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Abstract

The effectivemanipulation of skyrmionmotion introduces the technologically relevant possibility of
skyrmion-based spintronics. Herewe showhow amagnetic skyrmion can be captured by a radially
spatial gradient of themagnetic field. A theoreticalmodel governed by the Thiele equation is employed
to study the skyrmionmotion. The analytical predictions are compared tomicromagnetic simulations
based on the Landau–Lifshitz–Gilbert equation, showing that the dynamic behavior of skyrmions
strongly depends on the gradient strength ofmagnetic fields as well as the radius of the skyrmion and
theGilbert damping factor.Moreover, wefind that the skyrmions can also be dragged by amoving
magnetic tip.

1. Introduction

Magnetic skyrmions, topologically stablemagnetization textures with particle-like properties, have recently
attracted great attention. Themagnetic skyrmions are fundamentalmagnetic structures that hold promise for
applications in spintronic devices; for example, functional skyrmion racetrackmemory [1–7]. In comparison
withmagnetic vortices [8–10] or bubbles [11], one of themost interesting characteristics of skyrmions is the
topological protection, whichmaintains the robustness with respect to the perturbations and disorder [12].
Moreover, the critical currents required tomove skyrmions are very small, typically a few 106 Am−2, which is
aboutfive orders smaller than the threshold of current-induced domainwallmotion [1]. To date, three different
types of skyrmions have been reported inmaterials with perpendicularmagnetic anisotropy (PMA): bubble
skyrmions [13, 14], nano-skyrmions [2, 15, 16], and dynamical skyrmions [17]. They are stabilized by different
mechanisms, as follows. (i)The bubble skyrmionswith a typical lateral size of the order of 1 μmare stabilized by
the competition between the PMAandmagnetostatics (i.e. long-range dipole-dipole interaction) [18]. (ii)The
nano-skyrmions have typical dimensions of few tens of nanometers, and are stabilized by PMA and the
Dzyaloshinskii–Moriya interaction (DMI) [19, 20]. (iii)The dynamical skyrmions can be stabilized by the PMA
and dynamics [17], withoutmagnetostatics orDMI.

Reliable control of skyrmionmotion is of great importance and interest. Previouswork has shown that the
motion of skyrmions can be driven by using spin-polarized current [21–26], magnetic field gradients [27, 28],
electric field gradients [29, 30], temperature gradients [27, 31, 32], magnons [33, 34], or spinwaves [35]. Among
these, themagnetic field gradients along the y-axis direction, as shown infigure 1(a), can induce aHall-like
motion of skyrmions, showing that in addition to themain velocity along the x-axis direction (vx) induced by the
magnetic field gradient, a slight transverse velocity can also be caused along the y-axis direction (vy) due to the
damping effect. Recently, a theoretical study on the dynamics of skyrmions driven by amagneticfield gradient
has been published [36], inwhich the skyrmion is considered as a soliton and its dynamics is analyzed by the
momentum calculation.

In this paper, we investigate the dynamics of skyrmions driven by amagnetic field gradient. The theoretical
predictions are verified bymicromagnetic simulations, showing howparameters such as gradient strength and

OPEN ACCESS

RECEIVED

29March 2017

REVISED

24May 2017

ACCEPTED FOR PUBLICATION

8 June 2017

PUBLISHED

8August 2017

Original content from this
workmay be used under
the terms of the Creative
CommonsAttribution 3.0
licence.

Any further distribution of
this workmustmaintain
attribution to the
author(s) and the title of
thework, journal citation
andDOI.

©2017 IOPPublishing Ltd andDeutsche PhysikalischeGesellschaft

https://doi.org/10.1088/1367-2630/aa7812
mailto:yaowen@tongji.edu.cn
https://doi.org/10.1088/1367-2630/aa7812
http://crossmark.crossref.org/dialog/?doi=10.1088/1367-2630/aa7812&domain=pdf&date_stamp=2017-08-08
http://crossmark.crossref.org/dialog/?doi=10.1088/1367-2630/aa7812&domain=pdf&date_stamp=2017-08-08
http://creativecommons.org/licenses/by/3.0
http://creativecommons.org/licenses/by/3.0
http://creativecommons.org/licenses/by/3.0


Gilbert damping affect the dynamical characteristics of skyrmions. Interestingly, we show that a radially gradient
magnetic field can be used to trap a series of skyrmions.

2. Analyticalmodel

As a simulationmodel, we consider aNéel-type skyrmion formed in the center-line of a nanowire, as shown in
figure 1(a). The spin dynamics of this system can be described by the Landau–Lifshitz–Gilbert (LLG) equation
[17, 37] including theDMI effect. TheDMI energy density is written as mD m m m ,z zi  ⋅ - ⋅ [ ( ) ( ) ] where
Di is the interfacial DMI constant. The applied spatially dependentmagnetic field at themass centerX= (X,Y) of
the skyrmion is

h grH 0, 0, sin , 10 j= +( ) ( )

where (r,j) are the local polar coordinates (seefigure 1(b)), h0 is the localmagnetic field at the center, and g is the
gradient parameter. Here, we consider the skyrmion as a rigid structure (without any orwith very slight structure
deformation). Thus the Thiele approach based on the course-grain approximation can be employed to
analyticallymodel the skyrmion dynamics [27, 35, 38–40]:

D VG v v X F X 0 2grad edge´ + -  + =


( ) ( ) ( )

where tv Xd d= is the instantaneous velocity of the skyrmion.G is the total gyromagnetic coupling vector. For

theNéel skyrmion, it has a z-component only G r m m m Wd 4Z x y
2ò p= ⋅ ¶ ´ ¶ =( ) , whereW is the skyrmion

number. For a single skyrmion,W 1.= - The second termdescribes the dissipative process and D

is the

dissipative tensorwhose elements are given by m mD D D rdxx yy x y
2òa= = = ¶ ⋅ ¶ [41, 42]. The force acting

on the skyrmion can be expressed as
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whereΘ andФ stand for the polar angle and azimuthal angle of the spinmoment in the standard spherical
coordinates, as shown infigure 1(c), and E is the Zeeman energy density. Fedge in equation (2) is the repulsive
force generated by the boundary of the sample. In this study, we consider that the skyrmion is far away from the
boundary of sample. Thus, the edge effect is ignored and Fedge≈ 0.

Figure 1. (a) Schematic diagramof a hedgehog (Néel-type) skyrmionmotion driven by amagnetic field gradient along a nanowire thin
film. Themagnetic field is applied in the direction perpendicular to thefilm plane and its gradient strength distribution is indicated by
the color bar, where the red denotes the+z-direction and the blue denotes the−z-direction. (b) Spatial coordinates (x, y) of the
nanowire and the local polar coordinates (r,f) of the skyrmion structure. (c)The local spherical coordinates ofmagneticmoment (Θ,
Φ).
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From equation (2)we can obtain an explicit solution for the skyrmion displacement driven by themagnetic
field gradient:

v
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where Fgrad,y is the y-component of the driving force. The subscriptedRSK indicates the area of the skyrmion.
Note that the displacement velocity of the skyrmion shown in equation (4) contains two components (vx and vy),
where vx is perpendicular to the field gradient and caused by the gyromagnetic force; vy is parallel to thefield
gradient and associatedwith theGilbert damping (that is, the dissipative force).

3. Simulation and results

The above theoretical predictions have been verified bymicromagnetic simulations based on the LLG equation.
The simulations are performed using the open-source simulation softwareMuMax3 [43].We consider a
ferromagnetic thin filmwith dimensions of 512× 512 nm2. Thefilm thickness is 2.0 nm. The following
parameters are used [35]:MS= 580 kAm−1 (saturationmagnetization),K1= 800 kJ m−3 (magnetic
anisotropy),Aex= 15 pJ/m (exchange constant),Di= 3.2 mJ m−2 (DMI), andα= 0.03 (Gilbert damping). In
our simulations, the sample is divided into 1024× 1024× 1 unit cells, corresponding to a cell size of 0.5× 0.5×

2 nm3, which is smaller than both theNéel exchange length A M2 8.42 nmNeel 0 S
2l m= =( ) and the Bloch

exchange length A K 4.33 nm.Blochl = = Aperiodic boundary condition in the x-direction is used. The
total simulation time is 50 ns. The displacement of the skyrmion is characterized by the position of skyrmion
centerX= (X,Y), which can be given by the distribution of the localmagnetization [11]:
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Figure 2(a) shows the simulated skyrmion velocity (vx and vy) as a function of the field gradients. Here the
velocity is numerically calculated by tv Xd d= and the gradient increases from0 to 0.18 mT nm−1.
Apparently, the simulation results (symbols) agreewell with the theoretical prediction of equation (4) (solid
lines), showing a proportional relation between the velocity and field gradient. However, the skyrmion statewill
be broken if themagnetic field is too strong [14]. It can be seen infigure 2(a) that the vx (perpendicular to the
magnetic field gradient direction) is positive while vy (along the gradient direction) is negative. vy is two orders
smaller than vxwhen theGilbert damping constantα is adopted to be 0.03. The influence of theGilbert damping
is shown infigure 2(b), where vx (black squares) is almost invariant for the small Gilbert damping factor
(α< 0.1)while vy (red circles) increases linearly with the damping factor. This feature can be explainedwell by
equation (4), inwhich vy is proportional to the dissipative factorD (related to the dampingα) and vx is
independent ofD. The ratio of velocity along the x- and y-directions is coincident with theHall-effect-like angle
tanΘH= vy/vx=−D/G, which stands for the deflection angle [40]. However, both vx and vy in the inset of
figure 2(b) show a nonlinear dependencewhenα is further increased from0.3 to 2.0.We attribute this nonlinear
decrease to the over-damping effect, which induces an inhibition contribution to the skyrmion’smovement.

Figure 2. (a)The dependence of skyrmionmotion velocity on the gradient strength ofmagneticfield at 0.03.a = The hollow symbols
are the simulation results. The solid lines are the analytical values from equation (4). (b)The velocity changeswith theGilbert damping
α. The inset shows the virtual change ofα at large scale from0 to 2.0.
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3.1. Radially spatial gradient ofmagneticfield

The skyrmionmotion triggered by the gradientmagnetic fields provide a potential approach to addressing
magnetic skyrmions. In the following, wewill showquite an interesting dynamics: a radial direction of the
magnetic field gradient can trap and capture skyrmions in a confined thinfilm structure. As an example, herewe
consider a square shaped confined structure with dimensions of 512× 512× 2 nm2. The discretized cell for
simulations is set to be 2× 2× 2 nm3. In the simulations, amagnetic skyrmion is nucleated at the ‘start’ position
marked infigure 3(a) using a localmagnetic field pulse (along the−z-direction). After that, an inhomogeneous
perpendicularmagneticfield is applied along the+z-direction. The inhomogeneous field has a radial direction
gradient with theminimumzerofield at the sample centermarked by a symbol ‘O’ and themaximumfield is
∼57 mT at the boundary of the sample. Correspondingly, the radial gradient strength is 0.175 mT nm−1. This is
a reasonable value which can be created by amagnetic tip with typical parameters (not shown). Under the action
of themagnetic field gradient, the skyrmion consequentlymoves toward the center of the sample along a
clockwise spiral trajectory, as shown infigure 3(a).

Figure 3(b) shows the evolution of the skyrmion velocity and the displacement d deviated from the sample
center pointO. It is interesting to note that the skyrmion isfirst accelerated and then decreases rapidly after its
maximumvelocity obtained at t= 2.4 μs. This acceleration behavior can be explained from the theory based on
equations (4) and (5). It is found that the radius of the skyrmion depends on the externalmagnetic field, which
can be derived from theminimum-energy principle: [35]

R
D

M H8 2K
7SK

i
2

0 s app 1

p
m p p

=
+

( )

whereRSK is the size of the skyrmion region, which increases with the decrease ofmagnetic fieldHapp and
anisotropyK1. This will enhance the integration value of equation (5) and further enlarge the velocity given in
equation (4). As a result, the skyrmion slightly accelerates, as shown infigure 3(b). In this simulation, the
gradientfield is not strong enough to change the skyrmion shape.

Interestingly, the sudden decrease in velocity is observed infigure 3(b) for t> 2.4 μs. At thismoment, the
periphery of the skyrmion starts crossing the sample center ‘O’ point. The velocity ismainly determined by the
force distribution calculated by equation (5). At themoment ‘A’, the skyrmion is far away from the sample center
(μ0H= 0) and the force F generated by themagnetic field is along the direction of the field gradient, as shown in
figure 3(c). In contrast, at themoment ‘B’, the force F1 generated in the left region of the solid line is pointing to
the right while the force F2 in the right region is pointing to the left, as illustrated infigure 3(d), here F2< F1. The
sumof the two forces results in a reduced driving force acting on the skyrmion particle. Consequently, the
skyrmionwill slow down and eventually stop at the sample center. This simulation suggests an effectivemethod
to trap or capture the skyrmions.

Figure 3. (a)Distribution of the gradientmagneticfields and the trajectory of skyrmionmotion.The two transient states atmoments
‘A’ and ‘B’marked in (a) are shown in (c) and (d), respectively. (b)Time dependence of the skyrmion velocity (red curve) and
displacement (black solid curve) apart from the sample centerO.
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3.2.Movingfield trap

Furthermore, we find that the skyrmion can be dragged by amovingmagnetic field trapwhich creates a radially
gradientmagnetic field. For that, we performed a series of simulations for the skyrmion driven by amoving trap
along the x-axis directionwith different velocitiesVtrap. The results are shown infigure 4, and supplemental
movie I is available at stacks.iop.org/NJP/19/083008/mmedia. In these simulations, we assume that the
magnetic field trap only acts on the regionwith a 30 nm radius (marked by the dotted circles) and the gradient
strength is 0.15 mT nm−1. The skyrmion center and the trapping center start from a same position. Due to the
active area of the trap beingmuch larger than the skyrmion size (RSK∼ 10 nm), the skyrmion is completely
captured by the trap at the initialmoment.When the trap of themagnetic field gradientmoves along the x-
directionwithVtrap= 1.1 m s−1, the result shows that the skyrmion can be dragged perfectly but its trajectory
behaves as a periodicmotion of parabola curves, as shown infigure 4(a). To gain insight into this parabolic
motion,figure 4(b) shows the relative position between the skyrmion and themagnetic field trap center at three
differentmoments (A, B, andC). In the beginning (moment ’A’), the skyrmion is behind the trap because vx
smaller thanVtrap. But the skyrmion speed (i.e. the normof its velocity vector, v v v 1.5 m sx y

2 2 1= + = - ) is

larger than that of the trap. Due to the spiralmotion of the skyrmion driven by a radially gradient fields, the vx of
skyrmion in region II offigure 3(a) is enhanced. As a result, the skyrmion is accelerated in the x-direction and
catches upwith the trap somewhere betweenA andB. After this, the skyrmion is located in region I offigure 3(a),
and vxwill decrease. Thus, themoving trapwill catch up and pass the skyrmion again, seemoment ‘C’ in
figure 4(b). Consequently, the skyrmion follows the periodicmotion of a parabolic curve, as shown infigure 4(a)
and supplementalmovie I.

However, when themagnetic field trap speed is increased to 1.5 m s−1, the skyrmion cannot catch upwith
the trap and it will stop somewhere, as shown infigure 4(c). In this case, the approach using themovingmagnetic
field trap to control skyrmionmotionwill be invalid. Figures 4(d) and (e) summarize the trajectories and the

Figure 4. Skyrmionmotion controlled by amoving gradient field trap along the x-direction at different constant velocitiesVtrap: (a)
Vtrap= 1.1 m s−1 and (c)Vtrap= 1.5 m s−1. The yellow curves indicate the trajectory of the skyrmion center. Thewhite dotted circles
indicate the active area ofmagneticfield trap. Two typicalmoments aremarked by ‘t1’ and ‘t2’. (b)The enlarged view of (a), showing
the relative position of the skyrmion center (the solid circles) and the trap center (the symbols ‘×’ ) at three differentmoments (A,B,C).
(d)Trajectories of skyrmion center at different trap velocities. (e)The transient velocity of skyrmion.
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transientmoving velocity of the skyrmion center at different speeds of the trap, showing that a critical speed of
themoving trap to drag the skyrmion persistently exists atVtrap∼ 1.2 m s−1.

4. Trappingmultiple skyrmions

Figure 5 shows a series of skyrmionswith different numbers of 2× 2, 3× 3, and 4× 4 trapped by the radially
gradientmagnetic field. In this case, all skyrmions are propelled by themagnetic field gradient towards the center
of the sample. Different from the case of an isolated skyrmion, a collision effect among the skyrmionswill occur,
but the particle-like skyrmions cannot be fused together due to the repulsive interaction between them.As a
result, a stable hexagonal distribution is eventually formed for these skyrmions, see figures 5(a)–(f) [44]. The
separation between two skyrmions is determined by the competition between the repulsive force and the driving
force from the gradient field [45]. The supplementalmovie II shows the trapping process of a group of 3× 3
skyrmions.

Finally, wewould like to point out that the trapping ofmagnetic skyrmions has attractedmuch attention
recently. Different techniques have been proposed, for example, using a hole (defect effect) [42, 46, 47] or electric
field gradient [30] to guide the skyrmionmotion.Herewewould like to point out that a radially gradient
magnetic fieldmay be generated by different experimental techniques, such as amagnetic tip or amagnetic dot
deposited on top of a thin film. For example, formagnetic forcemicroscopy, if themagnetic tip ismade of CoCr
material (MS= 80 kA/m)with a size of 40× 40× 80 nm3, our calculation shows that a radial gradient of the
magnetic fieldwithmaximumvalue of 0.5 mT nm−1 can be created (not shown), in whichwe assume that the
separation between the tip and the sample surface is 20 nm.Obviously, this gradient field can be used to trap the
skyrmions. In addition, the gradientmagnetic fieldmay also be created by a superconducting vortex system
[48, 49] or circularly polarized laser technique [18, 32, 50, 51].

5. Conclusion

In summary, we have investigated the skyrmionmotion triggered by amagnetic field gradient. The velocity of
skyrmionmotion is predicted analytically through theThiele approach, which agrees well withmicromagnetic
simulations. The skyrmion velocity increases almost linearly with increasedmagnetic field gradient. The
component of velocity along the x-axis direction is almost unchanged for the small Gilbert damping factor
(α< 0.1)while the y-component of the velocity slightly increases with the damping factor.More interesting is
that we have demonstrated a potential approach for trapping skyrmions using a radially spatial gradient of
magnetic fields. The skyrmions can also be dragged by amovingmagnetic tipwhich is used to create a radially
spatial gradient ofmagnetic fields.
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Figure 5.Capture ofmultiple skyrmions by a circularmagnetic field gradient. (a)–(c) show the initial state of skyrmion array. (d)–(f)
show the stable state obtained after some time.
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