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Using a particle-based model, we simulate the behavior of a skyrmion under the influence of asym-
metric funnel geometries and ac driving at zero temperature. We specifically investigate possibilities
for controlling the skyrmion motion by harnessing a ratchet effect. Our results show that as the
amplitude of a unidirectional ac drive is increased, the skyrmion can be set into motion along either
the easy or hard direction of the funnel depending on the ac driving direction. When the ac drive is
parallel to the funnel axis, the skyrmion flows in the easy direction and its average velocity is quan-
tized. In contrast, when the ac drive is perpendicular to the funnel axis, a Magnus-induced ratchet
effect occurs, and the skyrmion moves along the hard direction with a constant average velocity. For
biharmonic ac driving of equal amplitude along both the parallel and perpendicular directions, we
observe a reentrant pinning phase where the skyrmion ratchet vanishes. For asymmetric biharmonic
ac drives, the skyrmion exhibits a combination of effects and can move in either the easy or hard
direction depending on the configuration of the ac drives. These results indicate that it is possible
to achieve controlled skyrmion motion using funnel geometries, and we discuss ways in which this

could be harnessed to perform data transfer operations.

I. INTRODUCTION

The flow of particles interacting with asymmetric land-
scapes can be controlled by means of a ratchet effect,
which is a net dc transport that emerges from a com-
bination of broken spatial symmetry and an oscillating
drive. The ratchet effect can also be understood in terms
of a diode effect, where the asymmetry produces different
depinning forces in different directions, yielding a prefer-
ential or “easy” direction of motion®. This effect has been
investigated in several systems such as protein motors? 4,
molecular motors®”, colloids®?, type II superconduct-
ing vortices'%27 | electrons?®®, active matter?®32 and re-
cently in skyrmions®* 3. Reversals of motion from the
easy to the hard direction may occur as a function of
the applied magnetic field or other variablesg!?:17-19,40-43
due to collective interactions between particles. One of
the earliest proposals of a two-dimensional (2D) periodic
asymmetric potential that can induce a ratchet effect was
the asymmetric funnel geometry?%44. Wambaugh et al.
used a combination of periodic asymmetric funnels and
ac driving to produce a net dc motion of type II super-
conducting vortices. Advanced sample fabrication tech-
niques made it possible to produce this type of vortex
ratchet experimentally?!+4546, Most of the work on ratch-
ets constructed from asymmetric potentials involves over-
damped particles such as colloids or vortices. Recently,
however, there has been great interest in the dynamics
of skyrmions and proposals to control their motion, and
a ratchet effect could be an ideal method for achieving
such control.

Magnetic skyrmions are spin textures pointing in all
directions and wrapping a sphere in order to form a

topologically stable particle-like object*” which can be
set into motion by the application of a spin polarized
current*® 2. In the presence of such external driving,
skyrmions can exhibit a depinning threshold similar to
that found for superconducting vortices, and it is pos-
sible to perform transport measurements and construct
skyrmion velocity-force curves?®51-54, Skyrmions show
huge promise for applications in spintronics such as race-
track memory devices due to their small size and their
ability to be displaced by low currents®®®7. In order to
realize devices of this type, new methods must be devel-
oped which permit the skyrmion motion to be controlled
precisely.

A key difference between skyrmions and overdamped
particles is that the skyrmion dynamics is dominated by
the Magnus term?*749:51.56:58 "\which is negligible in other
systems. The Magnus term produces a skyrmion velocity
contribution that is perpendicular to the applied exter-
nal drive. It has been proposed that the Magnus force
is responsible for the low value of the skyrmion depin-
ning threshold current®:®?. In the absence of pinning,
the skyrmion moves at an angle with respect to the driv-
ing direction known as the intrinsic skyrmion Hall angle,
9;‘,?47’56’60. This angle depends on the ratio between the
Magnus term, a.,,, and the damping term, ay. Depend-
ing on the system parameters, this ratio can be small or
very high*7:60-64,

The earliest proposal for a skyrmion ratchet>” involved
the same type of quasi-one-dimensional (1D) asymmet-
ric substrate that was known to produce ratcheting of
superconducting vortices. For an ac drive applied paral-
lel to the substrate asymmetry direction, the skyrmion
exhibits a quantized net displacement, while a Magnus-
induced transverse ratchet effect appears when the ac
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drive is applied perpendicular to the substrate asymme-
try direction. Further work demonstrated the creation
of a vector ratchet with a direction of motion that can
be rotated controllably with respect to the orientation
of the substrate asymmetry3®. Recently, a skyrmion
ratchet effect produced by a combination of spatial asym-
metry and ac driving was used to guide the skyrmion
motion in racetrack storage devices®®. Other skyrmion
ratchet effects have been proposed based on currents
with a loop structure®® or biharmonic in-plane magnetic
fields®*. Migita et al.%® considered skyrmion ratcheting
in an angelfish-type racetrack memory, where modula-
tion of an ac magnetic field produces breathing of the
skyrmion size, leading to directed transport.

Using numerical simulations, we investigate the
skyrmion behavior in an asymmetric funnel geometry un-
der applied ac driving at zero temperature. We find that
when an ac drive is applied parallel to the funnel axis,
a skyrmion ratchet effect occurs in which the skyrmions
move with quantized velocities along the easy direction.
On the other hand, when the ac drive is applied per-
pendicular to the funnel axis, there is a Magnus-induced
transverse skyrmion ratchet effect in which the skyrmion
moves along the hard direction at a constant average ve-
locity. The ability to control the direction of motion of
the skyrmion ratchet by varying the ac driving direction
can be useful for spintronics applications such as data
transfer. To explore this possibility, we simulate a situa-
tion in which the skyrmion moves along the easy direction
for a period of time, and then switches to motion along
the hard direction when the ac driving is rotated by 90°.

II. SIMULATION
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FIG. 1. Ilustration of the funnel geometry used in this work,
where S is the length of the funnel and O is the width of the
funnel opening. In this case the number of funnels Ny = 4,
O = 1.0, and the easy and hard directions of motion are
labeled.

We simulate a single skyrmion in an L x H two-
dimensional box with periodic boundary conditions in
the x direction, as illustrated in Fig. 1. The skyrmion in-
teracts with an asymmetric funnel array aligned with the

x direction, where N is the number of funnels, S is the
length of each funnel, and O is the width of the funnel
opening. The asymmetry permits “easy” flow along the
positive x direction and “hard” flow along the negative
x direction. The skyrmion dynamics is governed by the
following particle based equation of motion®®:

agv + ami x v=F" 4 FA¢ (1)

where v is the skyrmion velocity. The first term on the
left hand side containing the damping constant agy rep-
resents the damping originating from the spin precession
and dissipation of electrons in the skyrmion core. The
damping constant can be written as ag = —4waD, where
« is the Gilbert damping coefficient and D = £72 /8744,
is the dissipative force tensor element®”. Here, ¢ is
the skyrmion core diameter, v, = 7/ A/Kes is the
domain wall width, A is the spin-wave exchange stiff-
ness, and K.g is the effective perpendicular magnetic
anisotropy. The second term on the left hand side is
the Magnus force, where «, is the Magnus constant.
On the right hand side, F"' represents the force ex-
erted by the confining funnel wall. The funnel out-
line is formed by two asymmetric sawtooth functions
and the wall potential is given by a Gaussian form,

Tiw 2
U(riw) = er_<W) , where r;,, is the shortest distance
between the skyrmion and the wall, Uy is the poten-
tial strength, and ag is the wall thickness. The result-

ing force is FW = —VU, = —Foriwei( ‘:SJ> t;, where
Fy, = % The term FAC represents the applied ac
FAC

drive, = Asin (27wt) X + B cos (2nwt)y, where w
is the frequency of the ac drive and A and B are the
ac drive amplitudes in the x and y directions, respec-
tively. For each value of A or B we perform a simulation
spanning 5 x 108 time steps, with a step size of 1073, in
order to ensure the system has reached a steady state.
We measure the average velocities (V) = 27 (v - X) /wS
and (V) = 2m(v-y)/wS, where S is the length of
a single funnel. The value of A or B is incremented
by 0A(B) = 0.005. In this work we fix Uy = 1.0,
w = 2 x 1072, the sample length L = 20.0, the sample
height H = 8.0, and ag = 0.02. We normalize all dis-
tances by the screening length £ and select the damping
and Magnus constants such that a,,% + agq? = 1.

We work in dimensionless simulation units, but these
can be converted to experimental numbers for a given
system. For example, for the case of skyrmions in an
MnSi thin film® with lattice constant a ~ 0.5 nm,
the exchange energy J ~ 3 meV/a, the Dzyaloshinskii-
Moriya energy D = 0.3 meV/a?, and the skyrmion size
is £ = 2nJ/D ~ 30 nm. The magnitude of the ratchet
effect is affected by the relative amplitude of the ac
drive and the dc depinning threshold current. For MnSi
nanowires®®, with depinning currents of order 108 A /m?,
ratchet effects should be visible for ac current amplitudes
in the range 0.5 x 10% to 8 x 10® A/m?. Similar mapping
of simulation parameters can be performed for different
materials.



III. AC DRIVE IN THE x DIRECTION
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FIG. 2. (a) (V) and (b) (V) versus ac drive amplitude A
for a sample with a;,,/aq = 0.5, Np = 4, and O = 1.0. Here
the ac driving is only along the x direction. The inset of (a)
shows a blowup of panel (a) over the range 0.92 < A < 1.05.

We first consider an ac drive applied parallel to the
funnel array axis, where A # 0 and B = 0. In Fig. 2 we
plot (V) and (V;) as a function of the ac drive ampli-
tude A for a system with «,,/aq = 0.5. The average z
velocity (V,.), shown in Fig. 2(a), has a step-like behavior
superimposed on a monotonic increase. Here the combi-
nation of the ac drive and the broken spatial symmetry of
the funnel array generates a ratchet effect in which there
is a net dc motion of the skyrmion in the +x direction.
Although (V;) in Fig. 2(b) is very close to zero, there is
a spike of transverse motion at the edge of every step in

(Va).
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FIG. 3. Funnel wall (red lines) and the skyrmion trajectory
(black lines) for a single skyrmion interacting with a funnel
array with Np =4, O = 1.0, S = 5, am/aq = 0.5, and an
ac drive applied along the x axis with B = 0. Blue arrows
indicate the direction of skyrmion motion. (a) At A = 0.25,
the skyrmion forms a closed orbit inside a single funnel. (b)
At A = 0.97, there is a translating orbit with a net dc motion
along the +x direction. On average the skyrmion translates
by a distance of 1.0S per ac drive cycle. (c) At A = 1.76,
the skyrmion translates an average of 3.55 per cycle. (d) At
A = 2.4 the skyrmion translates an average of 65 per cycle.

In Fig. 3 we illustrate some representative skyrmion

trajectories for the system in Fig. 2. At A = 0.25,
Fig. 3(a) shows that the ac drive amplitude is not large
enough to generate a ratchet motion and the skyrmion
forms a localized orbit inside one of the funnels. For
A = 0.97 in Fig. 3(b), we find +2 direction skyrmion
ratchet motion in which the skyrmion translates by an
average distance of 1.0S during each ac drive cycle. The
trajectory trace indicates that the skyrmion moves for-
ward by 2S5 during the +x portion of the ac drive cycle,
and backward by 1.0S during the —z portion of the drive
cycle. In Fig. 3(c) at A = 1.76, the skyrmion translates
an average of 3.55 per cycle, while at A = 2.4 in Fig. 3(d),
the skyrmion flows faster at a rate of 65 per cycle, always
in the 42 direction.
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FIG. 4. Plots of (V) vs A in samples with a,n/aq = 0.5. (a)
Varied funnel opening widths O for a fixed number of funnels
Np = 4. (b) Varied N for fixed O = 0.28. For clarity, the
curves have been offset vertically. To facilitate comparison,
all velocities are normalized using S = 5 even though S varies
when Np is changed.
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FIG. 5. Dynamic phase diagram as a function of ac drive
amplitude A vs (a) O for Np = 4 and (b) Nr for O = 0.28 in
a system with a.m,m/aq = 0.5. Red regions exhibit no ratchet
effect, while blue regions indicate the appearance of ratcheting
in the 4z direction.



Since the ratchet effect requires asymmetry in the po-
tential, we expect that changes to the funnel shape or
density will alter the skyrmion behavior. In Fig. 4(a)
we show the results of changing the width O of the fun-
nel opening while holding the number of funnels fixed at
Nr = 4, while in Fig. 4(b) we vary Ng and fix O = 0.28.
Figure 4(a) shows that when the funnel opening width O
is reduced, the onset of the ratchet effect shifts to lower
values of A. This is due to a reduction in the probability
that the skyrmion will be able to pass backwards through
the funnel during the —x portion of the drive cycle as the
funnel opening becomes narrower. We also find that the
shape of the (V) signal is modified as O is varied. In
Fig. 4(b), where O is fixed to O = 0.28, the ratcheting
effect is enhanced as the number of funnels N increases.
Here, the length S of each funnel diminishes as Np be-
comes larger since the width of the sample is held con-
stant. As a result, the distance the skyrmion must travel
to move from one funnel plaquette to the next decreases
with increasing Ng, and the amplitude A at which the
ratchet effect first appears shifts to lower values. To sum-
marize the influence of the funnel shape on the skyrmion
behavior, we plot dynamic phase diagrams as a function
of ac drive amplitude A versus O in Fig. 5(a) and ver-
sus Ng in Fig. 5(b). Figure 5(a) shows that the onset
of ratchet motion drops to smaller A as the funnel open-
ing width O is reduced, while in Fig. 5(b), the threshold
amplitude for ratchet motion generally diminishes as the
number of funnels increases.
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FIG. 6. (Vi) vs A for different values of am/aq in samples
with O = 0.28 and Nr = 4. The curves have been offset
vertically for clarity.

To explore the effect of the Magnus term intensity on
the dynamics, in Fig. 6 we plot (V,.) versus A at different
values of a,, /g ranging from ., /ag = 0.5 to a,,/ag =
6.0 for a system with O = 0.28 and Np = 4. As the
Magnus term becomes stronger, the skyrmion velocity
steps become narrower, while there is little change in
the depinning threshold. In previous work on skyrmion
ratchets in quasi-1D asymmetric substrates®®, when the

ac drive was applied parallel to the asymmetric potential,
increasing the Magnus term decreased the range of ac
driving forces over which the ratchet motion appeared.
For the funnel geometry considered here, we find only
a weak impact of the Magnus term on the magnitude of
the ratcheting for ac driving applied parallel to the funnel
asymmetry direction.

IV. AC DRIVE IN THE y DIRECTION
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FIG. 7. A system with Np =4, 0 = 1.0, S =5, am /g = 0.5,
and an ac drive applied along the y axis with A = 0. (a) (Vz)
vs ac drive amplitude B. For B > 0.595, ratcheting motion in
the —z direction appears. (b,c) Funnel wall (red lines) and the
skyrmion trajectory (black lines) for the same system. Blue
arrows indicate the direction of skyrmion motion. (b) At B =
0.5, the skyrmion forms a stationary orbit localized inside a
single funnel. (c) Ratcheting motion in the —z direction at
B = 1.0, where the average velocity is —1.0S per cycle.

We next consider an ac drive applied perpendicular to
the funnel axis, with finite B and A = 0. In Fig. 7 we
show results from a system with Ngp = 4, O = 1.0, and
am/ag = 0.5. For B > 0.595, a Magnus-induced trans-
verse ratchet occurs and the skyrmion flows in the —x
direction, as indicated in Fig. 7(a). Note that the mo-
tion maintains a steady average velocity of (V) = —1
over a wide range of applied ac drive amplitudes. The
stability in this motion is of interest for technological ap-
plications since the translation speed remains the same



for various values of ac amplitudes. In Fig. 7(b) we il-
lustrate the localized skyrmion orbit at B = 0.5, where
the skyrmion remains trapped inside a single funnel. In
Fig. 7(c) we show a skyrmion ratchet trajectory, where
the funnel walls guide the skyrmion motion in the —x
direction.
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FIG. 8. (V) vs B for samples with am,/aq = 0.5 and y

direction ac driving with A = 0. (a) Varied funnel opening
widths O and fixed Nr = 4. (b) Varied Nr and fixed O =
0.28. To facilitate comparison, all velocities are normalized
using S = 5 even though S varies when Np is changed.
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sition to motion for small O, but at larger O multiple
dynamical phases appear and produce numerous steps in
the velocity-force curve. A variety of skyrmion orbits ap-
pear when the funnel openings are wide, as illustrated in
Fig. 9(a) at B = 1.0. For all values of O, there is a criti-
cal ac drive amplitude above which the motion saturates
into a state with (V,) = —1.0, as shown in Fig. 9(b) at
B = 1.5. When the number of funnels is increased for
fixed O = 0.28, as in Fig. 8(b), the depinning force de-
creases since the skyrmion does not need to move as far
to escape from one funnel into an adjacent funnel. For
this value of O, there is only a single translating state
except when Np = 2. The larger amount of space inside
each funnel for the Np = 2 system permits the forma-
tion of two different translating motions, as illustrated in
Fig. 9(c,d) at B = 1.0 and B = 1.5, respectively.

X X

FIG. 9. Funnel wall (red lines) and the skyrmion trajectory
(black lines) in a system with am,/aq = 0.5 and an ac drive
applied along the y axis with A = 0, where a net dc motion
along —x appears. In panels (a) and (b), Np =4 and O = 6.0,
while in panels (¢) and (d), Nr = 2 and 0 = 0.28. (a) A
complex intermediate phase at B = 1.0. (b) The saturated
stable translating orbit at B = 1.5. (c¢) At B = 1.0 the net
skyrmion speed is reduced. (d) At B = 1.5, the skyrmion
moves more rapidly with (V) = —2.0.

In Fig. 8 we show the effect of varying O and Ng on
the net ratcheting motion. For samples in which the
number of funnels is fixed at Np = 4 and O is varied
over the range O = 1 to O = 6, the plot of (V) ver-
sus B in Fig. 8(a) indicates that there is only a small
upward shift in the depinning threshold as the funmnel
opening becomes wider. There is a single sharp tran-
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FIG. 10. Dynamic phase diagram as a function of ac drive
amplitude B vs (a) O for Np = 4 and (b) N for O = 0.28
in a system with am/aq = 0.5 and y direction ac driving
with A = 0. Red regions exhibit no ratchet effect, while
blue regions indicate the appearance of ratcheting in the —x
direction.

We summarize the skyrmion behavior under y direc-
tion ac driving in Fig. 10 where we plot a dynamic phase
diagram as a function of B versus O for Np = 4 in
Fig. 10(a) and as a function of B versus Ng for O = 0.28
in Fig. 10(b). The width of the funnel opening has little
effect on the onset of the ratcheting motion, as shown in
Fig. 10(a), since the skyrmion flow is along the —z di-
rection. As the number of funnels increases, Fig. 10(b)
indicates that the onset of ratcheting motion drops to
lower values of B.

In Fig. 11, we plot a dynamic phase diagram as a func-
tion of B versus au,/ay for samples with O = 0.28 and
Np = 4 to show how the size of the Magnus term impacts
the transverse ratchet effect. When «,,/aq > 3.0, no
ratcheting motion appears. The reduction of a Magnus-
induced transverse ratchet as a function of increasing
Magnus force was observed previously in systems with
quasi-1D substrates3. For our funnel geometry, although
Fig. 6 showed that o, /a4 has little impact on the ratchet
effect when the ac drive is applied parallel to the x direc-
tion, Fig. 11 indicates that for ac driving applied par-
allel to the y direction, modifications to the Magnus
term can strongly modify the ratcheting behavior. For
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FIG. 11. Dynamic phase diagram as a function of B vs am, /aq
for samples with O = 0.28 and Nr = 4 under y direction ac
driving with A = 0. Red regions exhibit no ratchet effect,
while blue regions indicate the appearance of ratcheting in
the —z direction.

am/ag = 2.0 and 3.0, we observe a reentrant pinning
phase with a small window of ratcheting motion near
B =10.5.

V. BIHARMONIC AC DRIVING
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FIG. 12. (V;) vs A for samples with biharmonic driving in
which A = B and am/ag = 0.5. (a) Varied O and fixed
Nr = 4. (b) Varied Nr and fixed O = 0.28. To facilitate
comparison, all velocities are normalized using S = 5 even
though S varies when N is changed.
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FIG. 13. Funnel wall (red lines) and the skyrmion trajectory
(black lines) in a system with ., /ag = 0.5 and a biharmonic
ac drive applied in both the z and y directions with B = A,
Nr = 4 and O = 2.0. (a) At A = 0.25, a localized orbit
forms and there is no net dc motion. (b) At A = 0.5 the
skyrmion translates in the +x direction. (c) At A = 1.0, a
complex localized orbit forms between two adjacent funnels
in the reentrant pinning phase. (d) At A = 1.5, above the
reentrant pinning window, the skyrmion has a net motion in
the +x direction.

We next consider biharmonic ac driving where both
A and B are finite and the skyrmion is simultaneously
driven in both the z and y directions. In Fig. 12 we
plot (V,) versus A for samples with a,/ag = 0.5 and
B = A. For a fixed number of funnels Ny = 4 and
varied O, as in Fig. 12(a), a reentrant pinning phase ap-
pears for O < 2.0 in which the net dc motion disappears.
For higher values of O, this reentrant pinning phase van-
ishes since multiple trapped orbits can no longer form
inside individual funnels. In Fig. 12(b), where we fix
O = 0.28 and vary Np, we are in a regime where the
reentrant pinning phase is always present, and the range
of ac drive amplitudes over which the reentrant pinning
appears changes with Ng. For large N, such as Np =6
and Ny = 8, a second reentrant pinning phase emerges.
Here, the shorter funnel lengths at high Nz make it possi-
ble for additional trapped nontranslating skyrmion orbits
to form. In Fig. 13 we show representative skyrmion tra-
jectories for the system from Fig. 12 with Ng = 4 and
O =2.0. At A =0.25in Fig. 13(a), there is no net dc
motion since the drive amplitude is not large enough for
a delocalized orbit to form. In contrast, at A = 0.5 in
Fig. 13(b), we find a translating orbit with motion in the
+z direction. In Fig. 13(c) we illustrate the reentrant
pinning phase at A = 1.0 where a localized orbit span-
ning two funnels appears, while in Fig. 13(d) at A = 1.5,
we find a translating orbit with a net motion in the 4z
direction above the reentrant pinning regime.

When its value is quantized, (V,) provides a measure-
ment of the number of funnel plaquettes spanned by a
translating trajectory during each ac drive cycle. We
can use this measure to explore the effects of varying
the funnel parameters out to their extreme values. In
Fig. 14(a) we plot (V) versus O under biharmonic driv-
ing with A = B = 2.0 at Np = 4, where we find a clear
increase in the skyrmion velocity as the funnel opening
becomes larger. The ratchet effect increases with increas-
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FIG. 14. (V) vs (a) O for Np = 4 and (b) Ng for O = 1.0
in samples with biharmonic driving, am/aq = 0.5, and A =
B = 2.0. Due to the normalization, (V,) provides a measure
of the number of funnel plaquettes spanned by the translating
trajectory during each ac drive cycle.

ing O due to the increased probability for the skyrmion
to reach the next funnel along the easy direction. When
O reaches its maximum size of O = 8.0, however, the
funnel structure vanishes and thus the skyrmion ratchet
effect also disappears. Abrupt vanishing of a ratchet ef-
fect with funnel aperture is common in funnel ratchet
systems®®. When we fix O = 1.0 and vary Ny, Fig. 14(b)
shows that the number of funnels visited decreases with
increasing Np since the funnel walls become steeper as
each individual funnel becomes shorter. When Np > 10,
the skyrmion ratchet is lost for this choice of driving am-
plitude, A = B = 2.0.

In Fig. 15 we plot (V,) versus A for a biharmonic
ac drive system with fixed B = 1.5 at a,,/aq = 0.5.
An ac drive of this type causes a free skyrmion to exe-
cute an asymmetric orbit, and this asymmetry enhances
the ratchet effect. In the funnel geometry, the resulting
skyrmion behavior consists of a combination of the effects
found for unidirectional ac drives. For very low values
of A, the skyrmion moves in the —z direction due to the
strong Magnus-induced transverse ratchet which appears
at B = 1.5, as illustrated in Fig. 16(a) at A = 0.25. For
higher values of A, the parallel ratchet mechanism be-
comes dominant and the skyrmion moves in the +x direc-
tion, as shown in Fig. 16(c) at A = 1.2. An intermediate
state appears between these regimes when the Magnus-
induced transverse ratchet and the parallel ratchet cancel
each other, producing a localized orbit with no dc mo-
tion, as shown in Fig. 16(b) at A = 0.5.

In Fig. 17(a) we plot a dynamic phase diagram as a
function of A versus O for a biharmonic system with
B = 1.5, ap/ag = 0.5, and Ny = 4, while in Fig. 17(b)
we show a similar dynamic phase diagram as a function
of A versus N for the same system at fixed O = 0.28.
We find a reversal of the ratchet direction from —x to
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FIG. 15. (V%) vs A in samples with biharmonic driving and
fixed B = 1.5 at aum /g = 0.5. (a) Varied O for fixed Np = 4.
(b) Varied Np for fixed O = 0.28. To facilitate comparison,
all velocities are normalized using S = 5 even though S varies
when Np is changed.
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FIG. 16. Funnel wall (red lines) and the skyrmion trajectory
(black lines) in a system with am/aq = 0.5 and a biharmonic
ac drive with B = 1.5, Np = 4, and O = 4.0. (a) At A =
0.25, the skyrmion translates in the —z direction due to the
Magnus-induced transverse ratchet effect. (b) At A = 0.5,
there is an intermediate state with no dc motion. (c) At
A = 1.2, the skyrmion translates in the +x direction due to
the parallel ratchet effect.

+x as A increases, along with multiple reentrant pinning
regions in which ratcheting behavior does not occur. Fig-
ure 17(a) shows a window of —x direction ratcheting over
the range 1.0 < O < 4.0 in the middle of the pinned re-
gion when A ~ 0.8. A similar window of +x direction
ratcheting appears in the same region of A for O > 4.5.
In Fig. 17(b), we find a pinned phase for Np > 2 close to
A = 1.3 where the —z ratchet motion ceases, followed by
the emergence of ratcheting motion in the +x direction
for higher A. Judicious selection of both O and Ng de-
termines the number and type of ratcheting phases that
can be accessed as A is varied.
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FIG. 17. Dynamic phase diagrams for samples with bihar-

monic driving, B = 1.5, and am/aq = 0.5 as a function of
(a) A vs O with Np = 4 and (b) A vs Nr with O = 0.28.
Green areas indicate ratcheting motion in the hard or —z di-
rection, purple areas have ratcheting motion in the easy or
+a direction, and red areas show no ratchet effect.

VI. GUIDED MOTION USING AC DRIVES

(a) (b)
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FIG. 18. Funnel wall (red lines) and the skyrmion trajectory
(black lines) under biharmonic driving in a system with Np =
4, O = 4.0, and am/ag = 0.5 illustrating trajectory guiding
from the left funnel, marked L, to the right funnel, marked
R, and back. (a) Skyrmion starting position in funnel L at
t = 0. (b) First stage of operation with A = 2.0 and B = 0.0,
where the skyrmion moves from L to R. (c) Second stage of
operation with A = 0.0 and B = 2.0, where the skyrmion
moves from R back to L. (d) The complete trajectory.

In the previous section, we showed that a skyrmion
can be set into motion in the easy (+x) or hard (—z)
direction of the funnel axis depending on the orientation
of the ac driving force. We now consider a situation in
which a skyrmion must be guided from an initial funnel
to another funnel and must then return to its original
position under only ac driving. This process is relevant
to spintronics devices in which a skyrmion acting as an
information carrier is guided through the sample in or-
der to transmit information. In Fig. 18(a) we illustrate
the sample in which the skyrmion will move from the left
funnel labeled L to the right funnel labeled R and back
again. In Fig. 19(a) we plot the applied ac drive signals
FAC and F;‘C used to produce this motion as a function
of time, and in Fig. 19(b) we show the corresponding in-
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FIG. 19. (a) The applied ac drive forces, FAC (black) and
FyAC (red), versus time t for the guided skyrmion motion in
Fig. 17. The time axis is truncated at ¢ = 100,000, but the
same ac driving is applied at later times to achieve the trans-
port in Fig. 17. (b) The instantaneous skyrmion velocities V,
(black) and V,, (red) versus ¢ under the driving shown in panel
(a). The vertical dashed line indicates the time at which the
ac drive direction is changed.

stantaneous skyrmion velocities V, and V,. In order to
guide the skyrmion along the easy direction towards fun-
nel R, we apply ac driving in the = direction with A = 2
and B = 0 for 13500 time steps. The skyrmion trajectory
for this interval is illustrated in Fig. 18(b). As shown in
Fig. 19, only 1/4 of an ac drive cycle is sufficient to bring
the skyrmion to funnel R due to the high efficiency of
motion in the easy direction. During this time interval,
Fig. 19(b) indicates that the skyrmion velocity V, is al-
ways positive. In order to guide the skyrmion back to fun-
nel L, we switch the ac driving into the y direction with
A =0 and B =2 in order to produce a Magnus-induced
transverse ratchet effect that translates the skyrmion in
the —x direction. The skyrmion trajectory for this inter-
val of time, which extends to ¢ = 200000, is illustrated
in Fig. 18(c). The driving in this second stage of mo-
tion must be applied for a much longer time interval
since the motion in the hard direction is relatively in-
efficient compared to motion in the easy direction. This
is highlighted in Fig. 19(b) where the skyrmion veloc-
ity V, drops to zero multiple times during the motion in
the hard direction back towards funnel L. We even ob-
serve time intervals in which the skyrmion moves in the
+x direction, away from funnel L, before reversing di-
rection and moving back toward funnel L. The complete
skyrmion trajectory is shown in Fig. 18(d). We expect
that similar results could be achieved using asymmetric
ac drives in which neither A nor B is zero. As mentioned
in Section V, for a fixed B, the skyrmion moves in the
—x direction for low values of A and in the +x direction
for high values of A. If asymmetric ac drives of this type
were used to achieve the type of transport illustrated in
Fig. 18, the trajectories would be more complex.



VII. DISCUSSION

Using a combination of funnel geometries and ac driv-
ing, it is possible to control the skyrmion direction of
motion accurately. When the ac drive is applied parallel
to the funnel axis, we find easy or +zx direction ratch-
eting, while ratcheting in the hard or —z direction oc-
curs for an ac drive applied perpendicular to the funnel
axis. The ratchet motion in the easy direction of the
funnel has been observed in a wide variety of systems
with overdamped particles™ 1718 but ratcheting mo-
tion in the hard direction appears only for particles with
strong Magnus terms®3. This feature can be exploited
to build devices in which the direction of the skyrmion
transport must be controlled precisely. A future interest-
ing aspect to explore is the influence of temperature. It is
well-known that thermal effects can modify phase tran-
sition points and in some cases can completely destroy
them™. Thus, it is possible that the ratcheting motion
along the hard direction could be destroyed by strong
thermal fluctuations, since our results indicate that this
motion is not very efficient. Our simulation employs
a particle-based skyrmion model®®; however, skyrmions
also have internal structure that can be excited by ap-
plied ac drives, or that can be deformed by an interaction
with a wall barrier®'. Such effects could be further ex-
plored in continuum-based simulations. For example, in
recent work%%, excitation of a skyrmion breathing mode
was used to transport skyrmions along an angelfish-type
racetrack memory device by application of an ac mag-
netic field. The phase of the magnetic field determines
the direction of motion. This differs from the ac cur-
rent driving we consider, since our ac current can be
applied at a continuous range of different angles with
respect to the flow axis of the funnel substrate, permit-
ting the emergence of ratchet reversals and a rich set
of dynamics not visible in the breathing mode system.
We considered the dynamics of a single skyrmion, but
we expect our results to be general for the case of mul-
tiple skyrmions provided the skyrmion density is suffi-
ciently low. For multiple interacting skyrmions at higher
densities, the skyrmion-skyrmion interactions cannot be
neglected and could produce significant modifications of
the dynamics due to collective effects”"72. Our results
should be applicable not only to skyrmions, but to other
magnetic textures exhibiting significant Magnus effects,

such as merons’3.

VIII. SUMMARY

In this work we investigated the skyrmion behavior at
zero temperature in a funnel geometry under applied ac

driving. We show that for ac driving applied either par-
allel or perpendicular to the funnel axis, the skyrmion
can undergo net dc transport along either the easy or
the hard direction of the funnel. For ac driving applied
parallel to the funnel axis, the skyrmion moves in the
easy direction with a quantized velocity that increases
monotonically with increasing ac drive amplitude. In
contrast, when the ac driving is applied perpendicular to
the funnel axis, the skyrmion flows in the hard direction
at a constant average velocity due to a Magnus-induced
transverse ratchet effect. Increasing the relative impor-
tance of the Magnus term compared to the damping term
only weakly affects the easy direction ratcheting, but can
destroy the dc motion of the transverse ratchet effect.
For biharmonic driving with equal drive amplitudes both
parallel and perpendicular to the funnel axis, a reentrant
pinning phase appears that depends on the size of the
funnel opening and the number of funnels. Under asym-
metric biharmonic ac driving, where the perpendicular
ac drive amplitude is held fixed and the parallel ac drive
amplitude A is varied, we find a combination of the effects
observed for separate ac driving along each axis. For low
values of A, the skyrmion moves along the hard direction
due to the prominent transverse ratchet effect; however,
for higher values of A, a transition occurs to motion along
the easy direction due to the strengthening of the paral-
lel ratchet effect. These results may be useful for future
devices since they indicate that the skyrmion motion in
a funnel geometry can be controlled using only ac driv-
ing. To illustrate this, we demonstrate that a skyrmion
can be transported to a series of predetermined locations
by varying the ac driving over time, simulating a data
transfer process.
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