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The ratchet motion of magnetic skyrmions driven by microwave magnetic fields, with the motion direc-
tion and speed tunable by field parameters, provides a promising route to drive magnetic skyrmions in
materials with poor conductivity. However, as an indirect motion, skyrmion ratchet-motion speed is gen-
erally low in comparison with the direct motions driven by currents. Toward practical applications, it is
necessary to ask if there are mechanisms to realize ultrafast ratchet motion of magnetic skyrmions and
how such a motion can be integrated into racetrack-type skyrmion devices. In this work, we explore the
effects of defects and edges on the ratchet motion of magnetic skyrmions under time-varying magnetic
fields in GHz. We demonstrate that the ratchet motion of skyrmion is not only guided along the defect
tracks or edges, but also with a remarkable speed up (with a factor over 10) compared with that in the bulk
region. The skyrmion ratchet-motion speed reaches 100 m/s along a straight defect track and edge and
10° rad/s along a circular edge under a field of approximately 50 mT, comparable to those direct motions
driven by currents. Moreover, the skyrmion ratchet motion along the defect track or edge can be facilely
controlled by the field and defect parameters. Analysis based on the time-averaged Thiele equation of
skyrmion verifies that such a speed-up effect is due to the increased time-averaged driving force perpen-
dicular to the skyrmion motion when it approaches the defect track or edge, analogous to that discovered
in direct motions driven by currents. The generality of our conclusions has been examined for the ratchet
motion of Bloch and Néel-type skyrmions driven by a variety of time-varying magnetic fields, and for
systems with open edges or defect tracks with modified Dzyaloshinskii-Moriya or exchange interactions

and anisotropy.
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L. INTRODUCTION

Magnetic skyrmions are a kind of particlelike chiral spin
structures with a nontrivial topological feature (i.e., can-
not be continuously “unwound” to a ferromagnetic or other
magnetic state). They resemble magnetic vortices and bub-
bles in many aspects but can have a much smaller size
down to several nanometers [1-3]. Magnetic skyrmions
have been experimentally observed in both metallic and
poorly conductive materials with Dzyaloshinskii-Moriya
(DM) interaction, caused by a breaking of inversion sym-
metry in the crystal lattice [4-9] or nearby the interfaces
[10—16]. Their relatively small sizes, robust metastability,
as well as the intriguing dynamics and transport properties
under external sources, make magnetic skyrmions appeal-
ing building blocks in ultradense information storing and
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processing devices. Particularly, the concepts of racetrack-
type devices are improved by skyrmions, and the threshold
current to displace magnetic skyrmions is rather low com-
pared with magnetic domain walls, implying the potential
of developing highly energy-efficient devices.

An in-depth understanding of skyrmion motion charac-
teristics is crucial for their promising applications. It is
a well-known fact that magnetic skyrmions can be dis-
placed, e.g., by spin-polarized currents via the spin-transfer
torque (STT) or spin-orbit torque (SOT) applicable for
metallic systems [17—19], and by field or field gradients in
the absence of spin torques from the conduction electrons
applicable for both metallic and insulating systems [20—
28]. The nontrivial topology of skyrmions manifests itself
in the motion known as the skyrmion Hall effect (SKHE)
[29,30], a reverse effect of the topology-induced emergent
fields acting on conduction electrons and magnons. The
SKHE would drive skyrmions to the edges of the system
and causes possible annihilation, limiting the maximum
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velocity of skyrmion. Meanwhile, when skyrmion is mov-
ing along the edge, a speed-up effect occurs due to the
repulsive force of the edge [31,32]. So far, a lot of efforts
have been paid to pursue high-speed and controllable
motion of skyrmions. In particular, researchers have pro-
posed the use of racetrack-type structures (e.g., narrow
stripes with natural edges or defect tracks with differ-
ent anisotropy, DM or exchange interactions from those
of the surroundings) to guide the motion of skyrmion
[18,19,32-35]. With the further use of antiferromagnetic
bilayer structures [36], low-symmetry heavy-metal sub-
strates [37] or ferrimagnetic materials [38], the SKHE can
be largely suppressed and the speed limit in skyrmion race-
track devices driven by currents can be overcome by a
factor of 10 [37].

While the academic focus has been put on the direct
motion of skyrmion driven by time-unvarying sources,
some works have shown that a net motion of skyrmion can
also be realized by indirect motions under time-varying

sources [25-27,39—41]. Such motions, occurring in sys-
tems with space or time asymmetries, are relevant to gen-
eral kinds of transport phenomena of solitons, named the
ratchet effect. Remarkably, both the speed and the direc-
tion of the skyrmion ratchet motions under time-varying
magnetic fields can be tuned by the field parameters
[26,41]. This indicates a general and feasible strategy to
drive skyrmions in both conductive and insulating mate-
rials. Particularly, magnetic insulators that host skyrmions
(e.g., Cup0Se0; and Y3Fes0y,) are attractive since they
have very low damping and allow long-distance infor-
mation transmission free of Joule heating. The skyrmion
ratchet motion driven by magnetic fields provides a way
to transport the skyrmions in magnetic insulators, where
current driving is not favored. Nevertheless, being an
indirect motion, the skyrmion ratchet-motion speed is gen-
erally low compared with the direct motions driven by
currents, despite the fact that a relatively fast ratchet
motion can be realized via a trade-off of stability for
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FIG. 1. Schematic illustrations of the physical model and the basic idea of defect-induced ultrafast ratchet motion of skyrmion
under time-varying magnetic fields. Analogy to other soliton systems, both Bloch and Néel-type magnetic skyrmions will
be driven into ratchet motions by time-varying forces with temporal asymmetry, e.g., in-plane biharmonic magnetic fields
H.(t) = Hy[sin(mwft) + sin(nwt + ¢)] with m and n being two coprime integers and m + n being odd, or in-plane pulsed magnetic
fields with positive pulses and negative pulses in different magnitudes or widths. In the bulk region (i.e., free of defects or edges),
the speed of such ratchet motions is relatively low, though a continuous control of speed and direction of such ratchet motions can be
achieved by tuning the field parameters (e.g., the frequency w, phase ¢ and strength H of the biharmonic field, width of the pulsed
field, etc.). When the skyrmion approaches a defect track (with a different DMI, exchange or anisotropy from that of the bulk region) or
an edge, it will be guided along the defect track or edge and the skyrmion ratchet motion exhibits a remarkable speed up in comparison
with that in the bulk region, due to the remarkably increase of the time-averaged driving force perpendicular to the skyrmion motion
when it approaches the defect track or edge. Furthermore, the skyrmion ratchet-motion speed and direction along the defect track or
edge can be facilely controlled by the field and defect parameters.
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speed (e.g., by increasing the driving-field strength or set-
ting the driving-field frequency close to the resonance
frequency of skyrmion [26,41]). At present, strategies to
efficiently drive magnetic skyrmions in poor conductive
materials are still lacking. Toward practical applications,
it is necessary to ask if there are mechanisms to real-
ize ultrafast ratchet motion of skyrmions and how such
a motion can be integrated into racetrack-type skyrmion
devices.

Based on massive micromagnetic simulations and ana-
lytical modeling, this work explores the effects of defects
and edges on the ratchet motion of magnetic skyrmions
driven by gigahertz magnetic fields and demonstrates
a general mechanism of ultrafast ratchet motion (over
100 m/s under a field of approximately 50 mT) of magnetic
skyrmions via defect engineering. The physical model and
the basic idea of defect-induced ultrafast ratchet motion
of skyrmion are schematically illustrated in Fig. 1. We
consider a ratchet motion of skyrmion driven by GHz
magnetic fields with a temporal asymmetry [41], but
our conclusions should not be limited to such a ratchet
motion. Two types of driving fields with a temporal asym-
metry are focused: in-plane biharmonic magnetic fields
H.(t) = Hy[sin(mwf?) + sin(nwt + ¢)] with m and »n being
two coprime integers and m + n being odd, and in-plane
pulsed magnetic fields with positive pulses and negative
pulses in different magnitudes or widths. Due to the tem-
poral asymmetry of the driving fields, skyrmion can be
driven into a net motion even though the time average of
driving fields is zero and the system is without any space
asymmetry. In the bulk region where the skyrmion is far
away from defect tracks or edges, the skyrmion would
show ratchet motions with a relatively low speed compared
with that near the defect tracks or edges [41]. When the
skyrmion approaches a defect track or an edge, it will be
guided along the defect track or edge and the skyrmion
ratchet motion exhibits a much larger speed than that in
the bulk region. Analogous to the mechanism discovered
in direct motions driven by currents [31,35], the speed-up
effect of skyrmion ratchet motion can be explained by a
repulsive effective driving force (in a time-averaging view)
subjected by the near defect track or edge. We show that
the skyrmion ratchet-motion speed and direction along the
defect track or edge can be facilely controlled by the field
and defect parameters. Our conclusions are general for the
ratchet motion of Bloch and Néel-type skyrmions driven
by time-varying magnetic fields in systems with open
edges or defect tracks (i.e., with modified Dzyaloshinskii-
Moriya or exchange interactions and anisotropy). The
reported ratchet motion of skyrmion driven by magnetic
fields thus may provide an energetically efficient method
to control skyrmions because the spin waves (magnons)
in an insulating system cause only negligible Joule heat
loss compared with the current-driven approach in metallic
systems.

II. METHODS

A. Micromagnetic simulation

Based on a Heisenberg model on a two-dimensional
(2D) square lattice, we write the following effective Hamil-
tonian of a chiral magnet as [42]

H(ml) =—-J Z m; - m;

<ij>
—-D (Z m; X m;e - éx + Zm,- X m,'_;,_ey . éy)
i i
— Y H(®)-m; — Km?, (1)
i

where m; is the magnetization vector at site i, J is the
Heisenberg exchange coefficient, D is the DM interaction
coefficient, K is the anisotropy constant, and H(¢) = Hy +
h(?) is the external magnetic field, which is the sum of a
constant field normal to the plane Hy=(0, 0, H.) and a
time-varying in-plane field h(?).

The dynamics of skyrmion is captured by solving the
stochastic Landau-Lifshitz-Gilbert (LLG) equation,

dm,~

A (HET L | dm;
= Hmdei+h0m+W(mx w) @

or in the equivalent form,

dm; _ 14
& a2 +1
x {m; x [H" + L(0]}), A3)

(m; x HT 4+ LA(H)] + am;

where y = gup/h is the gyromagnetic ratio, o is the
Gilbert damping coefficient, H™ is the effective magnetic
field given by HS™ = —37H /dm;, and LA (¢) is the stochastic
field caused by the effects of a thermally fluctuating envi-
ronment interacting with m;. L? () satisfies (Lfl (t)) = 0 and
<L,ﬂﬁ (z)L;}(s)> = akgTy~'m~'8;64,8(t — 5), where § and
A are Cartesian indices, T is temperature, kp is the Boltz-
mann constant, and m = |m;| = |gug|/a® is the norm of
the magnetization vector.

Numerical simulations based on the stochastic LLG
equation are performed via an explicit Euler iteration
scheme. The size of sample systems is fixed to be
128 x 128 sites under the periodic boundary condition. In
the bulk region, the Heisenberg exchange J is taken to be
J/kg =50 K [22], the strength of the DM interaction coef-
ficient is D = 0.15J, and the anisotropy constant K is taken
to be zero. The spin turn angle 6 in the helical structure is
approximately 6° as determined by 0 = arctan[D/ (V2J )]
[42]. The Gilbert damping coefficient « is taken to be 0.1.
The external magnetic field normal to the plane is fixed to
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be H, =10.015 in units of J /(g ), which is approximately
0.16 T for g equal to 6.74. The time step is taken to be 0.01,
in units of 4/J, which is approximately 1.5 fs. In the main
text, the time is expressed in the reduced form 7= t/7,
with 7 being 10*h/J ~ 1.5ns. To first obtain the steady
skyrmion, the magnetic structure of the spin-lattice system
is initially set with a downward magnetization in the center
region and with an upward magnetization elsewhere and is
relaxed over a sufficiently long time (>1 ns).

To characterize the skyrmion, we calculate the topolog-
ical charge density,

1
g=-—m

P (3xm x 0, m) 4)

as defined in the continuous form. The total topological
charge is then given by

0= /qudy. (5)

And the position of skyrmion R =
mined by

(x¢,yc)can be deter-

dxd dxd
o L DR

B. Analytical model of skyrmion ratchet motion

Consider the steady ratchet motion of skyrmion driven
by a periodically oscillating magnetic field. In this case,
the skyrmion deforms dynamically, and the conventional
Thiele equation based on the rigid-particle model needs to
be modified. Following the idea of previous works [22,25],
we separate the magnetization field of a skyrmion into a
slowly varying part and fast varying part,

m(r,) = mg + n, @)

where my is the slowly varying part and n is the fast vary-
ing part related to the spin waves (magnons) dynamics,
respectively. For simplicity, we make approximations on
my and n that my = (m(r,?)), (n) =0, with () denoting
time averaging over a period. Hence, my is the time aver-
age of the skyrmion magnetization over a period. The time
dependence of my captures the net motion of skyrmion,
and is related to the time average of the skyrmion position
(R(?)) and the time-averaged skyrmion velocity v = (R) as
my=mg [r — (R(#))] and myg = —(v - V)my.

Substituting the above m(r,?) into the LLG equation
[see Eq. (2)], one obtains

—(v-V)mg+n=—ym X Heg + a(my + n)
X [—(v-V)mg + n]. (8)

Multiplying myg - [(9mg/dx;)x on all the terms of the
above equation gives

d a
—mO'[%x(v-V)mo}—l—mo-(ﬁxﬁ)
X

i ox;

omy
=—ymg - [8_ x (m x Heff)]

—amgy-{ —— x [mg x (V- V)mO]}

+ amy - (— X {n x[—(v- V)mo]}>

+o¢m0-|:—0x(mxr'1):|. 9
axi
By defining
m omg 0mg omy o0mg
= = x—),my-[— x — ), m
& "oy az )00 oz ax )
0 0
(9o O (10)
ox ay
and
dy din dis s
T = dy dp dp|, dj=«a g@k (;nék- (11)
dy1 dyn  ds X 0%

Equation (9) can be further written as

<« omg
gxv+ d -v=—ym- T X (m x Hef)
X,

i

—mMy-| — XN
axi

Bmo
+ amyg - a—x{nx

i

[—(v- V)mo]}>

omg )
+ amy - [W X (m X n)] . (12)

The time averages of those terms related to n and n in the
above equation can be neglected. This leads to

<> omy
gxv+ d -V=—<ym0- [8— X (mXHeﬁ‘):|>.
(13)

By integrating all the terms of Eq. (13) with space coordi-
nates, one finally obtains

Gxv+ D -v=F. (14)
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The effective force is defined by

Bmo
F; = / —ymg - <8_ X (m x Heff>) dav, (15)

Xi
where

(m x Heg)
~ (Amo X V2m0 — Dmy x (V x mgy) +mgy x H)

+{An x V’n— Dn x (V x n) +n x h(®)). (16)

One can see that the effective driving force is mainly
contributed by two parts, the one related to my,

(m x He)

= (Amo x VZmy — Dmg x (V x mp) + mg X H)

(17)
and the one related to n,

(mXHeff>2=(AnX V?n — Dn x (Vv xn)+nxh(t)>.
(18)

Note, G and D in Eq. (14) are the effective gyromag-
netic vector and the dissipative force tensor defined by
the time-averaged magnetization over a period mg, respec-
tively. The effective force related to (m x Heg); in Eq. (17)
is nonzero due to the difference between the time-averaged
magnetization of skyrmion mg during ratchet motion and
that at the equilibrium. Here we denote this part of effec-
tive force as the “deformation force” Fy,, since my is the
field of a skyrmion with a steady deformation in reference
to that at the equilibrium. Meanwhile, the part of effec-
tive force related to (m x Heg), in Eq. (18), which we
denote as the “dynamic force” Fy, is caused by the fast-
varying n related to the spin waves (magnons) dynamics,
with the first term (An X Vzn) corresponding to magnon

currents [22,25]. Values of G, <ﬁ), and F can be read-
ily calculated from the micromagnetic simulation. The
ratchet motion speed v can then be analytically obtained
by solving Eq. (14).

III. RESULTS AND DISCUSSION

A. Defect-mediated skyrmion ratchet motion under
time-asymmetric fields

The ratchet effect under time-asymmetric fields is gen-
eral for both Bloch and Néel-type magnetic skyrmions as
they are identical particles from the viewpoint of topol-
ogy (see Figs. S1 and S2 within the Supplemental Mate-
rial [43]). We take the results of Bloch-type skyrmions
to illustrate the key idea of this work. Our simulations
are performed on a 2D Heisenberg-type spin lattice with

128 x 128 sites. The temperature-field 7-H, phase diagram
of single-skyrmion state of this spin-lattice system is cal-
culated and depicted in Fig. S3 within the Supplemental
Material [43]. It shows that, at a given temperature, the
single-skyrmion state (i.e., an isolating skyrmion embed-
ded in a ferromagnetic background) can be stabilized at a
moderate out-of-plane magnetic field H,, consistent with
previous works [22,23]. In the following, we fix the condi-
tion at 7=0 K and H, =0.015 (in unit of J/gug). Such a
condition stabilizes a skyrmion with diameter of approxi-
mately 60 nm if we consider a typical lattice parameter of
a=1 nm. A finite change of temperature and H, does not
change the main conclusions of this work.

We first reveal the defect-mediated ratchet motion of
skyrmion under a biharmonic magnetic field H,(z) = 0.003
[sin(wf) + sin(2wf)] along the x axis. The angular fre-
quency of the fields w is set to be 105 Grad/s (also in the
following). The corresponding frequency is f = 16.7 GHz.
This value is close to the resonance frequency of the
counter-clockwise (CCW) gyration mode of the skyrmion
and leads to a relatively fast ratchet motion [41]. Two
cases are investigated. For the first case, denoted as “defect
track // y,” the 128a x 128a spin-lattice system is in peri-
odic boundary conditions along both x and y axes, and
a 4a-wide defect track (with the DM interaction constant
being half of that in the bulk region, i.e., npy = 0.5) par-
allel to the y axis is located at x =96a. For the second
case, denoted as “edge || x,” the spin-lattice system has a
periodic boundary condition along the x axis and an open-
circuit condition along the y axis (i.e., there are two edges
parallel to the x axis). For both cases, an isolating skyrmion
is initially located at the center of the system (64a, 64a).
The core of skyrmion before motion is far enough from
the defect track and edges, therefore the skyrmion motion
at the beginning can be considered as that in the bulk
region. Figure 2(a) and 2(b) depict the motion trajectories
of the skyrmion in the two cases, respectively. It is clearly
seen that for both cases the skyrmion exhibits a ratchet
motion with a helical trajectory under the biharmonic in-
plane magnetic field. At the beginning, the pitches of the
helical trajectories of skyrmion for both cases are rather
small [see the “no. 1” insets in Figs. 2(a) and 2(b)], indi-
cating a small ratchet speed. As the skyrmion approaches
the defect track or the edge, the pitches of the helical tra-
jectories of skyrmion for both cases gradually increase, and
become much larger than that in the bulk region when the
skyrmion finally moves along the defect track or the edge
[see the “no. 2” insets in Figs. 2(a) and 2(b)]. This clearly
demonstrates a speed-up effect of the skyrmion ratchet
motion caused by the defect track and edge, analogous to
that reported in the direct transport of skyrmion driven by
currents [31,35].

Such a speed-up effect can be quantitatively inferred
from the long-time evolution curves of the skyrmion posi-
tion coordinates x. and y. of the two cases, as shown in
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FIG. 2. Long-time defect-mediated skyrmion ratchet motion under a biharmonic in-plane magnetic field

H,(t)=0.003[sin(w?) + sin(2wt)]. (a) Trajectory of a skyrmion moving toward and along a 4a-wide defect track (npm;=0.5)
parallel to the y axis (denoted as “defect track || y”) and locating at x = 96a. (b) Trajectory of a skyrmion moving toward and along
an edge parallel to the x axis (denoted as “edge || x”) and locating at y = 128a. For both cases, the skyrmion is initially located at
position (64a, 64a), which is far enough from the defect track and edge, so that the skyrmion motion therein can be considered as
in the bulk region. (¢) Long-time evolution curves of the skyrmion position coordinate y. of case “defect track || y.” (d) Long-time

evolution curves of the skyrmion position coordinate x. of the case “edge || x.”

Figs. 2(c) and 2(d), respectively. It shows that the y. curve
of case “defect track || y”” and the x. curve of case “edge ||
x” have smooth slopes at the beginning of several nanosec-
onds (the unit of time t is about 1.5 ns, see Sec. II).
This corresponds to the stage of skyrmion approaching the
defect track or the edge. Then, the curves show periodic
zigzags with steep slopes, corresponding to the stage of
a fast ratchet motion along the defect track or the edge.
Note, due to the use of periodic boundary conditions, here
each zigzag of the y. or x, curve corresponds to a 128a dis-
placement of the skyrmion, and the period of the zigzag is
the time for the skyrmion to move over 128 lattices. One
can readily estimate the ratchet motion speed v, along the
defect track and the edge to be about 68.7a/t and 147.9a/z,
respectively. For a typical value of a=1 nm, the speed
values are 45.8 m/s and 98.6 m/s, respectively, which are
comparable to that driven by currents. On the other hand,
from the slope of the y. or x. curve at the beginning [see,

e.g., in the “no. 1’ ” inset in Fig. 2(c)], the ratchet motion
speed in the bulk region is about 9.54 a/t (i.e., 6.4 m/s
for a=1 nm). This result shows that the speed-up effect
of defect track and edge on the skyrmion ratchet motion is
remarkable, with a factor over 10.

To clearly see the change of skyrmion configuration
under the biharmonic in-plane field and the effect of defect,
in Fig. 3 we depict the snapshots of the contour map of
m, during the motion of skyrmion towards and along the
edge (case “edge || x”). The movies of skyrmion ratchet
motion along the defect track (“defect track || »”’) and the
edge (“edge || x”) are further provided in the Supplemen-
tal Material [43]. A detailed analysis on the characteristics
of such a skyrmion ratchet motion in the time domain and
frequency domain is also shown in Fig. S4 within the Sup-
plemental Material [43]. One can see from these results
that, under the driving force of the biharmonic field, the
skyrmion is excited into a CCW gyration mode in the bulk
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FIG. 3. Snapshots of the contour map of m. of skyrmion
during ratchet motion towards and along an edge parallel
to the x axis (case “edge || x”) under a biharmonic field
H,(t) = 0.003[sin(wt) + sin(2wf)]. The length bar in red is 20a.

region with a significant time-varying deformation. While
the skyrmion is still in a CCW gyration mode when it is
moving along the defect track (“defect track || y’) as can be
seen in Fig. 2(a), the motion trajectory of skyrmion is more
complicated when it is moving along the edge (“edge || x”),
implying a strong effect of the skyrmion-edge interaction
[see Figs. 2(b) and S4 within the Supplemental Material
[43]). From the frequency spectrum of skyrmion ratchet
motion shown in Fig. S4 within the Supplemental Material
[43], one can also see that multimodes of frequencies w,
2w, 3w, ..., are all excited, implying a nonlinear feature
of the skyrmion dynamics. Moreover, when the skyrmion
approaches the edge or defect track, it shows a slight
shrinkage along the direction perpendicular to the edge or
defect track, implying that the skyrmion is subjected to a
repulsive force from the edge or defect track.

B. Facile control on the defect-induced ultrafast
ratchet motion of skyrmion

Note, by varying the phase ¢ of the biharmonic field in
form of H,(f) = hisin(mwt) + hysin(nwt + ¢), direction of
the skyrmion ratchet motion in the bulk region (i.e., where
skyrmion is far away enough from defect tracks or edges)
can be continuously rotated by 360° as shown in Fig. S5

within the Supplemental Material [43]. Consequently,
skyrmion will be driven towards and along or away from a
defect track or edge, depending on the phase ¢ of the bihar-
monic field. This 360° ratchet motion of skyrmion control-
lable by the phase ¢ is an analogy to the 360° direct motion
of skyrmion by controlling the magnetization direction of
the spin current injected in the out-of-plane direction [19],
and it is potentially useful in driving skyrmions in insu-
lating systems. Double-track or double-edge structures can
be further designed to confine the skyrmion ratchet motion
within the region between double defect tracks or dou-
ble edges, acting like racetrack-type highways of skyrmion
ratchet motion. In the following, we discuss the influence
of phase ¢ on the skyrmion ratchet motion within a double-
track structure under biharmonic in-plane magnetic fields
H,(t) = 0.003[sin(w?) + sin(2wt + ¢)] with ¢ varying from
0 to 360°. In the simulated 128a x 128a spin-lattice sys-
tem, two 4a-wide defect tracks (parallel to the y axis,
npmr = 0.5) are located at x = 32a and x = 96a. For a given
@, an isolating skyrmion is initially located at position
(64a, 64a).

The long-time evolution curves of the position coor-
dinate y. and the corresponding trajectories of skyrmion
ratchet motion at various phase ¢ are depicted in Figs. 4(a)
and 4(b), respectively. One can see from the number of
the zigzags in the y. curves in Fig. 4(a) that the ratchet
motion speed of skyrmion along the defect track is sen-
sitive to phase ¢. In addition, although the direction of
the skyrmion ratchet motion in the bulk region is 360°
rotatable (see Fig. S5 within the Supplemental Material
[43]), the skyrmion is finally either in upward ratchet
motion along the left defect track || y or in downward
ratchet motion along the right defect track || y as shown
in Fig. 4(b). That is to say, the rachet motion of skyrmion
along the defect track has a fixed direction (which can be
represent by e, x ey, with e, being the vector along out-of-
plane direction and e; being the vector perpendicular to
the defect track and pointing to the skyrmion), no matter
the skyrmion has an initial upward or downward veloc-
ity when it approaches the defect track. This indicates the
skyrmion is subjected to an effective repulsive force (fixed
in direction e;) from the defect track, and the force plays a
role in the ratchet motion of skyrmion.

The skyrmion ratchet-motion speed and the speed-up
factor as a function of phase ¢ are calculated and depicted
in Fig. 4(c), both for motion along the defect track and in
the bulk region. Here, the speed along the defect track v
is plotted with a plus or minus sign, denoting the upward
motion along the left defect track or downward motion
along the right defect track. Moreover, the speed-up fac-
tor is defined as the ratio between the ratchet motion speed
along the defect track (determined by the slope of the
zigzag) and that in the bulk region (determined by the
slope of the y. curves at the beginning 1 ns). One can see
that both the ratchet motions in the bulk region and along
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FIG. 4. The influence of phase ¢ on the skyrmion ratchet motion along defect tracks || y under biharmonic in-plane magnetic
fields H,(¢) = 0.003[sin(w?) + sin(2w? + ¢)]. (a) Long-time evolution curves of the position coordinate y. of skyrmion ratchet motion
controlled by phase ¢. In the simulation box, two 4a-wide defect tracks (parallel to the y axis, npy; =0.5) are located at x =32a
and x =96a. For a given ¢, the skyrmion is initially located at position (64a, 64a) and the skyrmion motion at the beginning can be
considered as in the bulk region. Under the driving of H,(f), the skyrmion will be finally either in upward ratchet motion along the
left defect track || y or in downward ratchet motion along the right track || y, depending on the value of phase ¢. (b) Trajectories of
skyrmion ratchet motion at various phase ¢. (¢) Comparison of the skyrmion ratchet-motion velocity along the defect track || y and
in the bulk region. The speed-up factor is denoted as the ratio of the ratchet-motion speed along the defect track to that in the bulk
region. It is an oscillating function of phase ¢ in period of 180° with a maximum value of approximately 10 as shown in the up panel.
(d) Skyrmion ratchet speed v, as a function of phase ¢ of the biharmonic field for the case of “defect track || y” with different defect
strength npy. Effect of the width of defect track is shown in the inset. Note, depinning occurs once the force perpendicular to the
defect track exceeds the depinning force but the defect strength is not strong enough (npym; = 0.8).

the defect track are tunable by phase ¢. The v-¢ curves The p-dependent speed-up effect of the skyrmion ratchet
are sinusoidal-like, with a near 40° difference between the =~ motion along the defect track can be further modified by
peaks of the ratchet-motion speed along the defect tracks  the defect parameters. Figure 4(d) depicts the skyrmion
and that of the bulk region. The maximum ratchet-motion  ratchet speed v, as a function of phase ¢ of the biharmonic
speed along the defect tracks is about 91.3a/t at ¢ around  field for cases with different defect strength npyy. Effect
130° (downward along the right track) and 310° (upward  of the width of defect track w is also shown in the inset.
along the left track), whereas the maximum ratchet-motion It can be seen that the ratchet-motion speed is more sen-
speed in the bulk region is about 9.5 a/t at ¢ around 0° and  sitive to the defect strength than the width of defect track,
180°. The maximum speed-up factor is over 10 at ¢ around  implying the dominant effect comes from the border of the
105° and 285°, and the minimum speed-up factor is about  defect track. The defect strength mainly affects the ratchet
2.2 at ¢ around 35° and 215°. motion speed rather than shifting the v-¢ curve along the
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¢ axis. With the change of the defect strength npy from
0.8 to 0.5, the maximum ratchet-motion speed increases
from about 68.5a/t to 91.3a/t (by a factor of approxi-
mately 1.3). Moreover, depinning occurs when the defect
strength is not strong enough (npym; = 0.8), indicating that
the effective driving force exerted to the skyrmion exceeds
the depinning force of the defect track. The change of the
width of defect track from w = 4a to 124 slightly shifts the
v-¢ curve by approximately 15°, with a minor effect on the
maximum speed.

To clearly see the effect of phase ¢ on the skyrmion
ratchet motion along the defect track, we depict the
polar graphs of the skyrmion ratchet-motion speed and
the speed-up factor as a function of phase ¢ [Figs. 5(a)
and 5(b)]. The polar curves of ratchet-motion speed are in
peanut-shape with two peaks and valleys. The polar curve
of ratchet-motion speed along the defect tracks have a near
40° rotation with those of the bulk region [Fig. 5(a)]. As
a result, the polar curve of the speed-up factor shows a
distortion from that of the speed curve [Fig. 5(b)]. Note,
the motion angle 6, defined as the angle between the
velocity vector and the x axis, is 360° rotatable with the
change of phase ¢ when the skyrmion moves in the bulk
region [Fig. 4(c)]. By plotting the polar graphs of the
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FIG. 5. (a) Skyrmion ratchet motion speed and (b) speed-up
factor as a function of phase ¢ for skyrmion ratchet motion
along defect tracks || » under biharmonic magnetic fields
H, ()= 0.003[sin(w?) + sin2wt + ¢)].

ratchet-motion speed and the speed-up factor as a function
of the motion angle 6 in the bulk region (Fig. S6 within the
Supplemental Material [43]), one can see that the fastest
ratchet motion along the defect track actually occurs when
0 is about 0 and 180°, that is, when the skyrmion is perpen-
dicularly incident to the defect track. For this motion angle,
the repulsive force of the defect track should be maximum,
implying the useful role of the repulsive force of the defect
track in the ultrafast ratchet effect.

Skyrmion ratchet motion along the edge driven by bihar-
monic in-plane magnetic fields is found to be much less
sensitive to phase ¢ than the case of motion along defect
track (see Figs. S7 and S8 within the Supplemental Mate-
rial [43]). In the simulation, there are two open edges at the
two boundaries of the lattice systems parallel to the x axis
as that shown in Fig. 2(b). With phase ¢ changing from
0° to 360°, the direction of the skyrmion ratchet motion is
either in rightward motion along the upper edge or in left-
ward motion along the bottom edge. Moreover, the ratchet
motion speed along the edge is generally large, which is
about 150 a/t for all ¢ and is about 1.7 times of the
maximum speed moving along the defect track (approxi-
mately 90 a/t). For this case, as the phase sensitivity of
the ratchet-motion speed is rather weak, it would be more
efficient to tune the ratchet-motion speed along the edge
by controlling the field strength of the biharmonic field, or
by controlling the pulse width of pulsed magnetic fields
as shown in Fig. 6. Here, the pulsed fields H,(¢) are repet-
itive sequences of alternating positive pulse over a time
TN and negative pulse over a time TN, [Fig. 6(a)]. The
field strength of the positive and negative pulses is 0.003 in
reduced unit (approximately 33 mT), and 7N+ TN,=TN
is fixed to be 0.047 (approximately 60 ps). From the long-
time evolution curves of the position coordinate x. of
skyrmion ratchet motion under pulsed fields with different
TN, [Fig. 6(b)], one can see that the skyrmion ratchet-
motion speed along the edge significantly increases with
the change of TN from 0.0027 to 0.017. The facile control
of the ratchet-motion speed by pulsed fields is believed to
be caused by the resonance effect and is practically useful
for driving skyrmion in nanotracks with open edges.

C. Mechanism analysis of the defect-induced ultrafast
ratchet motion of skyrmion

To understand the origin of the defect-induced ultra-
fast ratchet motion of skyrmion, we further analyze
the skyrmion motion based on the time-averaged Thiele

equation G x v+ D .v=F as derived in Sec. II B,
where v and F are the time-averaged velocity and effec-

tive driving force over a period, and G and D being
the effective gyromagnetic vector and the dissipative force
tensor determined by the time-averaged magnetization
over a period, respectively. The effective driving force F
should include the contributions of the external field, the
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FIG. 6. Ultrafast skyrmion ratchet motion along an edge ||
x under pulsed in-plane magnetic fields. (a) Schematic of the
pulsed magnetic fields H,(¢), which are repetitive sequences of
alternating positive pulse over a time 7N, and negative pulse
over a time 7N,. (b) Long-time evolution curves of the posi-
tion coordinate x. of skyrmion ratchet motion at various 7N .
Here, the magnitudes of the positive and negative pulses are
0.003J/gug, and TN |+ TN ,=TN is fixed to be 60 ps.

skyrmion-magnon interaction, as well as the skyrmion-
defect interaction or the skyrmion-edge interaction. How-
ever, a physically rigorous separation of these contribu-
tions is difficult as the skyrmion deforms during the ratchet
motion. While one may still imagine the skyrmion dur-
ing the ratchet motion as a rigid particle with an ideal
circular shape embedded in the flux of magnons, the uncer-
tainty of the skyrmion position during the ratchet motion
can lead to a problematic separation of the magnetization
fields of the skyrmion and magnons. Alternatively, one
may associate the skyrmion during the ratchet motion with
a steady deformation defined by the time-averaged magne-
tization mg. Then, the effective driving force F would be
decomposed into a “deformation force” Fp, related to the
steady skyrmion deformation during the ratchet motion,
and a “dynamic force” F, related to the to the spin waves
(magnons) dynamics as shown in Egs. (16)—18).

Figure 7(a) depicts the snapshots of the density map
of the effective driving force F when a skyrmion
moves toward and along an edge parallel to the
x axis under a biharmonic in-plane magnetic field
H.(¥)=0.003[sin(w?) + sin(2w?)] with =105 Grad/s.
The simulation setting is the same as that in Fig. 2. One
can see that the force density takes large values mainly
near the skyrmion. When the skyrmion approaches the
edge, the force changes direction from being lower right

to being perpendicular to the edge and shows a remark-
able increase in magnitude as indicated by the ranges of
the color bars. To see the difference between the driving
forces subjected by the skyrmion when it moves in the
bulk region and along the defect track or the edge, we
further depict in Fig. 7(b) the evolution curves of effec-
tive driving force components £y, subjected by skyrmion
under biharmonic field H,(f) = 0.003[sin(w?) 4 sin(2wt)]
with @ =105 Grad/s. For the cases of “defect track ||
y” and “edge || x,” the simulation settings are the same
as those in Fig. 2. The evolution curves of Fy,,, F, and
the force related to the magnon currents Fpagnon 0f the
three cases are further depicted in Figs. S9 to S11 within
the Supplemental Material [43]. From these results, the
effective driving force is small for ratchet motion with-
out defect tracks or edges (case “bulk”) or far from the
defect tracks or edges (cases “defect track || y” and “edge
|| x at the beginning). The effective driving force remark-
ably increases as the skyrmion approaches the defect track
or edge. The contributions of Fp, and F, to the effective
force F are in similar order for the first two cases, whereas
Fy, is much larger than F, for the case of “edge || x.”
Moreover, the direction of Fy,, is approximately perpen-
dicular to the defect track for the case of “defect track || y,”
whereas the direction of Fy,, is approximately perpendicu-
lar to edge for the “edge || x.” This implies the usefulness
of the skyrmion-defect interaction and the skyrmion-edge
interaction in the “deformation force” Fyp,. Note also
that Fragnon is largest (smallest) for the case “edge || x”
(“bulk™), indicating the role of magnon excitation in the
fast ratchet motion. At steady motion, the effective driving
force is found to be (in units of a/t) F = (F\, F,) = (—72.6,
—62.5) for case “bulk,” (—545.6, —49.4) for the case
“defect track // y,” and (104.4, —1367.3) for case “edge
// x,” respectively. According to these values, we estimate
the ratchet motion speed v and motion angle 6 of the
three cases based on the approximated relation G x v~F
and G~—4me,. This gives v=7.6a/t and 6 =310.7° for
the case “bulk,” v=43.6a/t and 6 =275.2° for the case
“defect track || y,” and v=109.1a/t and 0 =4.4° for the
case “edge || x.” These estimated values are in good consis-
tence with the simulation results, verifying the correctness
of our physical picture. Therefore, it can be concluded that
the speed-up effect of skyrmion ratchet motion by defect
track or edge is caused by the remarkable increase of
the effective driving force perpendicular to the skyrmion
motion when it approaches the defect track or the edge
[Fig. 7(c)].

Note, there are actually various situations when a
skyrmion encounters the defect track or edge as schemat-
ically shown in Fig. 7(d). Depending on the relative mag-
nitudes of the force perpendicular to the defect track or
edge F subjected by skyrmion and the critical force F,
of depinning or annihilation, three situations of skyrmion
motion can happen: (i) skyrmion moves along the defect
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Force analysis of the defect-induced ultrafast ratchet motion of skyrmion under biharmonic in-plane magnetic fields

H.(t) =0.003[sin(w?) + sin(2wt + ¢)]. (a) Snapshots of the force density map of skyrmion moving toward and along an edge || x.
(b) Evolution of time-averaged driving force components F, subjected by skyrmion when it moves in the bulk region (denoted as
“bulk™), along a defect track parallel to the y axis (denoted as “defect track || y”’), and along an edge parallel to the x axis (denoted
as “edge || x”). For all the cases, the box size is 128a x 1284, and skyrmion is initially located at position (64a, 64a). For the case of
“defect track || y,” the defect track is 4a-wide with npy; = 0.5 and located at x = 96a. For the case of “edge || x,” the edge is located at
y =128a. (c) Schematic of the forces subjected by a skyrmion when it is moving in the bulk region and along a defect track or edge.
(d) Schematic illustration of two situations when a skyrmion encounters a defect track or edge. Depending on the relative magnitudes
of the force perpendicular to the defect track or edge F subjected by skyrmion and the critical force F,. of depinning or annihilation,
three situations of skyrmion motion are expected: (i) skyrmion moves along the defect track or edge (F' < F,), (ii) passes through the

defect track (F > F,. of depinning), and (iii) annihilates at the defect track or edge (F > F, of annihilation).

track or the edge (F < F.), (ii) passes through the defect
track (F > F, of depinning), and (iii) annihilates at the
defect track or the edge (F > F. of annihilation). The
effective force of a defect track or an edge exerted to
the skyrmion undergoing ratchet motion depends on the
distance between the skyrmion and the defect track or
edge and the defect parameters (e.g., the defect strength
and track width), similar to the cases of interactions
between skyrmion and defect track or edge without sig-
nificant excitation [44]. However, for the ratchet motion,
the skyrmion-magnon interaction also contributes to the
effective force of a defect track or an edge exerted to the
skyrmion [Eq. (16)]. F. of depinning should be also a func-
tion of the defect parameters, whereas F,. of annihilation
is affected by the skyrmion stability [45]. For example,
the result shows that depinning does not occur when

skyrmion moves along a defect track || y with npy = 0.5
under driving field H,(7) = 0.003[sin(w?) + sin(2wt + ¢)],
but occurs when skyrmion moves along a defect track ||
y with npyr = 0.8 when ¢ = 135° as shown in Fig. 4(d).
For such a defect track, F. of depinning is found to
be about 270a/r. For skyrmion ratchet motion along an
edge || x, annihilation occurs under a larger driving field
H,(f) =0.0035[sin(wt) + sin(2wf)], and F, of annihilation
is about 1160a/T.

Based on the above force analysis, we can further
explain the controllability of the speed-up effect along
the defect track or edge by the field and defect param-
eters. Take the skyrmion ratchet motion along defect
track || y and along edge || x under biharmonic fields
H,(t) = 0.003[sin(wf) + sinRwt + ¢)] as an example. In
previous results, we have shown that the ratchet-motion
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FIG. 8. Force analysis of the defect-induced ultrafast ratchet

motion of skyrmion under biharmonic in-plane magnetic fields
H,(t) =0.003[sin(w?) + sin(2wt + ¢)]. (a) Time-averaged driv-
ing force components Fy(, subjected by skyrmion as functions
of phase ¢ for cases of “defect track || y” and “edge || x.” (b)
Correlation between the skyrmion ratchet speed vy(, and force
Fy, for cases of “defect track || y” and “edge || x.”

speed along the defect track is highly tunable by phase
¢ (Fig. 4), meanwhile the ratchet motion along the edge
is much less sensitive to phase ¢ (Figs. S7 and S8 within
the Supplemental Material [43]). For these two cases, the
different ¢ sensitivity of the ratchet-motion speed is due
to the different ¢ dependences of the effective driving
force F as shown in Fig. 8(a). One can see that the force
curves of the two cases are highly consistent with the speed
curves [Figs. 4(c) and S8 within the Supplemental Material
[43]]. The force curves of case “defect track || y” is much
smoother than that of the case “edge || x.” Moreover, it
is clearly seen from the force curves of case “defect track
[| y” that the peak and valley values of the rachet-motion
speed correspond to the maximum and minimum values of
F.. Figure 8(b) further shows a plot of the skyrmion ratchet
speed as a function of driving force based on the data of

Fig. 8(a). A clear linear correlation between speed and
force is seen from the data of “defect track || y,” in consis-
tence with the approximated relation G x v~F. From the
slopes of vy(,) vs Fy(, curves, one can estimate the mag-
nitude of the “effective” gyromagnetic vector G is about 8
and 10 for the cases of “defect track || y” and “edge || x,”
respectively. These values are smaller than 4, implying
the difference between the time-averaged magnetization of
skyrmion during ratchet motion and that at the equilibrium.

At the end of this part, we point out that the ultrafast
ratchet motions can be realized by defect tracks, which
have different exchange interaction or anisotropy from
those at the bulk region (Figs. S12 and S13 within the Sup-
plemental Material [43]). The ratchet motion along such
defect tracks is also highly tunable by the field parameters
and the defect strength. Moreover, ultrafast ratchet motions
also occur along nonstraight edges (with an angular veloc-
ity being over 10° rad/s) and the skyrmion can easily turn
around and follow the corner of the edge, as indicated
by our simulations of skyrmion ratchet motion along the
edges of a circular disk and a square dot (see Figs. S14 and
S15 within the Supplemental Material [43], respectively).
More complicated motions of skyrmion can be realized by
proper defect engineering, geometrical designing, control
of the field parameters, and the involvement of skyrmion-
skyrmion interactions. The mechanism is also applicable
for Néel-type skyrmions as shown in Fig. S16 within the
Supplemental Material [43]. All these suggest a promising
way to control skyrmions for devices.

IV. CONCLUSIONS

Via massive micromagnetic simulations and analyti-
cal modeling, we reveal the ultrafast ratchet dynamics of
skyrmion by defect engineering under gigahertz magnetic
fields. It is found that the ratchet motion of skyrmion is not
only guided along the defect tracks or edges, but also with
a remarkable speed up (with a factor over 10) compared
with that in the bulk region. The skyrmion ratchet-motion
speed and direction along the defect track or edge can
be facilely controlled by the field and defect parameters.
The skyrmion ratchet-motion speed along a straight defect
track or edge a field of approximately 50 mT is comparable
to the direct motions (approximately 100 m/s) driven by
currents. The speed-up effect is due to the increased effec-
tive driving force perpendicular to the skyrmion motion
when it approaches the defect track or edge.

The reported ultrafast skyrmion ratchet motion is a con-
joint effect of the solitonlike feature of magnetic skyrmions
and skyrmion-defect interaction or the skyrmion-edge
interaction. The driving sources can be magnetic fields
or other time-varying sources with gigahertz character-
istic frequencies rather than spin-polarized currents. As
shown by our results, magnetic fields of about 50 mT
can trigger efficient ratchet motion along defect tracks

064014-12



ULTRAFAST RATCHET DYNAMICS OF...

PHYS. REV. APPLIED 14, 064014 (2020)

or edges in a speed of about 100 m/s. Note, the pres-
ence of defects or edges in the skyrmion system lowers
the spatial symmetry of the system, and ratchet motion
of skyrmion along a defect track or edge can actually be
induced by time-varying sources without time asymme-
try [46,47]. The mechanism reported in our work therefore
provides a general and feasible strategy to efficiently drive
skyrmion in both metallic and insulating systems based
on racetrack structures. Our conclusions can be extended
to other Magnus-dominated particle systems. So far what
we explore is the ratchet motion of a single skyrmion,
it is interesting to further explore the ratchet motion of
multiple-skyrmion systems under biharmonic fields with
the presence of skyrmion-skyrmion interactions. For such
systems, more complicated motion modes can appear (e.g.,
the two skyrmions rotate around each other like a binary
star system simultaneously with a slow ratchet speed as
shown in Fig. S17 within the Supplemental Material [43]).
We would like to investigate this issue in the near future.
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