1, indicating a skyrmion excitation is also 

formed at the same time. Namely, the total skyrmion number of the FM layer still remains at 

Q = 0. We note that the excitation of such a skyrmion-antiskyrmion pair from a bubble with 

Q = 0 is due to the topological conservation, since a continuous transformation and 

deformation of magnetization texture are processed at the current stage. 

In order to avoid generation of extra skyrmions under the large current density that 

complicates the subsequent analysis, after t = 1.5 ns, 𝑗# is reduced to be 0.03 MA cm-2. This 

current density is unable to switch magnetization in the vicinity of the point contact, but can 

further drive the motion of the existing 𝑄 = 0  topologically trivial bubble, which would 

transform into an elongated shape. Following the expansion of the bubble domain, the size of 

the 𝑄 = +1 antiskyrmion reduces accordingly. The reason is that the antiskyrmion texture is 

energetically unstable in the presence of the isotropic interfacial DMI in the system(60, 61). 

When the antiskyrmion shrinks to the lattice size, the antiparallel magnetization configuration 

abruptly switches to be parallel, namely, the antiskyrmion is annihilated at 𝑡 = 1.78 ns. It is 
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noteworthy mentioning that spin waves are excited and emitted from the position where the 

antiskyrmion is annihilated that results in energy dissipation in the FM layer, which can be 

discerned from the propagating skyrmion number density wave at t = 1.78 ns. The 

annihilation process is due to the fact that the antiskyrmion is an unstable elementary 

excitation in the given FM system with isotropic DMI(60, 61), which will shrink and collapse 

as a function of time due to Gilbert damping(62). It is worth mentioning that the antiskyrmion 

textures with Q = +1 can be stabilized by anisotropic DMI(61) frustrated exchange 

interactions(63), while the DMI in our device is of interface-induced isotropic form and only 

stabilizes skyrmions with Q = -1. 

Once the antiskyrmion is annihilated, the remained elongated bubble domain has a 

circular domain wall with an outward-pointing configuration at t = 2 ns, and the topological 

charge of the remained elongated bubble domain can be calculated as Q = −1, which means it 

is a stable Néel-type Q = −1 skyrmion. Subsequently, the created Néel-type skyrmion with Q 

= -1 continues to move into wide area of the FM layer, and eventually shrinks to an energy-

favorable circular shape (𝑡 = 6 ns). Therefore, it can be seen that the transition of topological 

charge of magnetic texture from being a topologically trivial bubble with Q = 0 to a 

topologically nontrivial skyrmion with Q = -1 in the FM layer is thus mediated by the 

creation of a skyrmion-antiskyrmion pair and the subsequent annihilation of the antiskyrmion, 

which is similar to the case in Ref. (48). 

Figure 2(b) illustrates the topological transition process of Q = 0 → Q = −1. As discussed 

above, the creation of a stable Q = −1 skyrmion in the given FM system is mediated by the 

creation and annihilation of an unstable Q = +1 antiskyrmion [see Fig. 2(b) insets]. It means 

that a skyrmion-antiskyrmion pair is actually created during the magnetization switching 

process, obeying the topological conservation law. However, as the Q = +1 antiskyrmion is 

an energy-unfavorable solution, it decays and annihilates once it is created, while the Q = −1 

skyrmion, once it is created, is a stable solution stabilized by the interface-induced DMI. As 

mentioned above, the annihilation of the unstable Q = +1 antiskyrmion will excite a bunch of 

propagating spin waves, which means that the local energy carried by the Q = +1 

antiskyrmion is globally dissipated in the FM layer. 

Figure 3 shows the time evolution of skyrmion number Q and all micromagnetic energies 

during the skyrmion creation process. When the electron current pulse is applied for t = 0 ~ 

1.5 ns, the magnetization underneath the point contact is reversed by the spatially divergent 

current-induced SOT, forming a Q = 0 bubble. It can be seen that the total micromagnetic 

energy, anisotropy energy, and demagnetization energy significantly oscillate during this 
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period due to the magnetization rotation of the bubble structure. The exchange energy 

increases with increasing time, which is caused by the formation and elongation of domain 

wall. Because of the same reason, the DMI energy decreases with increasing time. When the 

electron current pulse is terminated at t = 1.5 ns, the oscillation of the total micromagnetic 

energy, anisotropy energy, and demagnetization energy suddenly stops. Meanwhile, the 

exchange energy and DMI energy show a sharp increase and decrease, respectively. The 

reason is that the magnetization in the bubble domain wall stops rotating, while a Q = -1 

antiskyrmion with anti-parallel magnetization configuration is generated. In a very short 

period, the antiskyrmion is annihilated, resulting in the creation of the Q = -1 skyrmion in the 

FM layer. The exchange energy shows a sharp decrease corresponding to the annihilation of 

the antiskyrmion. When the skyrmion is created, it moves in the FM layer driven by SOT. 

Hence, the total micromagnetic energy of the system further decreases and approaches a 

stable value, indicating the stability of the system. 

Note that in our micromagnetic simulation, the influence of defects is not considered. 

However, it should be noted that it has also been shown that magnetic defects can give rise to 

a skyrmion-antiskyrmion generation, which subsequently due to their opposite gyrotropic 

Magnus forces separate laterally(48). In this instance, DMI can also favor the stability of one 

(i.e., skyrmions) over the other (i.e., antiskyrmions). 

B. Experimental generation of skyrmion via nonmagnetic point contact 

We have numerically discussed the feasibility of generating skyrmions underneath a 

nonmagnetic contact in the presence of inhomogeneous spin-orbit torques. Below we will 

realize it experimentally in a device made of a Ta (5 nm)/Co20Fe60B20 (1.1 nm)/TaOx (3 nm) 

trilayer and a nonmagnetic point contact of Ti (10 nm)/Au (100 nm) as is shown in the 

schematic in Fig. 1(a). The multilayer was grown by ultrahigh vacuum magnetron sputtering 

and patterned via standard photolithography and ion milling. The nonmagnetic Ti/Au 

constriction is of length 20 μm and of width 4 μm which were made following a lift-off 

process. A polar magneto-optical Kerr effect (MOKE) microscopy was used for imaging the 

magnetic domain patterns. For all images presented, a background image is subtracted. The 

background image is taken while applying a sufficiently large field to magnetically saturate 

the sample. 

Fig. 4 shows the creation and the subsequent translational motion of magnetic 

skyrmions. In the presence of a perpendicular magnetic field of 𝐵� = +0.5 mT, only one 

isolated skyrmion bubble on the left side of the Ti/Au constriction can be seen. The 

magnetization on right side of trilayer remains in a positive saturation state, as shown in Fig. 
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4(a). On the other hand, after passing a positive voltage pulse of amplitude 15 V (from left to 

right) and of duration 1 ms through the device, the generation of skyrmion bubbles is evident 

on the right side of Ti/Au constriction, as shown in Figs. 4(b) – (d). The corresponding 

current density in the Ti/Au constriction is computed as 8.8 MA cm-2 by measuring the 

resistance of device (R = 3.86 kΩ), a current density that is comparable with the one used in 

micromagnetic simulation. It is noted that the direction of the electron current is determined 

by the applied voltage. The location of the skyrmion formation coincides with the contact 

region between the Ti/Au electrode and magnetic multilayer at which the divergent electron 

current and hence divergent SOTs are the largest. It is thus conceivable that the divergence of 

SOTs is critical for triggering magnetization instabilities that helps to form magnetic 

skyrmions(40, 64). After applying the pulse, the magnetization configuration on the right side 

of the device, however, remains the same as before. While the generation process of 

skyrmion bubbles can be understood based on the above micromagnetic simulation, the 

details cannot be experimentally identified here due to limitations in both the temporal and 

spatial resolution of the MOKE microscope. These skyrmion bubbles, once generated, bear a 

translational motion as a result of both inhomogeneous SOT and gyrotropic Magnus force. 

Furthermore, upon applying consecutive voltage pulses, many additional skyrmion bubbles 

were generated and move into the wider area that indicates the reproducibility of the 

generation. This leads to the accumulation of skyrmions on the lower left part of the device, 

consistent with the skyrmion Hall effect. Note that we also computationally studied the same 

phenomenon by using micromagnetic simulations, of which the results are in line with our 

experimental observations (see Ref. (65)). 

It is known that the Magnus force can result in a skyrmion Hall effect and skyrmion 

accumulation in the presence of homogeneous SOTs(50, 66). The present system, however, 

also involves contribution from the inhomogeneous current induced SOTs(11, 13). In order to 

elucidate whether the origin of skyrmion accumulation is from the Magnus force or from the 

spatially inhomogeneous SOTs, below we adopted a modified Thiele equation to analyze the 

dynamics of the magnetic skyrmion (see Ref. (65)), as expressed below(11, 29, 32, 67, 68): 

𝓖 × 𝒗 − 𝛼𝓓 ∙ 𝒗 − 4𝜋𝓑 ∙ 𝒋# = 0                                             (2) 

where the first term describes the Magnus force which results in the transverse motion of 

skyrmions with respect to the injected electron current 𝒋# , 𝒢 = (0,0, −4𝜋𝑄)  is the 

gyromagnetic coupling vector and 𝒗 = (𝑣�, 𝑣�) is the drift velocity of the skyrmion. Note 

that the sign of the gyrotropic Magnus force is determined by both the sign of topological 
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charge (𝑄) and the direction of motion of skyrmion (𝒗). The second term describes the 

dissipative force with the dissipative tensor 𝒟 describing the effect of the drag force on the 

moving skyrmion 𝓓 = 4𝜋 �
𝒟�� 𝒟��
𝒟�� 𝒟��

�. For a rigid Néel-type skyrmion (no distortion during 

motion), relations between each component are 𝒟�� = 𝒟�� = 𝒟  and 𝒟�� = 𝒟�� = 0, and 

the value of 𝒟 = 𝜋2𝑑 8𝛾𝑑𝑤�  can be estimated based on the skyrmion profile(11), where 𝑑 is 

the diameter of skyrmion and 𝛾,� is the domain wall width. The third term is the driving 

force provided by current-induced SOT with 𝒋# = (𝑗�, 𝑗�)  and 𝓑 =	 ���
RS
�
−𝒥�� 𝒥��
−𝒥�� 𝒥��

�  that 

quantifies the efficiency of the SOTs over the skyrmion bubbles. The components are given 

as ℐQ¢ =
d
m£ ∫ 7

¤𝒎
¤Q
×𝒎8

¢
𝑑𝑥𝑑𝑦, where 𝜇 and 𝑣 run over x and y. For the rigid hedgehog-like 

skyrmion, the relations that hold are ℐ�� = ℐ�� = 0 and ℐ�� = −ℐ�� = ℐ. 

In our constricted device geometry, the current distribution (𝑗�, 𝑗�) can be computed 

by using Laplace's equation(42, 46). After solving the Eq. (2), we obtain the projection of the 

skyrmion velocities along the x- and y-directions as follows: 

𝑣� = ¥���
RS
¥ ℐ ¦𝒟R§¨©Rª

©«¨¦«𝒟«
 and 𝑣� = ¥�¬

RS
¥ ℐ ¦𝒟Rªc©R§

©«¨¦«𝒟«
.                                   (3) 

By defining a skyrmion Hall angle 𝑡𝑎𝑛𝛷*r = 𝑣� 𝑣��  , it is found that  

𝑡𝑎𝑛𝛷*r =
𝛼𝒟𝑗𝑦−𝑄𝑗𝑥
𝛼𝒟𝑗𝑥+𝑄𝑗𝑦

                                                                   (4) 

Note that Eq.(4) can be further simplified as 𝛷*r = −𝑄 𝛼𝒟⁄  when the driving currents (spin-

orbit torques) are homogeneous as has been previously used for quantifying the skyrmion 

Hall effect in various multilayers(11, 13). 

From Eq. (4), it is clear that both the inhomogeneous current distribution (𝑗�, 𝑗�), the 

value of 𝛼𝒟  and the topological charge of the skyrmion (𝑄 = ±1 ) could influence the 

magnitude of skyrmion Hall angle. In the following, we will examine the contribution from 

each component individually. For the given material specific parameters, the domain wall 

widths can be calculated as 𝛾³´ = 𝜋µ𝒜/𝐾#44 ≈ 63  nm that leads to the value of 𝒟 =

𝜋P𝑑 8𝛾³´⁄  to be determined as 𝒟 ≈ 20 . For the Ta/CoFeB/TaOx trilayer, the magnetic 

damping parameters is 𝛼 ≈ 0.02. The value of 𝛼𝒟 is estimated to be ≈ 0.4 < 1. For the 

given triangular geometry, the current distribution 𝑗�/𝑗� around the contact region is about 1. 

Thus, the sign of skyrmion Hall angle is predominantly controlled by the sign of topological 

charge 𝑄. 
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As indicated by Eq. (4), the sign of the gyrotropic Magnus force (𝓖 × 𝒗) is governed 

by both the sign of topological charge (𝑄 = ±1) and the direction of skyrmion motion (𝒗). 

The sign of topological charge can be reversed upon changing the polarity of the 

perpendicular magnetic fields since 𝑄 is an odd function of magnetization vector 𝒎. The 

direction of skyrmion motion, after moving away from the constricted region, is controlled 

solely by the (electron) current along the horizontal direction (±𝑥). This enables a diagram of 

the skyrmion Hall effect as a function of topological charge (±𝑄) and driving currents (±𝑗#) 

to be established, as shown in Fig. 5. By reversing the current/field directions, we can clearly 

see that the location of skyrmion accumulation is changed accordingly in our symmetrically 

designed device. In addition, the position of skyrmion generation, is consistent with the 

position where the divergence of SOTs is maximized. When the polarity of (electron) current 

pulse is fixed along the −x direction (i.e., −𝑗# ), the position of skyrmion accumulation 

reverses from the top to the bottom of the left side of device after changing the perpendicular 

magnetic field from 𝐵� = −0.5 mT to 𝐵� = +0.5 mT. This is again consistent with the fact 

that the topological Magnus force changes its sign upon reversal of magnetic field (from	𝑄 =

+1 to 𝑄 = −1). By reversing the polarity of (electron) current pulse to the +x direction (i.e., 

+𝑗# ), the location of skyrmion accumulation is being reversed. These observations are 

consistent with the theoretical prediction and suggest that gyrotropic Magnus forces dominate 

the skyrmion dynamics. 

III. CONCLUSION 

In summary, we have numerically and experimentally studied the generation of 

magnetic skyrmions in a Ta/CoFeB/TaOx trilayer together with a nonmagnetic Ti/Au point 

contact. The topological transition of spin textures from being a topologically trivial bubble 

𝑄 = 0 to a topologically nontrivial skyrmion 𝑄 = −1 is clearly resolved in micromagnetic 

simulations. These simulations also show the important role of the formation of a skyrmion-

antiskyrmion pair and the subsequent annihilation of the antiskyrmion in forming an isolated 

individual skyrmion. The formation of the skyrmion-antiskyrmion pair is guaranteed by the 

topological conservation, while the antiskyrmion annihilation is due to the presence of the 

interface-induced isotropic DMI in our device, which only stabilizes the Néel-type skyrmions. 

Experimentally, in the device with a nonmagnetic point contact, we show skyrmions can be 

dynamically generated near the contact region. The skyrmion formation is directly related to 

the spatially divergent inhomogeneous current-induced SOT. We note that such a skyrmion 

generation mechanism is different from that reported in Ref. 6, where the skyrmion is created 
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based on the conversion between stripe domain walls and skyrmions. Since a nonmagnetic 

conducting Ti/Au electrode allows sufficient electric current to flow through, we further 

observed the spin-topology driven skyrmion dynamics, i.e., the skyrmion Hall effect. The 

observation of the skyrmion Hall effect can be well described by a modified Thiele equation 

in the presence of spatially divergent SOT. Our results could provide useful information for 

manipulating magnetic skyrmions in a controllable manner and for designing functional 

skyrmion devices that is based on the unique topological charge of magnetization textures. 
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FIG. 1. (a) Schematic illustration of the geometrically constricted HM/FM heterostructure 

device which is connected through a nonmagnetic electrode. (b) The normalized electron 

current density distribution in the HM layer. The arrow indicates the direction, and the color 

as well as the arrow size denote the density. (c) The corresponding spin current density 

distribution in the FM layer. The arrows represent the polarization direction of spin currents. 

The color and arrow size represent the magnitude of spin currents. 
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FIG. 2. Numerical demonstration of skyrmion generation enabled by inhomogeneous current 

induced SOTs around the nonmagnetic contact region. (a) Evolution of magnetization profile 

(upper panel) and the accompanied topological charge density profile (lower panel) as a 

function of time (t). In order to show the creation of skyrmions in detail, only the 

magnetization profiles in the region where the nucleation of skyrmion begins are shown. (b) 

The calculated time dependent topological charge (i.e., the skyrmion number Q) based on the 

varying magnetization configurations. The dashed line at 𝑡 = 1.5 ns indicates the switching 

of current from 6 MA cm-2 to 0.03 MA cm-2. The transition of topological charge from	𝑄 =

0 to 𝑄 = −1 is evident around 𝑡 = 1.7 ns. 
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FIG. 3. Time evolution of (a) skyrmion number Q, (b) total micromagnetic energy Etotal, (c) 

exchange energy Eex, (d) DMI energy EDMI, (e) anisotropy energy Ean, and (f) 

demagnetization energy Edemag in the skyrmion creation process. 
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FIG. 4. Sequential MOKE images driven by a train of voltage pulses showing continuous 

creation and the subsequent accumulation of skyrmions at lower side of the device, namely, 

the occurrence of skyrmion Hall effect. The experiment was performed under a perpendicular 

magnetic field 𝐵� = +0.5 mT. The applied voltage pulses are of +15 V in amplitude and 1 

ms in duration. 
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FIG. 5. A diagram of the skyrmion Hall effect for opposite sign of topological charge (𝑄 =

±1) and opposite direction of voltage/current polarity (±𝑗#). (a) −𝑗#  flows toward the −x 

direction with 𝑄 = +1 (𝐵� = −0.5 mT). (b) −𝑗#  flows toward the −x direction with 𝑄 =

−1(𝐵� = +0.5 mT). (c) +𝑗# flows toward the +𝑥 direction with 𝑄 = −1 (𝐵� = +0.5 mT). 

(d) 𝑗#  flows toward the +𝑥  direction with 𝑄 = +1  (𝐵� = −0.5  mT). These images were 

taken after applying 20 pulses of +15  V in amplitude and 1 ms in duration. Scale bar 

corresponds to 20 µm. 


