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Abstract

Using a particle-based model, we examine the collective dynamics of skyrmions interacting with a
funnel potential under dc driving as the skyrmion density and relative strength of the Magnus and
damping terms are varied. For driving in the easy direction, we find that increasing the skyrmion
density reduces the average skyrmion velocity due to jamming of skyrmions near the funnel
opening, while the Magnus force causes skyrmions to accumulate on one side of the funnel array.
For driving in the hard direction, there is a critical skyrmion density below which the skyrmions
become trapped. Above this critical value, a clogging effect appears with multiple depinning and
repinning states where the skyrmions can rearrange into different clogged configurations, while at
higher drives, the velocity-force curves become continuous. When skyrmions pile up near the
funnel opening, the effective size of the opening is reduced and the passage of other skyrmions is
blocked by the repulsive skyrmion—skyrmion interactions. We observe a strong diode effect in
which the critical depinning force is higher and the velocity response is smaller for hard direction
driving. As the ratio of Magnus force to dissipative term is varied, the skyrmion velocity varies in a
non-linear and non-monotonic way due to the pile up of skyrmions on one side of the funnels. At
high Magnus forces, the clogging effect for hard direction driving is diminished.

1. Introduction

The dynamical behavior of vortices in superconductors, Wigner crystals, and colloidal particles subjected to
confined geometries such as one-dimensional (1D) channels or constrictions [1-3], bottlenecks [4—7], or
asymmetric funnel walls [8—12] has been extensively investigated in the past years. In such systems, it is
possible for a portion of the particles to become pinned by the confining walls, thereby hindering the
motion of other particles due to the particle—particle interactions. Clogging is a generic phenomenon that
has been studied for particles with contact interactions such as granular matter both with and without
friction flowing through an aperture or orifice, where when the density is high enough, the flow can stop
[13—17]. The clogging is probabilistic, and the system can flow for some time until the particles reach a
certain configuration that stops the flow.

For systems of particles interacting with funnel arrays, there have been a variety of studies describing
diode, ratchet, clogging and jamming effects for superconducting vortices [8, 10, 11, 18—21], colloidal
particles [22], and active matter [23—25]. In the case of superconducting vortices and colloids, the
interactions are longer range compared to the contact forces found in granular matter. A periodic array of
funnels can also produce commensurability effects in which the depinning threshold is significantly
increased when the number of particles is an integer multiple of the number of plaquettes in the system
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[10, 19, 22]. Due to the asymmetry of the funnel geometry, the depinning and dynamics depend strongly
on whether the drive is applied along the easy or hard direction of motion through the funnel. For driving
in the easy direction, the velocity-force curves are generally smooth, while for driving in the hard direction,
clogging dynamics can occur when particles accumulate along the funnel edges and block the flow.

Recently, a particle-based model of magnetic skyrmions was investigated in the presence of funnel
geometries [26, 27]. Here a single skyrmion was subjected to ac driving, and it was possible to achieve
precise control of the skyrmion motion through a ratchet effect [27]. The ratcheting can be induced with ac
driving in the particle-based model, but could be produced by an oscillating field that changes the size of
the skyrmion in a continuum model [26]. In the present work we examine collective behaviors including
diode and jamming effects for assemblies of skyrmions interacting with a linear array of asymmetric
funnels.

Skyrmions are spin textures wrapping a sphere pointing in all directions to form a topologically stable
particle-like object [28—30] that can be set into motion by the application of a spin polarized current
[31-33]. In the presence of external drives, skyrmions can show a depinning threshold similar to that found
for superconducting vortices. The key difference between skyrmions and other overdamped particles is the
presence of the Magnus force [34, 35]. This non-dissipative force produces a skyrmion velocity contribution
that is perpendicular to the external applied current. In the case of a clean sample without defects, the
skyrmions move at an angle with respect to the transport force known as the skyrmion Hall angle, 63"

[29, 34, 36]. Experimentally, the skyrmion Hall angle ranges from a few degrees up to values very close to
90° depending on the system parameters [36, 37].

Recent advances in creating nanoengineered materials, where defects of different sizes and shapes can be
embedded in a sample, permit the creation of complex structures that can interact with and guide
skyrmions inside the material. In this work we use a particle-based simulation to describe the dynamical
behavior of multiple skyrmions interacting with a linear array of asymmetric funnels under the influence of
a dc drive. In previous works investigating single skyrmion dynamics under the influence of periodic and
asymmetric potentials, we showed that the Magnus term can significantly influence the dynamics and can
produce quantized directions of motion [38—40], novel ratchet effects [27, 41-44] and possibilities for
controlled skyrmion motion [45]. When multiple interacting skyrmions are present in a sample, the
skyrmion—skyrmion interactions can compete with the effects of the Magnus force. It was shown that in the
presence of random disorder, an assembly of skyrmions flows in riverlike channels with individual
skyrmions switching between pinned and moving states [46, 47], while for multiple skyrmions in periodic
pinning, moving segregated states appear with clustering that arises due to the velocity dependence of the
skyrmion Hall angle in the presence of strong pinning [48].

In this work, we investigate the collective interactions of skyrmions in a linear array of asymmetric
funnels where a dc transport force is applied along the easy or hard direction. At low skyrmion density,
for driving along the easy axis the dynamics is similar to that found in the single skyrmion case, where the
average velocity increases linearly with increasing drive. As the skyrmion density increases, collective effects
emerge and the skyrmions show a jamming effect near the funnel opening associated with a reduction in
the average skyrmion velocity. For drives applied along the hard direction, below a critical skyrmion density
there is no net skyrmion motion, while at higher densities the skyrmions can exhibit more than one finite
depinning threshold due to reentrant pinning phases (RPPs) produced by clogging effects. In the RPPs, the
skyrmion motion is interrupted due to a pile up of skyrmions inside funnel plaquettes, leading to formation
of a clogged state where the skyrmions cannot move until a second depinning threshold is reached that
opens the flow of skyrmions through the funnels once again. The clogging effect is probabilistic in nature,
as indicated by the fact that the depinning and reentrant pinning transitions fall at different driving forces
for different realizations. At higher drives, the velocity-force curves become continuous, and we map the
transition from clogging behavior to continuous flow as a function of skyrmion density and driving force.
A skyrmion diode effect is produced by the different responses of the driven skyrmions under different
driving directions. We have also studied the effect of varying the ratio of the Magnus term to the dissipative
term for both directions of driving, and find both non-linear and non-monotonic behavior. For hard
direction driving, increasing the Magnus term can diminish and destroy the RPPs by reducing the tendency
of the skyrmions to clog.

2. Simulation

We simulate the collective effects of skyrmions under the influence of a linear array of funnel potentials
aligned along the x direction, as shown in figure 1. The simulation box has dimensions L, x L, with
periodic boundary conditions in the x direction. We initialize the skyrmions in a ground state configuration
obtained using a simulated annealing (SA) technique [49, 50]. Simulated annealing is an optimization
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Figure 1. Illustration of the linear array of funnel potentials used in this work. Red lines are the repulsive barrier walls of the

funnel geometry and black dots are skyrmions that are subjected to both damping and Magnus terms as well as a dc drive applied
along the +x or —x direction. The hard and easy directions of motion are labeled with arrows.

algorithm that works analogously to annealing in metallurgy. In metallurgy, a material is heated and then
slowly cooled down in order to reach its most stable state. Here, we start by placing the desired number

of skyrmions at randomly chosen positions inside the sample. We raise the temperature to a high value and
slowly cool down until the skyrmions reach a stable ground state, which we then use as an initial
configuration for the driven dynamics. We accept a given configuration as a ground state after several SA
realizations are performed with different temperatures and annealing parameters (as discussed in reference
[50]), and the ground state configuration has been returned by SA at least 10 times.

The skyrmion dynamics are given by the following equation [51], which takes into account the
interaction between skyrmions, the repulsive barriers that form the funnel geometry, and an applied dc
drive:

advi—i—améxvi:Ff-s—i—Fw—i—FD (1)

Here, v; is the velocity of the ith skyrmion. The first term on the left is the damping term that arises
from the spin precession and dissipation of electrons in the skyrmion core, where a4 is the damping
constant. The second term is the Magnus term produced by gyroscopic effects, where oy, is the Magnus
constant. Throughout this work we use the normalization o + a2, = 1.0.

On the right side of equation (1), the first term is the repulsive skyrmion—skyrmion force given by the
expression F** = Zf\l Ki(rij/€)7ij, where § is the screening length which we take to be 1.0 in dimensionless
units, rj; = |r; — rj| is the distance between skyrmions i and j, and the unit vector #;; = (r; — rj) /r;;. For
computational efficiency, we cut off the interaction beyond r;; = 6.0 where the Bessel interaction becomes
negligible. The sample size is fixed to Ly = 35§ and L, = 14¢. The second term on the right side is the
funnel wall potential, which is modeled using a Gaussian function given by Uy = er_riv/ “5, where Uj is
the potential strength, r;, is the distance between the skyrmion 7 and the wall, and ay is the funnel wall
thickness. The repulsive force exerted by the wall is Fyy = —V Uy, giving Fyw = Fy riwe_’izw/ ag ;v where
Fy = 2U,/a3. For this work we fix ay = 0.02¢ and Uy = 1.0. The number of funnels is fixed at N = 4 and
the funnel opening is set to O = 1.0£. The skyrmion density is given by pg. = Ng/L.L,, where Ny is the
number of skyrmions in the sample. This quantity is normalized in terms of 1/£7.

The last term on the right side of equation (1) is the transport dc driving force F® = FPd with d = £x%.
Here +x is the easy driving direction and —x is the hard driving direction. The external drive is increased
in small steps of §F” = 0.001 and we spend 5 x 10° simulation time steps on each step to evaluate the time
averaged velocity measurement, (V,) = (v - X). The brackets indicate a time average that is taken over the
simulation steps spent at each drive value.

For comparison with experimental realizations, considering a MnSi thin film [52] with lattice constant
a =~ 0.5 nm, the exchange energy is ] &~ 3 MeV/a, the Dzyaloshinskii—Moriya energy is D ~ 0.3 MeV/a?,
and the skyrmion size is £ ~ 27r]/D ~ 30 nm. The depinning currents would be of order 108 A m~ for
MnSi nanowires [53]. Similar mappings of simulation parameters can be made for different materials.

3. Easy direction driving

First we consider the case d = +% where the external dc drive is applied along the easy or +x direction. In
figure 2(a) we plot the average skyrmion velocity (V,) as a function of the external drive F° for several
values of the skyrmion density pgy in a sample with a,, /g = 0.5. Figure 2(b) shows (V) versus py, for
selected values of FP.

In general, for low values of py the velocity curve (V,) increases linearly with increasing external drive.
The flowing skyrmions are widely spaced, as shown in figure 3(a), making collective effects almost
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Figure 2. Results for a sample with v, /aig = 0.5 and d=+x corresponding to easy or +x direction driving. (a) (V) vs drive
amplitude F° for skyrmion densities py, = 0.018, 0.073, 0.127, 0.216, and 0.393. For high values of F”, the curves become linear.
(V) decreases with increasing skyrmion density, showing a clear effect of the collective behavior. (b) (V,) vs py for F° = 0.5, 1.0,

1.5, and 2.0.
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Figure 3. Representative snapshots of the skyrmion positions for the system in figure 2 with oy, /g = 0.5 and d = +% driving
at [P = 1.5. Red lines are the funnel walls and skyrmions are represented as open circles. Each skyrmion velocity, V,, is
represented in a color scale attached to the figure, where white skyrmions indicate null velocity, red skyrmions V, > 0, and blue
skyrmions V, < 0. The skyrmion density pg = (a) 0.018, (b) 0.055, (c) 0.092 and (d) 0.393. As py, increases, there is a decrease
in (V,) due to the competition among skyrmions to pass through the funnel opening. There is also a buildup of skyrmion
density in the lower parts of the funnel due to the Magnus effect.

negligible. The response is similar to that found for a single skyrmion, where a linear dependence of (V)
on FP is expected. As more skyrmions are added to the sample, the skyrmion—skyrmion interactions
become important and the skyrmions begin to compete with each other to pass through the funnel
opening. This competition results in a nonlinear (V,) curve, as shown in figure 2(a). For each value of F°
there is a critical value of py above which collective effects appear and the average velocity (V) begins to
drop, as shown in figure 2(b). With increasing pg,, skyrmions accumulate near the funnel opening, leading
to a jamming of the skyrmions and a corresponding reduction in the average velocity.

In figure 3 we show some snapshots of the moving skyrmions for the system in figure 2. At pyg. = 0.018
in figure 3(a), the skyrmions interact only weakly and the skyrmion flow is very similar to that found in the
single skyrmion limit. For pg. = 0.055, illustrated in figure 3(b), the skyrmions flow in a closely spaced line,
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Figure 4. Results for a sample with c /g = 0.5 and d = —% corresponding to hard or —x direction driving. (a) (V) vs F° for

pa = 0.018,0.073,0.127, 0.216, and 0.393. Some of the curves show non-monotonic behavior. (b) (Vy) vs py, for F° =05, 1.0,
1.5, and 2.0, where we find a critical density value (vertical dashed line) of p§* = 0.037.

increasing the relevance of collective effects. In figure 3(c) at pg = 0.092, the skyrmions can no longer
remain stable in a single line of flow, and competition between skyrmions to pass through the funnel
openings begins to appear. For pg = 0.393 in figure 3(d), multiple skyrmions agglomerate near the funnel
opening, decreasing its effective width through their repulsive interactions with approaching skyrmions.
This is associated with a significant reduction in the average velocity and can lead to the formation of a
jammed state of skyrmions near the funnel opening. Here the skyrmions flow almost like a fluid trying to
pass through a tight orifice. Due to the Magnus term, when the drive is applied along the +x direction, the
skyrmions move at an angle with respect to the drive given by the skyrmion Hall angle, #" = arctan
(am/g) = —26.56°, producing a higher concentration of skyrmions in the lower part of the funnel array,
as can be seen clearly in figures 3(c) and (d).

4. Hard direction driving

We next apply a drive with d=—% along the hard or —x direction for a sample with o, /g = 0.5. In
figure 4(a) we show (V) versus F at different skyrmion densities, and in figure 4(b) we plot (V) versus
pq for selected values of FP.

Under hard direction driving, (V,) = 0 for all values of F° when pgy < 0.037, as shown in figure 4(b).
A snapshot of the skyrmion positions for py = 0.018 and F® = 1.5 appears in figure 5(a). Skyrmions are
trapped along the vertical walls of the funnel array and are too distant to interact with each other. When
P > 0.037, the skyrmions begin to exhibit collective effects and finite motion develops along the hard
direction. Interestingly, the magnitude of the average skyrmion velocity, |(V,)|, increases as the skyrmion
density increases, as illustrated in figure 4(a). This is different from the behavior of overdamped particles
[10, 22], where the average velocity decreases as the particle density increases. In the skyrmion case, the
Magnus force is present, and it is well-known that gyroscopic effects can significantly influence the
skyrmion organization [54]. We believe the phenomenon here is analogous, and that as the density of
skyrmions increases, the gyroscopic term favors an easier flow of skyrmions. We also find reentrant pinned
phases (RPPs) for all systems with pg > 0.037, as shown in figure 6. Note that the size and number of RPPs
vary with the skyrmion density. For high skyrmion densities, such as pg = 0.393, the RPPs are very narrow.
On the other hand, for low densities such as pg = 0.073, there is only one RPP and it extends over a fairly
wide range of FP. For intermediate skyrmion densities, such as pg = 0.127, the RPPs are numerous but are
less stable than those found at lower densities.

In figure 7 we plot the skyrmion trajectories for the system from figures 4(a) and 6 with a,,/aq = 0.5 at
pg = 0.073. For 0.185 < F° < 0.29, the skyrmions depin and start flowing in the —x direction, as
illustrated in figure 7(a) for F° = 0.26. In the interval 0.29 < FP < 0.398, the skyrmion motion is
interrupted by a clogging effect, where skyrmions pile up in two of the funnel plaquettes and block the flow,
as illustrated in figure 7(b) for F° = 0.35. This leads to a zero velocity regime where the skyrmions are
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Figure 5. Representative snapshots of the skyrmion positions for the system in figure 4 with oy, /g = 0.5 and d=-x% driving
at F° = 1.5. Red lines are the funnel walls and skyrmions are represented as open circles. Each skyrmion velocity, V,, is
represented in a color scale attached to the figure, where white skyrmions indicate null velocity, red skyrmions V, > 0, and blue
skyrmions V. < 0. The skyrmion density py = (a) 0.018, (b) 0.055, (c) 0.127 and (d) 0.393.
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Figure6. A zoomed in view of the (V.) vs F° curves from figure 4(a) for the system with ay, /g = 0.5 and d = —% direction

driving over the range 0 < F” < 0.5. RPPs appear for all but the smallest value of p.

trapped. For F? > 0.398, a second depinning transition occurs and the skyrmions start to flow again, as
shown in figure 7(c) for F° = 0.4.

In figure 5 we show some snapshots of the skyrmion positions for the system from figure 4. As the
skyrmion density increases, skyrmions accumulate along the vertical walls of the funnel array, as illustrated
in figures 5(a) and (b). Moreover, due to the finite skyrmion Hall angle, skyrmions tend to accumulate in
the upper part of the funnels, as shown in figures 5(c) and (d). The hard direction flow of skyrmions occurs
through two types of motion. At low densities, a skyrmion arriving at the upper portion of the vertical wall
displaces the skyrmions already stuck along the wall and pushes one of them into the orifice, allowing it to
flow into the next plaquette where the process is repeated. For higher densities, the accumulation of
skyrmions in the upper portion of each funnel confines the skyrmion motion to a channel along the center
line of the funnel, and the wall displacement mechanism is disrupted. Meanwhile, some skyrmions remain
permanently trapped in the lower part of the funnel.
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Figure7. Skyrmion trajectories for the system in figure 4 with d = —% driving and o, /g = 0.5 at p = 0.073. Red lines are
the funnel walls, black dots are the skyrmions initial positions, and blue lines are the skyrmion trajectories. (a) For FP =0.26,
some of the skyrmions flow through the funnel openings, resulting in finite values of (V). (b) The reentrant pinned or clogged
phase at F° = 0.35, where skyrmions accumulate behind a blockage caused when other skyrmions become trapped on the
vertical funnel wall, decreasing the effective width of the funnel opening through their repulsive interactions. (c) The sliding
phase at F° = 0.4, where skyrmions are able to flow through the funnel opening again.
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Figure8. (a) V| vs Fp, for the system from figures 2 and 4 with a, /aq = 0.5 and py. = 0.127 for driving in the d = +% (red)
and d = —x (black) directions. (b) A zoomed in version of the same plot. There is a skyrmion diode effect in which the critical
depinning force is finite only for —x driving, while the velocity response is much higher for +x driving.

4.1. Skyrmion diode effect

The difference in the velocity response for driving in the easy and hard directions can be viewed as an
example of a skyrmion diode. In diodes, the threshold for transport is different for one direction of drive
compared to the other, and the diode effect can be used to create a variety of logic devices [55, 56].

A number of skyrmion diode devices have been proposed using voltage controlled potential barriers [57],
asymmetric substrates [58], and even the asymmetry of the motion from the Hall effect [59]. In our system,
the diode effect arises because the skyrmions are more susceptible to clogging for hard direction driving
than for easy direction driving. To illustrate the diode effect more clearly, in figure 8(a) we plot |V,| versus
Fp for driving in the d = +% and —& directions for the system from figures 2 and 4 with o, /og = 0.5 at
ps = 0.127. There is a smooth increase in the velocity-force curve and a depinning force of F. = 0 for +x
driving, while for —x driving, the depinning force is finite and has a value near F. = 0.25, as shown in the
zoomed in plot of figure 8(b). For driving in the hard direction, a clogged regime appears for

0.25 < Fp < 0.5. When Fp > 0.5, the velocity is always higher for +x driving than for —x driving since all
of the skyrmions are in motion under easy direction driving, but a portion of the skyrmions become
trapped in the funnel corners for hard direction driving. Figure 8 indicates that the velocity-force curves for
+x driving remain nonlinear due to the collective effects of the skyrmions moving near the funnel tip.
Within our particle-based model, skyrmions that become trapped at the funnel edges for hard direction
driving remain trapped even if the driving force is increased; however, for a real system or in a continuum
model, these skyrmions could eventually become strongly distorted and depin for sufficiently large drives.
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Figure9. Results for a sample with py = 0.127 under d=+x% driving. (a) (V,) vs E” for a, /ag = 0.5, 1.0, 2.0, and 5.0.
(b) (V) vs am/ay for F> = 0.5, 1.0, 1.5, and 2.0.

5. Effect of varying o, / a4 for easy direction driving

As shown in previous sections, the Magnus force plays a major role in determining the dynamics of the
skyrmions confined to the funnel array. We next vary the ratio au, /aq to change the relative importance of
the Magnus term in a system with fixed pg = 0.127.

In figure 9(a), the plots of (V) versus F° for samples with pg = 0.127 and varied ay, /g under
d=+x driving indicate that the Magnus term modifies the average skyrmion velocity. For stronger
Magnus forces of /g > 1.0, the (V) versus v, /g curves in figure 9(b) show that (V) always increases
as the Magnus force is increased. When ay, /aq < 1.0, however, the behavior changes. In the high drive
regime, such as at F° = 2.0, (V) is nonlinear and non-monotonic over the interval 0 < /g < 1.0.

In contrast, for low and intermediate drive regimes, (V) increases monotonically with increasing Magnus
force.

In figure 10 we show some representative snapshots of the skyrmion positions for the system from
figure 9 at F° = 1.5. For ay,/aq = 0.25 in figure 10(a), where the Magnus force is low, the intrinsic
skyrmion Hall angle is 6 = —14.04° and the skyrmions move along two channels. In the lower channel,
the skyrmions follow the direction of the intrinsic skyrmion Hall angle until they strike the diagonal funnel
wall, which guides them to the funnel opening. In the upper channel, the skyrmions flow nearly parallel to
the drive because the intrinsic skyrmion Hall angle is canceled by the repulsive interactions with skyrmions
in the lower channel. As both channels approach the funnel opening, the skyrmions compete to move into
the next funnel plaquette. In figure 10(b) for a, /cvg = 0.5, the intrinsic Hall angle is higher
(6"t = —26.56°) and therefore the skyrmions in the lower channel strike the edge of the diagonal funnel
wall further to the left. When a,, /g = 1.0, as shown in figure 10(c), Giﬁt = —45° and the skyrmion
channels begin to merge before reaching the funnel opening, producing a denser single channel. In
figure 10(d), where o, /g = 5.0 and 61 = —78.7°, there are no longer clearly separated channels and the
skyrmions flow in a single chaotic band of motion. The presence of two channels of flow for lower Magnus
forces facilitates clogging of the skyrmions since the channels compete as they approach the funnel opening,
while the single channel or band of flow at higher Magnus forces has no competition and can pass more
easily from one funnel plaquette to the next, increasing the average skyrmion velocity.

In figure 10(d) we find that the skyrmions along the diagonal funnel wall are more widely spaced than
the other skyrmions. This is caused by the velocity boost that the skyrmions receive when they are flowing
against the wall. Figure 11 describes the origin of the velocity boost effect schematically. In figure 11(a) we
highlight a single funnel where the high speed flow along the funnel wall occurs, with one skyrmion circled.
The forces on this skyrmion are illustrated in figure 11(b). The driving force Fp, is in the +x direction, and
the repulsive force from the wall F,,; acts perpendicular to the wall. The vector sum of these two forces is
Fr. According to equation (1), the Magnus force rotates Fr clockwise by an amount Giﬂt, toward the
direction of v. Depending on the particular value of v, /vg, this will bring a greater or lesser portion of Fy
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Figure 10. Representative snapshots of the skyrmion positions for the system in figure 5 with d = +%xand P = 0.127 at

F° = 1.5. Red lines are the funnel walls and skyrmions are represented as open circles. Each skyrmion velocity, V,, is represented
in a color scale attached to the figure, where white skyrmions indicate null velocity, red skyrmions V, > 0, and blue skyrmions
V, < 0. The Magnus force ratio is au, /g = (a) 0.25, (b) 0.5, (¢) 1.0 and (d) 5.0.
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Figure11. (a) A zoomed in image of a single funnel from figure 10(d) with d = +%. Red lines are the funnel walls and black
dots are skyrmions. We focus on the circled skyrmion. (b) Force diagram indicating the force components that contribute to the
velocity boost experienced by a skyrmion in the direction parallel to the funnel wall. F (blue) is the driving force in the +x
direction. F (red) is the repulsive force from the funnel wall, which acts perpendicular to the wall. Fy (green) is the sum of
Fp and Fg. The Magnus force rotates Fg clockwise by an amount 6 = arctan(cuy, /). In the illustrated case, this angle exactly
matches the angle of the funnel wall, and the entire force Fy acts in the direction of the skyrmion velocity v (black) along the
funnel wall, giving a maximal velocity boost effect. In more general cases, the skyrmion Hall angle and funnel wall angles are
different, and only a portion of Fy contributes to the boost effect.

into alignment with the skyrmion velocity v parallel to the funnel wall, producing a velocity boost. In the
matches the angle of the funnel wall exactly and the velocity boost effect is maximized.

illustrated case, 6"

6. Effect of varying o, /a4 for hard direction driving

We now apply the drive along the hard or d = —x direction while varying am /g for samples with

pg = 0.127. In figure 12(a), we plot (V) versus F" for different values of cvy, /. There is an overall
increase in the magnitude of the average skyrmion velocity as the Magnus term becomes larger, which is
more clearly illustrated in the plot of (V) versus a,/ayq for selected values of F” in figure 12(b). Note that
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Figure 12. Results for a sample with py = 0.127 under d = —% driving. (a) (V) vs F° for o, /g = 0.5, 1.0, 2.0, and 5.0.
(b) {V.) vs am/ay for F° = 0.5, 1.0, 1.5, and 2.0.
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Figure 13. Representative snapshots of the skyrmion positions for the system in figure 12 with d=—-%and Py = 0.127 at

FP = 1.5. Red lines are the funnel walls and skyrmions are represented as open circles. Each skyrmion velocity, V,, is represented
in a color scale attached to the figure, where white skyrmions indicate null velocity, red skyrmions V, > 0, and blue skyrmions
V, < 0 The Magnus force ratio is ay, /aq = (a) 0.25, (b) 0.5, (c) 1.0 and (d) 5.0.

RPPs are also affected by the Magnus intensity. The RPPs are more prominent for low values of o, /ag but
the clogging effect is diminished as the Magnus term becomes stronger.

Figure 12(a) shows that the depinning threshold changes as o, /ayq is varied. For higher values of
@tm/ v, the depinning threshold shifts to lower values of FP. In figure 12(b), (V,) has a nonlinear and
non-monotonic dependence on o, /ay for intermediate and high drives. This is similar to the results found
ford = +% driving in figure 9.

In figure 13(a) we illustrate snapshots of the skyrmion positions for the system in figure 12 at F° = 1.5.
For low values of o, /ay, the intrinsic skyrmion Hall angle is reduced and as a consequence more
skyrmions remain trapped in the funnel plaquettes. For example, in figure 13(a) at o, /aqg = 0.25, the
channel of flowing skyrmions strikes the vertical funnel wall just above the point where the bottom
skyrmion is trapped by the wall, releasing that skyrmion and allowing it to pass into the next funnel
plaquette; however, all of the other skyrmions higher up on the funnel wall remain trapped permanently.
Since relatively few skyrmions are able to move, the average skyrmion velocity is reduced. For au, /g = 0.5,
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Figure 14. (a) Results for a sample with pg = 0.127 under d=-x% driving at o, /g = 0.5 for five different realizations of the
initial conditions. The clogging events occur at slightly different drives, while for F° > 0.45, the system exhibits continuous flow
that is not sensitive to the initial conditions. (b) Dynamic phase diagram as a function of F” vs py, showing pinned (yellow),
clogged (red), and flowing (blue) states for the system in panel (a). Below the red solid line, the system shows clogging behavior,
while above the red solid line, the flow is continuous.

shown in figure 13(b), the skyrmion channel strikes the vertical funnel wall approximately at its center,
pushing a larger number of skyrmions toward the funnel opening and reducing the number of skyrmions
that are permanently pinned. In figures 13(c) and (d) for ay,/aq = 1.0 and 5.0, respectively, the moving
skyrmion channel pushes almost all of the skyrmions along the vertical funnel wall toward the funnel
opening, leading to a much higher average skyrmion velocity. In addition, according to the mechanism
explained in figure 11, the skyrmion velocity for sliding along the diagonal funnel walls can be boosted
considerably. The channel motion of skyrmions boosted by the Magnus effect also reduces the depinning
threshold, as shown in figure 12(a).

7. Clogging dynamics

In systems that exhibit clogging, such as flow though apertures or bottlenecks, the flow is typically
probabilistic in nature, and the particles may flow for some period of time before reaching a clogged
configuration [13—17]. In contrast, systems that exhibit jamming have a unique density above which the
flow ceases [60, 61]. In our system, the skyrmions are initialized in a ground state configuration obtained
with a SA procedure, as discussed in the simulation section. In order to obtain metastable skyrmion
configurations that differ slightly from these ground state configurations, we perform additional SA sweeps
and measure the energy of the configurations we obtain. Configurations with energy equal to that of the
ground state are discarded, while configurations with energy slightly higher than that of the ground state are
accepted after being produced by the SA at least three times. By starting the system from these metastable
configurations, we found that the clogging behavior observed for d = —% driving remains robust but the
specific drives at which velocity dips or reentrant pinning occur can shift to slightly different locations for
different realizations. For driving in the easy direction, however, the velocity curves remain unchanged for
different initial configurations.

In figure 14(a) we plot (V,) versus F* for driving in the hard direction in a system with py = 0.073 and
am/aq = 0.5 for five different realizations of the initial conditions. For F° > 0.45, the curves are smooth
and are insensitive to the initial conditions, while for F° < 0.45, there are some differences in the location
of jumps and drops in the velocity for different realizations; however, all of the realizations have jumps for
FP < 0.45, indicating that there is a well defined clogging regime. In figure 14(b), we plot a dynamic phase
diagram as a function of F° versus py showing how the clogging regime evolves. As the skyrmion density
increases, the windows of drive over which clogging can occur are reduced. In general, we find that there is
a region in which some flow occurs before a clogged state is established. In clogging systems, the probability
to clog also depends on the rate of flow through the aperture, such that for lower flow rates the particles can
generally flow, while at higher flow rates clogging becomes more likely. In the skyrmion system, at high F°
the drive can break up the clogs. The boundaries in figure 14(b) are obtained using individual realizations
at each point. For multiple realizations at each point, the system would be better described as showing
clogging behavior below the red solid line and flowing behavior above the red solid line.
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8. Discussion

In our system we consider a particle-based model in which the number of particles is fixed and cannot
change. For real skyrmion systems, it is possible for skyrmions to be created or annihilated due to
interactions with the current and with barriers. Additionally, skyrmions could change shape when
interacting with structures or with the drive. An interesting future direction would be to consider
continuum-based models for skyrmions and the skyrmion—barrier interactions [35, 62, 63] where the shape
of the skyrmion could change as it moves though the funnel constrictions. In the clogging phase, the
skyrmions could also become compressed or change shape, and it would be interesting to explore whether
such extra degrees of freedom would enhance or decrease the clogging effects. The effect of temperature
could also be important, since in some cases skyrmions are known to exhibit Brownian like motion [64].
In this case, thermal effects on the transport curves for driving in the easy direction would be small;
however, in the clogging regime, thermal effects could have a strong impact by causing unclogging events,
or allowing the velocity at a fixed drive to undergo thermally induced jumps from clogged to unclogged
states. We have focused on ferromagnetic skyrmions; however, different effects could arise for driving other
kinds of skyrmion textures such as antiferromagnetic skyrmions, merons, or elliptical skyrmions [65].
There are various methods that could be used to create funnel structures experimentally, such as etched
samples with thickness modulations, the addition of adatoms in certain patterns on the surface [66], or ion
irradiation [67]. One possible method of detecting the clogged and jammed states would be to use MOKE
microscopy [36] to detect the accumulation of skyrmions near the funnel openings during easy direction
driving or along the wall barrier for hard direction driving. The skyrmion motion could also be investigated
indirectly by measuring the transverse electric field induced by the moving skyrmions [68], where increases
and decreases of the transverse electric field are related to the skyrmion velocity.

9. Summary

Using a particle based model we simulated the collective effects of skyrmions interacting with a linear array
of funnel potentials at zero temperature for external dc driving applied along the easy or hard direction. For
easy direction driving, we find that at low skyrmion densities the dynamics is very similar to that observed
in the single skyrmion limit, with the average velocity increasing linearly with increasing drive. As the
skyrmion density increases, collective effects become relevant, and for high skyrmion densities the
skyrmions may jam near the funnel opening, obstructing the flow. For hard direction driving, skyrmion
motion occurs only above a critical skyrmion density p&i* = 0.037, where the interskyrmion distance
becomes small enough for collective effects to emerge. For densities above the critical value, the skyrmions
flow in a window of driving forces before entering a RPP where the skyrmion motion is interrupted due to
a pile up of skyrmions inside funnel plaquettes, leading to the formation of a clogged state. Skyrmion
motion in the clogged state drops to zero until the drive is increased above a second depinning threshold,
where the blockage is destroyed and the skyrmions can flow through the funnels again. We also observe a
skyrmion diode effect in which there is a finite critical depinning threshold for hard direction driving but a
zero critical threshold for easy direction driving. The velocity for hard direction driving is always lower than
that found for easy direction driving.

In addition to studying the effect of changing the skyrmion density, we also analyze the effects of
modifying the relative importance of the Magnus term by varying the ratio au, /4. For both directions of
applied drive, the skyrmion velocity has a nonlinear and non-monotonic dependence on vy, /aq. Moreover,
the Magnus term also determines the spatial distribution of the skyrmions inside the funnels, since the
skyrmion Hall angle causes skyrmions to be displaced toward the lower half of the funnel for easy direction
driving and toward the upper half of the funnel for hard direction driving. Increasing the strength of the
Magnus term changes the RPPs found for hard direction driving by making it more difficult for a clogged
state of skyrmions to form.
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