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Abstract

We examine ac driven skyrmions interacting with the interface between two
different obstacle array structures. We consider drive amplitudes at which
skyrmions in a bulk obstacle lattice undergo only localized motion and show
that when an obstacle lattice interface is introduced, directed skyrmion trans-
port can occur along the interface. The skyrmions can be guided by a straight
interface and can also turn corners to follow the interface. For a square obstacle
lattice embedded in a square pinning array with a larger lattice constant, we
find that skyrmions can undergo transport in all four primary symmetry di-
rections under the same fixed ac drive. We map where localized or translating
motion occurs as a function of the ac driving parameters. Our results suggest a
new method for controlling skyrmion motion based on transport along obstacle
lattice interfaces.

Keywords: Skyrmion, Ratchet effects, Edge transport

1. Introduction

Skyrmions are particlelike magnetic textures that are stabilized by their
topological properties [IH3]. They have attracted growing interest as an in-
creasing number of materials have been identified in which skyrmions are stable
over an extended range of parameters, including at room temperature [4HI0].
Skyrmions also have interesting basic science properties as a representative ex-
ample of an emergent phenomenon in which the microscopic degrees of freedom
in the form of spins act collectively to form particle-like objects which in turn
experience competing interactions with temperature, disorder, other skyrmions,
and coupling to external drives. Due to their size, stability, and ability to be
manipulated with external drives, skyrmions are also very promising for appli-
cations such as magnetic based memory and logic devices [I1]. There have been
a number of proposals on how to create different types of devices for moving

Preprint submitted to Journal of Magnetism and Magnetic Materials April 9, 2024



skyrmions that interact with some form of nanostructured sample or pinning
array [9, [12HI6].

One of the properties of skyrmions that makes them distinct from many other
particlelike systems interacting with a substrate is that skyrmions have a strong
gyroscopic component to their motion in the form of a Magnus force [3] 17, [18].
The Magnus force generates a velocity component that is perpendicular to the
net force on the skyrmion, and tends to produce spiraling motion in the presence
of localized defects as well as a skyrmion Hall effect in which the skyrmion
moves at an angle with respect to an external drive [3, [I7H21]. When a moving
skyrmion interacts with a pinning site or barrier, the Magnus force can strongly
affect the skyrmion motion, resulting in a drive dependence of the skyrmion
Hall angle [T9H26], as well as acceleration effects or skyrmion deflection [27H30)].

For skyrmions interacting with a periodic array of pinning sites or obstacles
under a dc drive, the skyrmion Hall angle is not constant but increases with
increasing skyrmion velocity and exhibits a series of steps produced when the
skyrmion motion locks to symmetry directions of the substrate, followed by a
saturation at high velocities to the intrinsic or disorder free value [31H33]. When
combined ac and dc driving is used to move skyrmions over a periodic pinning
array, a variety of both directional locking and phase locking effects appear
[34, 35]. The phase locking effects resemble Shapiro steps in which the ac drive
frequency matches with the intrinsic frequency of the motion of the skyrmion
over the periodic substrate, leading to steps in the skyrmion velocity-force curves
[36, [37]. The Magnus force can generate additional features in the Shapiro steps
that are not found in overdamped systems such as superconducting vortices
moving over two-dimensional (2D) periodic pinning under dc and ac driving
38, 139].

Under purely ac driving, skyrmions interacting with a 2D periodic substrate
can pass through a series of localized and delocalized orbits as the size of the
orbit increases [40]. In the localized orbits, the skyrmion encircles or moves
through an integer number of pinning sites. For ac parameters which place
the skyrmion orbit at the boundary between two different stable commensurate
orbits, the motion is chaotic and the skyrmion diffuses through the system. It
is even possible in some cases to obtain directed skyrmion motion under purely
ac driving by using a biharmonic or circular ac drive to induce a ratchet effect
[34, [40]. In studies of skyrmions interacting with periodic obstacle arrays, the
directed motion has a fixed orientation if the ac drive amplitude and frequency
is held fixed [40]. For potential device applications, it would valuable to be able
to steer the skyrmions along a specified trajectory involving arbitrary directions
using only a single applied ac drive.

Here we demonstrate that steerable skyrmion motion can be achieved with
a single ac drive in a system where the skyrmions interact with an interface
between two different periodic obstacle arrays, as illustrated in Fig. We
specifically show that the skyrmion can move along the interface and turn cor-
ners, allowing controlled motion of the skyrmion in all four lattice symmetry
directions. The motion along the interface is quantized, and a single interface
can produce different modes of motion as the ac drive parameters are varied.
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Figure 1: Image of a system containing a square array of larger obstacles (large circles) with
radius RY = 0.85 set inside a square array of smaller obstacles (small circles) with radius
RS = 0.45. Both arrays have the same lattice constant. The black line indicates a trajectory
of a skyrmion trapped in the larger obstacle array under a circular ac drive Fac x4y -

In some cases the skyrmion remains locked along the interface and follows the
edges, while in other cases the skyrmion can travel along a single straight in-
terface but decouples from the interface upon reaching a corner. The skyrmion
motion we observe is similar to the edge transport phenomenon found in col-
loidal topological insulators [41], where particle transport can occur along the
interface between two different substrate geometries. Our results show that
skyrmion edge transport can be realized and that it represents a new method
for controlling and steering skyrmion motion to create new types of devices.

2. Simulation

We consider a 2D system with periodic boundary conditions in the z and y
directions. The sample contains two periodic arrays of obstacles with identical
lattice constant a but varied obstacle radii RZ (for the large obstacles) and RS
(for the small obstacles). We introduce a single skyrmion near the interface edge
or in the bulk and drive it with a circular ac force. The skyrmion dynamics
is modeled using the modified Thiele equation approach as in previous work
[19, 26 [31], [33], where the equation of motion for the skyrmion is:

QAgV; + Qi X v; = F‘i’bs + F*°. (1)

Here a4 is the damping term which aligns the skyrmion velocity in the direction
of the external forces, while «, is the Magnus force which creates a velocity



component perpendicular to the forces on the skyrmion. We set afl +a2, =1.
In the absence of pinning or obstacles and under a dc drive, the skyrmion would
move at an angle known as the skyrmion Hall angle, 05, = arctan(cu, /ag)

The force between an obstacle and the skyrmion is given by F¢b = —VU, =
fFOrioe*(”D/ao)zf'm , with F, = 2U0/R§. The potential energy of the obstacle
is U, = Coe_(’"io/ao)z, where C, is the strength of the obstacle potential, 7;,
is the distance between skyrmion i and obstacle o, and R, = R or RS is the
obstacle radius. We fix RL = 0.85 and RS = 0.45. For computational efficiency,
we cut off the obstacle interaction beyond r;, = 2.0 since the interaction is
negligible for larger distances. We set the obstacle density to p, = 0.093 and
use a total system size of 72 x 72. The sample contains two different obstacle
lattices which have the same lattice constant but different obstacle radii. In
Fig. [[] we show an example in which the larger obstacles are embedded into
a square region of the smaller obstacle lattice. We can also place one size of
obstacle in each half of the sample to create a pair of one-dimensional (1D)
interfaces, as in Fig. The skyrmion couples to a biharmonic ac drive of the
form F* = Asin(wt)X + B cos(wt)y, where in this work we set A = B. The
ac drive frequency w is measured in inverse simulation time steps. We measure
the normalized average skyrmion velocity in the = direction, (V) = (v; - X)/wa,
and in the y direction, (V) = (v; - §)/wa. Under this normalization, a value
of (V) =1 ((V) = 1) indicates that the skyrmion is moving by one lattice
constant in the x (y) direction during each ac drive cycle. We increase the ac
drive amplitude A in small steps of §4 = 0.002 and wait 10° simulation time
steps between increments.

3. Transport Along a 1D Interface

We first consider a skyrmion interacting with a 1D interface as shown in
Fig. We can place the skyrmion within the middle of one of the obstacle
lattices or along the interface. In Fig. [2| the small obstacles are in the upper
portion of the sample, the large obstacles are in the lower portion of the sample,
m/ag = 0.45, and w = 1 x 107>, If the skyrmion interacts with only one size
of obstacle, it undergoes either localized motion or chaotic delocalized motion
but shows little to no directed transport. When the skyrmion is placed near the
interface for ac drive amplitude A = 0.1, as in Fig. a), it moves in a periodic
orbit around a single obstacle. If the particle is placed on the other side of
the interface, it again forms a localized orbit which either circles one obstacle
or follows a closed path between adjacent obstacles. If the drive amplitude is
increased to A = 0.4, as in Fig. b)7 the skyrmion follows a localized orbit that
encircles four obstacles. Depending on the initial placement of the skyrmion,
there can be an initial transient of chaotic motion, but the skyrmion quickly
settles into a localized state for this value of A. It is also possible for the
skyrmion to exhibit chaotic motion on one side of the interface but to settle
into a localized orbit once it migrates to the other side of the interface. In
Fig. ) we show the formation of a translating orbit at A = 0.5 where the
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Figure 2: Obstacle locations (circles) and skyrmion trajectory (lines) in a system with a 1D
interface between the large and small obstacles at am/ag = 0.45 under a circular ac drive
of frequency w = 1 x 107° and amplitude A. (a) At A = 0.1 the motion is localized. (b) A
larger localized orbit at A = 0.4. (c¢) A = 0.5 where the skyrmion translates in the positive
z-direction by 2a during every ac cycle. (d) At A = 0.77, there is another translating orbit
where the skyrmion moves a distance a in the positive z direction every ac cycle.
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Figure 3: (V) (black) and (V},) (red) vs A for the system in Fig. 2] with am /g = 0.45 and
w =1x 10~°. Here there are several regions where (V) = 1.0 or 2.0, indicating translating
orbits.

skyrmion moves a distance 2a in the positive x direction during every ac drive
cycle. Figure (d) illustrates another translating orbit at A = 0.77, where the
skyrmion moves a distance a in the positive positive z-direction per ac drive
cycle.

In Fig. We plot (V) and (V,,) versus ac amplitude A for the system in Fig.
Here (V) =~ 0 for all A since transport can occur only parallel to the interface,
which is aligned in the x direction. The skyrmion can translate in either the
positive or negative x direction. When 0.425 < A < 0.75, the skyrmion moves
along the interface a distance a in the negative x direction during each ac drive
cycle, while for 0.475 < A < 0.51, the skyrmion translates in the positive x
direction by 2a during each cycle. There are also several other windows in which
the skyrmion translates by a or a/2 in the positive or negative x direction. If
the ac drive polarity is reversed, we obtain the same curves shown in Fig. |3| but
with the y-axis flipped. The directed motion occurs along the interface due to
a combination of the broken time symmetry from the ac drive and the broken
spatial symmetry of the interface, which produces a ratchet effect. It was shown
in previous work that when a particle is interacting with a periodic substrate,
directed motion can occur in the absence of an interface if the ac drive itself
breaks spatial symmetry, as can be achieved with biharmonic driving of mixed
drive amplitude or frequency [42]. In the case we consider here, the ac driving
is spatially symmetric, but when one portion of the skyrmion orbit is on one
side of the interface and the other portion of the orbit is on the other side of
the interface, the orbit becomes asymmetric and the ratchet effect can occur.
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Figure 4: (V) (black) and (V) vs A for the system in Fig. [2| with w = 1 x 1072, (a)
am/ag =1.732. (b) am/ag = 9.962, where extended windows of directed motion appear.

In Fig. |4 we plot (V) and (V,) versus A for the same system as in Fig.
but with a stronger Magnus force component of v, /ag = 1.732 [Fig. [f{a)] or
am /g = 9.962 [Fig. b)] For a, /g = 1.732 in Fig.a), there are some small
regions of directed motion, while for a,,/aq = 9.962 in Fig. [d(b), the directed
motion regions are more extended. In Fig. a) we illustrate the skyrmion
trajectories for the system in Fig. a) at A = 0.22, where the skyrmion starts
at the edge of the interface and exhibits a short time transient translation in the
small obstacle region before undergoing delocalized motion in the large obstacle
region. In this case there is some translation in the positive = direction but
the overall motion is a mixture of localized, chaotic and translating orbits. The
skyrmion eventually becomes localized in the small obstacle region. Figure b)
shows the trajectory for the same system at A = 0.534, where the skyrmion
forms a translating orbit moving a distance a in the positive = direction during
each drive cycle. In Fig. (c) we plot a delocalized orbit for the system in
Fig. [{b) with c,,/aq = 9.862 at A = 0.382, while Fig. [fd) shows the same
system at A = 0.6 were the skyrmion moves in a complex orbit at the edge of
the interface that translates a distance a in the positive x direction during each
ac cycle. In general, as «,,/aq increases, the non-translating states take the
form of chaotic or delocalized paths rather than closed localized orbits.
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4. Guided Transport Along Corners

Now that we have established that skyrmions can undergo directed trans-
port along a straight interface, the next question is whether the skyrmion can
continue to follow an interface that changes direction or has a corner or even
multiple corners. If so, it would be possible to guide a skyrmion along complex
interface geometries in order to achieve various types of devices. To examine this
question we consider the geometry illustrated in Fig. |1 where the large obstacles
are placed in a square region in the center of the small obstacle lattice. In Fig. [f]
we show some representative orbits for the system in Fig. [I| with o, /aq = 0.45
and w = 1 x 107%. Localized orbits appear in Fig. @(a) at A = 0.1 and in
Fig. [6{b) at A = 0.2. A localized orbit forms in the small obstacle region at
A =0.4in Fig. @(c) At A = 0.47, a sample with a 1D interface has a translating
orbit with motion in the positive x direction. In Fig. @(d), the skyrmion is able
to follow the interface at A = 0.47 and turn at all four corners, forming a large
scale clockwise orbit along which the skyrmion moves by a distance 2a during
every drive cycle. Figure |§|(e) shows a localized orbit encircling 23 obstacles
at A = 0.66. In Fig. |§|(f) at A = 0.86, another large scale interface-following
translating orbit appears which is wider than the orbit shown in Fig. @(d)

In Fig. [7] we plot (V;) and (V,) for the system in Fig.[6] Unlike the case for
motion along a 1D interface, there are now finite velocity components in both
directions. Since the skyrmion is changing directions as it translates, the velocity
components do not show the smooth steps found for the 1D interface motion;
however, the regions where translation occurs are marked by large fluctuations
or oscillations in (V) and (V). There are several intervals of A in which the
skyrmion undergoes transport along the interface. There are also some intervals
in which the skyrmion translates along straight portions of the interface but
cannot turn a corner, so that the skyrmion motion becomes delocalized once
the corner is passed.

In general, the values of ., /a4 and A at which directed motion can occur
along a 1D interface are the same as the values at which the skyrmion can move
along an interface and turn a corner; however, the interval of A over which the
corner-turning behavior appears is somewhat reduced compared to the interval
in which 1D translation appears. We show an example of this in Fig. a) at
A = 0.886 for a system similar to that in Fig. [6] but for a higher frequency
of w = 2 x 107°. In this case, the skyrmion motion is chaotic in the region
of small obstacles, but the skyrmion can follow the interface along a straight
line. It cannot, however, turn the corner, so the motion becomes delocalized
again once the skyrmion reaches the right edge of the large obstacle region.
Figure b) shows the same system at A = 0.894 where the skyrmion can now
turn the corners. As A is increased, we find additional regimes in which the
skyrmion can only move linearly along one side of the interface before returning
to a delocalized or localized state after passing the corner of the large obstacle
region.

For fixed w, as o, /a4 increases we find a regime in which the skyrmion can
traverse the interface and turn corners yet has a partially stochastic component
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Figure 6: Obstacle locations (circles) and skyrmion trajectories (lines) for the system in
i with aum/ag = 0.45 and w = 1 x 107°. (a) A localized orbit at A = 0.1 which encircles
no obstacles. (b) Another localized orbit at A = 0.2 which encircles a single obstacle. (c) A
localized orbit at A = 0.4 in the small obstacle region which encircles 12 obstacles. (d) At
A = 0.47, the skyrmion can translate along the interface and move around all four corners to
form a large scale clockwise moving orbit. (e) At A = 0.66, the skyrmion is localized again.
(f) At A = 0.86, another translating orbit appears.
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Figure 7: (V) (black) and (V},) (red) vs A for the system in Fig. [f] with am /g = 0.45 and
w = 1x1075. The regions in which oscillations appear in (V) and (Vy) correspond to regions
in which the skyrmion is translating around the interface.
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Figure 8: Obstacle locations (circles) and skyrmion trajectories (lines) for a system similar
to that in Fig. |§|With am/ag = 0.45 but at w = 2 x 107°. (a) At A = 0.886, the skyrmion
can translate linearly along the interface but cannot turn a corner. (b) At A = 0.895, the
skyrmion can both translate and turn corners.
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Figure 9: Obstacle locations (circles) and skyrmion orbits (lines) for a system with o, /og =
1.732 and w = 1 x 1075, (a) Localized motion at A = 0.06. (b) At A = 0.074, there is
stochastic motion in the bulk but no translation. (c) At A = 0.246 there is interface motion
with intermittent chaotic intervals. (d) A localized orbit at A = 0.33. (e) A translating orbit
at A = 0.38. (f) A translating orbit at A = 0.532. (g) A localized orbit at A = 0.74. (h) A
translating orbit at A = 0.838.
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Figure 10: Obstacle locations (circles) and skyrmion orbits (lines) for a system with am /ag =
9.962 and w = 1 x 1072, (a) A localized orbit encircling four obstacles at A = 0.03. (b) A
localized orbit encircling nine obstacles at A = 0.1. (c¢) At A = 0.324, the skyrmion jumps
between chaotic motion in the bulk and translating motion along the interface. (d) At A = 0.34
there is chaotic motion in the bulk but no edge transport.

to its motion. In Fig. Eka) we illustrate the localized orbit that forms for a
system with a,,/aq = 1.732 at A = 0.06. In the same system at A = 0.074,
Fig. [9(b) shows that the skyrmion undergoes chaotic motion in the center bulk
region but there is no directed motion. In Fig. |§|(C) at A = 0.246, directed
motion occurs along the interface but there are intermittent windows of chaotic
motion, reducing the efficiency of the transport to a distance of much less than a
per ac drive cycle. Figure Ekd) shows a localized orbit at A = 0.33. In Fig. @(e),
there is a strongly translating orbit at A = 0.38. Another translating orbit at
A = 0.532 appears in Fig. [)[f). In Fig. [0)(g) we illustrate a localized orbit at
A = 0.74 that encircles 52 obstacles, while Fig. Ekh) shows another translating
orbit at A = 0.838.

For even higher values of a,,/aq, chaotic motion becomes more prevalent.
In Fig. a,b) we show the trajectories for a system similar to that in Fig. El
but at a,,/aq = 9.962 for A = 0.03 and A = 0.1. The orbits are localized
and the skyrmion encircles four and nine obstacles, respectively. For larger A,
chaotic motion in the bulk accompanies transport along the edges, as shown
in Fig. c) at A = 0.324. Here the skyrmion undergoes stochastic motion
in the bulk but performs directed transport along half of the interface before
reentering the bulk region and returning to a stochastic trajectory. For long

13
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Figure 11: (V) (black) and (V4) (red) vs A for the system in Fig. [10| with aym/ag = 9.962
and w = 1 x 107°. Regions in which (V) and (V;) are oscillating correspond to directed
transport around the interface.

times this pattern repeats itself. In Fig. d) we plot the trajectory at A = 0.34
where the motion is chaotic in the bulk but no edge transport occurs along the
interface. In Fig. [L1| we plot (V,) and (V) versus A for the system in Fig.
showing that there are numerous regions where strong oscillations of the velocity
appear, corresponding to intermittent transport along the interface or ordered
motion in the bulk. There are several regions of localized motion in which
(Va) = (V) =0,

5. Discussion

A recent study showed directed motion for particles interacting with a peri-
odic lattice substrate in what are called colloidal topological insulators [41], [43].
Here, a colloid driven in a circular or closed orbit can exhibit directed transport
when interacting with the interface between two different types of substrate lat-
tices. Our results suggest that if a group of skyrmions is interacting with an
interface in a substrate, various types of edge transport modes could occur that
would create a version of a skyrmion topological insulator in which skyrmion
motion would not occur in the bulk but could appear along the edge. Regarding
possible collective effects, if the number of skyrmions is low we would expect be-
havior similar to that described in this work; however, if two or more skyrmions
are close together, they could form a more complex orbit and move as a group
along the edge. Since the number of degrees of freedom in such a translating
object is higher, it is possible that a variety of fractional motions could occur
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and that groups of skyrmions could form a composite skyrmion state. We have
only considered the case in which the lattice constant is the same but the size
of the obstacles is different in the two lattices. It would also be interesting
to consider an interface between two different types of lattices, such as square
and triangular, or between two lattices with different lattice constants. Our
particle-based approach neglects the internal modes of the skyrmions, and has
been shown to produce various types of ratchet effects for skyrmions interact-
ing with asymmetric substrates [44] [45]. In continuum models which include
skyrmion breathing modes, new types of ratchet effects can occur even in the
absence of a substrate [40, 47]. This suggests that when internal modes are
taken into account, there could be additional ways in which the skyrmion could
translate along the interface, and that there could also be additional methods of
driving the system such as with an oscillating magnetic field which could change
the size or shape of the skyrmion as a function of time. There is also the ques-
tion of thermal effects which could induce phase slips in the directed transport.
Currently the closest geometry to the system we study is skyrmions interacting
with antidot lattices such as those recently fabricated in Ref. [48]. Using this
technique it would be possible to make a sample with a fixed substrate lattice
constant but different antidot sizes in different regions.

6. Summary

We have examined skyrmion transport under circular ac driving along an
interface between two different obstacle arrays which have the same lattice con-
stant and different obstacle sizes. In the absence of an interface, there is no
directed transport. Inclusion of the interface produces an additional spatial
symmetry breaking that allows the skyrmion to translate along the interface
due to a ratchet mechanism. As a result of the periodicity of the lattice, the
skyrmion moves an integer or rational fractional number of lattice constants per
ac drive cycle. In addition to linear transport along a 1D interface, we show
that the skyrmion can turn corners in order to follow the interface and that
motion in all four lattice symmetry directions can be induced with the same
ac drive, suggesting that new types of skyrmion based devices could be created
by having the skyrmion interact with interfaces. Our results are similar to the
motion found for ac driven colloids in what are called colloidal topological in-
sulators, where the colloids can undergo transport along the interface between
two different types of substrate lattices.
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