A LETTERS JOURNAL EXPLORING
THE FRONTIERS OF PHyYsIcs

January 2020

EPL, 129 (2020) 21001
10.1209/0295-5075/129/21001

doi:

Reentrant pinning, dynamic row reduction, and skyrmion

accumulation for driven skyrmions in inhomogeneous
pinning arrays

C. REICHHARDT and C. J. O. REICHHARDT

Theoretical Division and Center for Nonlinear Studies, Los Alamos National Laboratory
Los Alamos, NM 87545, USA

received 14 August 2019; accepted in final form 29 January 2020
published online 13 February 2020

PACS 12.39.Dc — Skyrmions
PACS 75.70.Ak — Magnetic properties of monolayers and thin films
PACS 75.70.Kw — Domain structure (including magnetic bubbles and vortices)

Abstract — We examine the dynamics of skyrmions in systems with a region of strong pinning
coexisting with a pin-free region, where the equilibrium state has a uniform skyrmion density.
Under an applied drive, skyrmions accumulate in the pin-free region along the edge of the pinned
region due to the skyrmion Hall effect. As the drive increases, a series of dynamical structural
transitions occur in the flowing skyrmion lattice similar to those observed in the compression
dynamics of crystals. These transitions correspond to reductions in the number of flowing rows
of skyrmions due to the collective motion of the skyrmions into the pinned region, and they are
accompanied by a series of steps in the velocity force curves leading to a negative differential
conductivity. When the number of pinning sites is sufficiently large, a drive-induced pinning
effect can occur in which the skyrmion Hall effect forces all of the skyrmions to enter the strongly
pinned region. This reentrant pinning effect becomes more pronounced for increasing intrinsic
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skyrmion Hall angle and larger pinning sites.

Copyright © EPLA, 2020

Introduction. — Skyrmions are particle-like magnetic
textures which were initially observed in neutron scat-
tering [1] and, shortly afterwards, directly imaged with
Lorentz microscopy [2]. Since then, skyrmions have been
identified in an increasing number of materials, including
some which support skyrmions at room temperature [3-7].
Skyrmions have many similarities to vortices in type-II su-
perconductors, such as the fact that they form a triangu-
lar lattice due to their mutual repulsion and can be set
into motion by an applied current [3]. When quenched
disorder is present, there is a finite depinning threshold
above which the skyrmions enter a sliding state [8-13].
One aspect of skyrmions that is significantly different
from superconducting vortices is the strong influence of
the Magnus or gyroscopic force on the skyrmion dynam-
ics [3,8,9,11,14-16]. In the absence of pinning, the Mag-
nus force causes the skyrmions to move at an angle with
respect to the drive called the skyrmion Hall angle, and
when pinning is present, the skyrmions undergo a spiral-
ing motion in or around the pinning sites [3]. If there is
no disorder, the skyrmion moves at the intrinsic skyrmion

Hall angle 9;‘}; which is independent of the drive; how-
ever, when pinning is present, the skyrmion Hall angle
becomes strongly drive-dependent, increasing with drive
from a value near zero just above depinning and eventu-
ally saturating at a value close to the intrinsic skyrmion
Hall angle at high drives. The drive-dependent skyrmion
Hall angle has been observed in particle-based simula-
tions [11,16,17], micromagnetic simulations [18-20] and
experiments [20-23].

Since the skyrmions move at an angle to the drive,
the skyrmion Hall effect can lead to an accumulation of
skyrmions along the edge of a sample. One of the limita-
tions in using skyrmions for devices such as a race track
memory is that the skyrmion does not simply travel down
the race track but moves toward the track edge, where
it can escape. As the Magnus force becomes larger, the
distance the skyrmion can travel down the track becomes
shorter [24,25], and thus there have been various efforts
to reduce the skyrmion Hall angle [23,25,26]. Another
method for guiding skyrmions is to create a controlled pin-
ning landscape in order to constrain the skyrmion motion
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into a desired direction [27,28]. For example, inhomoge-
neous pinning or regions with strong pinning coexisting
with regions of low or no pinning can be created using
techniques similar to those employed for controlling the
motion of vortices in type-II superconductors with nanos-
tructured pinning arrays [29-32].

Here we wuse particle-based simulations to study
skyrmion dynamics in a system containing a pinned region
in the form of a stripe coexisting with a pin-free region,
where the equilibrium state is a uniform skyrmion lattice.
Under a drive applied parallel to the pinning stripe, the
skyrmions in the pinned region remain immobile and the
skyrmions in the unpinned region are guided parallel to
the drive by the confining effect of the pinned skyrmions,
giving a skyrmion Hall angle of zero for an extended range
of drives. This is accompanied by the accumulation of
skyrmions along the edge of the pinned region, forming a
skyrmion density gradient. As the drive increases, the
skyrmions in the unpinned region become increasingly
compressed, resulting in sudden rearrangements of the
skyrmion structure. Groups of skyrmions enter the pinned
portion of the sample in order to maintain an integer num-
ber of flowing skyrmion rows in the unpinned region, pro-
ducing stick-slip jumps in the velocity-force curves along
with regions of negative differential conductivity. The row
reduction events in the skyrmion structure resemble those
found for dynamical compression of crystals [33] and parti-
cle flow in channels [34-36]. When the drive is sufficiently
large, the skyrmions can move all the way through the
pinned region, giving a finite skyrmion Hall angle. At
even higher drives, the skyrmion density becomes uniform
again. If the number of pinning sites is large enough, we
find a drive-induced pinning effect in which, as the current
increases, all the skyrmions become trapped in the pinned
region. This reentrant pinning is enhanced for larger Mag-
nus force since the skyrmions in the unpinned region are
pressed more strongly against the pinned region, while
in the overdamped or vortex limit, the lattice compres-
sion dynamics and reentrant pinning are lost. Our results
provide a new method for generating negative differential
mobility, a phenomenon that arises in a variety of other
driven overdamped systems interacting with asymmetric
periodic or disordered structures [37-45], as well as in cer-
tain types of semiconductors [46,47]. We map out the
dynamics in a series of phase diagrams and explain that
these effects should be a general feature of skyrmion dy-
namics whenever the pinning is inhomogeneous.

Simulation. — We consider a two-dimensional sys-
tem with periodic boundary conditions in the z- and
y-directions where only half of the sample contains [V, pin-
ning sites, as illustrated in fig. 1(a). The pinning sites are
placed in a square lattice with lattice constant a. The sam-
ple contains Ny skyrmions, and the initial state is obtained
through simulated annealing. Due to the repulsive interac-
tions between the skyrmions, in the absence of a drive the
skyrmion density is uniform, as shown in fig. 1(a). After
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Fig. 1: Skyrmion positions (dots) and pinning sites (open cir-
cles) for a system with a;/aq = 1.25 containing pinning in
only the lower half of the sample. The drive Fp is applied along
the z-direction. The ratio Ns/N, of skyrmions to pinning sites
in the entire sample is 1:1. (a) The skyrmion positions after
annealing at Fp = 0. (b) Skyrmion positions and trajectories
(lines) at Fp = 0.025 showing motion only in the unpinned
region.

annealing, a drive is applied in the positive z-direction.
We use a particle-based model for the skyrmion dynam-
ics in the presence of disorder as employed in previous
works [11,15-17,48]. The skyrmion dynamics is governed
by the following equation of motion:

agvi + amz x v, = F7° + FP, (1)
where v; is the velocity of skyrmion i. The re-
pulsive skyrmion-skyrmion interaction force is F; =
Z;VZI K (rij)ri;, where r;; = |r; —rj|, 7;; is the distance
between skyrmions ¢ and j, and the Bessel function K1 (r)
falls off exponentially for large r. The driving force FY =
FPx is applied uniformly to all skyrmions in the direction
parallel to the pinning stripe. We measure the skyrmion
velocity both parallel, (V}|) = N;! va v; - X, and per-
pendicular, (V) ) = N;* vas v; -y, to the driving force.
We increase the drive in increments of AFp = 0.0002 and
average over 75000 time steps at each drive to ensure that
the dynamics is in a steady state. The damping term ay
aligns the skyrmion velocity in the direction of the net ap-
plied force, while a,, is the coefficient of the Magnus term
which creates a velocity component perpendicular to the
net applied force. For a finite Magnus term, in the absence
of pinning the skyrmions move at an angle with respect to
the driving force of #* = arctan(ay, /o). In fig. 1, the
drive is applied in the positive z-direction, and the result-
ing skyrmion velocity is in the positive z- and negative
y-direction. The pinning is modeled as parabolic traps of
radius r, with a maximum strength of Fj,. Unless other-
wise noted, we set r, = 0.25. The density of the system is
given by N,/N,, the ratio of the number of skyrmions in
the entire sample to the total number of pinning sites. In
fig. 1, Ng/N, = 1.0. To perform the simulated annealing,
we start in a higher temperature liquid state and gradually
cool the sample to T' = 0. Generally this produces a state
with a uniform skyrmion density, as illustrated in fig. 1(a)
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Fig. 2: The average skyrmion velocity parallel, (V}|) (top, blue),
and perpendicular, (V1) (bottom, red), to the drive vs. Fp for
the system in fig. 1 with F,, = 0.75. Region I is the shear flow
where the skyrmions in the pin-free region move in the direction
of drive, as illustrated in fig. 3(a), (b), (c), (d). Region III is the
disordered plastic flow where motion occurs in both directions,
as shown in fig. 3(e), and in region IV, all the skyrmions are
moving in a lattice structure as in fig. 3(f).

for Fp = 0.0. Under an applied drive, the skyrmions in
the unpinned region depin first, as shown in fig. 1(b) at
Fp = 0.025, where the skyrmion motion is confined along
the x direction.

Shearing dynamics for parallel driving. — In fig. 2
we plot (V};) and (V1) vs. Fp for the the system in fig. 1
with F, = 0.75, ay/ag = 1.25, and 6° = 51°. For
0 < Fp < 0.47, the motion is strictly along the direction of
drive, with (V) = 0, and a series of sharp velocity drops
appear in (V})). This is region I, a shear flow phase, in
which only the skyrmions in the unpinned portion of the
sample are moving. For 0.45 < Fp < 0.72, these drops
disappear and both (V};) and (V) increase with increas-
ing Fp. Here the sample has entered region III, a disor-
dered plastic flow state, where motion occurs both parallel
and perpendicular to the drive but some skyrmions remain
pinned and the overall skyrmion structure is disordered.
For Fp > 0.72, there is a change in the slope and the ve-
locity in both directions increases linearly with drive. This
is region IV, where all the skyrmions form a uniform lat-
tice that moves in a direction that is close to the intrinsic
skyrmion Hall angle.

In fig. 1(b) at Fp = 0.025, the skyrmions in the un-
pinned region form a moving uniform triangular lattice.
As F'p increases, the Magnus term pushes these skyrmions
in the negative y-direction, causing the top row of pin-
ning sites to fill with skyrmions and producing a density
gradient of skyrmions in the unpinned area, as shown in
fig. 3(a) for Fp = 0.125. Here there are seven rows of mov-
ing skyrmions in the unpinned region. As Fp is increased
further, the skyrmions become more compressed and the
number of moving rows drops, as shown in fig. 3(b) at
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Fig. 3: Skyrmion positions (dots) and pinning sites (open cir-
cles) for the system in fig. 2 at the points marked a through f.
(a) At Fp = 0.125, the top row of pinning sites next to the un-
pinned region is filled and a skyrmion density gradient starts
to form in the unpinned region. (b) At Fp = 0.225, there
are six rows of moving skyrmions. (c) At Fp = 0.325, where
the skyrmion trajectories (lines) are highlighted, there are four
rows of moving skyrmions. (d) At Fp = 0.425, there are only
two rows of moving skyrmions. (e) Fp = 0.6 in the disordered
plastic flow region III. (f) Fp = 0.9 in region IV or the moving
lattice state.

Fp = 0.225 where there are six rows of moving skyrmions.
The sharp drops in (V})) in fig. 2 correspond to drives at
which the compression of the skyrmion structure gener-
ates row reduction and partial row reduction events. At
Fp = 0.275 in fig. 3(c), there are four rows of moving
skyrmions, as highlighted by the plot of the skyrmion
trajectories. After a series of additional small jumps
in (V})), there are three rows of moving skyrmions for
0.35 < Fp < 04, and for 0.4 < Fp < 0.465, there are
only two rows of moving skyrmions, as shown in fig. 3(d)
at Fp = 0.425. Once the drive is large enough, the
skyrmions in the pinned region begin to flow, and the
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system enters a disordered plastic flow state in which the
skyrmions can move both parallel and perpendicular to
the drive. Figure 3(e) illustrates the skyrmion structure
in region IIT at Fp = 0.6. At the highest drives, the sys-
tem enters a flowing lattice phase, as shown in fig. 3(f)
at Fp = 0.9. The moving lattice state is similar to that
observed at higher drives in simulations with uniform pin-
ning where the skyrmions dynamically reorder into a crys-
tal structure [11,13].

The drops in the velocity-force curves indicate that
the system exhibits negative differential conductivity with
d(V}|)/dFp < 0. Similar effects have been observed for vor-
tices in periodic pinning arrays at transitions from disor-
dered two-dimensional flow to effectively one-dimensional
flow, where the number of moving vortices drops as the
drive increases [43,45]. In the vortex system, there is
only one velocity drop, while in the skyrmion system
there are a series of drops. The sudden changes in the
skyrmion lattice structure during compression are similar
to what is found in the compression of charged particles
by time-dependent potentials with increasing confining
strength, where the compressed lattice undergoes a combi-
nation of slow elastic deformations interspersed with sud-
den drops due to plastic rearrangements, and where the
highest stability occurs when an integer number of rows
of particles can form a triangular lattice within the con-
fined region [33]. In the skyrmion case, the compression
is produced by the increase in the Magnus force with in-
creasing drive that pushes the moving skyrmions against
the pinned region, with the pinned skyrmions acting as a
barrier. For varied filling ratios N/N,, we observe sim-
ilar features in the velocity force curves, and when the
number of skyrmions is much smaller than the number of
pinning sites, we find a drive-induced pinning phenomenon
in which all the skyrmions leave the unpinned region and
become trapped in the pinned region.

In fig. 4(a) we plot (V}|) vs. Fp for the same system as
in fig. 2 at varied skyrmion density of N, /N, = 1.1, 0.375,
0.3125, 0.25, 0.1875, 0.125, and 0.0625. For N,/N, = 1.1
we find the same phases I, III, and IV as in fig. 2, but
for Ny/N, < 0.5 we observe a new reentrant phase, as
shown in the Ny /N, = 0.3125 curve which has a transition
from phase I flow to a state with (V}) = 0 over the range
0.5125 < Fp < 0.575. In this same interval, (V) = 0
(not shown). We label this reentrant pinning effect region
IT, and as Ng/N, decreases, the onset of phase II shifts to
lower values of F)p.

Since the reentrant phase arises when the Magnus force
pushes the skyrmions into the pinned region, we also ex-
amine the effect of changing «,, while fixing ag = 1.0. In
fig. 4(b) we plot (V};) vs. Fp for a system with N,/N, =
0.3125 at ay,/aq = 0.0, 0.75, 1.25, 3.0, 9.0, and 18.0. In
the overdamped case of a,/aq = 0.0, the drop in (V}))
disappears and the velocity increases monotonically with
increasing Fp. For ay,/agq < 0.35 there is no reentrant
pinning phase since the skyrmion Hall angle is too small;
however, for «a,, > 0.35, phase II appears and becomes
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Fig. 4: (a) (V}}) vs. Fp for the system in fig. 2 at fixed am /g =
1.25 and F, = 0.75 for Ns/N, = 1.1 (red), 0.375 (orange),
0.3125 (light green), 0.25 (blue green), 0.1875 (light blue), 0.125
(dark blue), and 0.0625 (purple), from top to bottom at Fp =
0.1. Here there is a reentrant pinning region II for Ny /N, < 0.5.
(b) (Vj) vs. Fp for the same system at Ns/N, = 0.3125 and
am/ag = 0.0 (purple), 0.75 (dark blue), 1.25 (light blue), 3.0
(blue green), 9.0 (orange), and 18.0 (red) from top to bottom
at F'p = 0.2. Here region II is lost for ., /aq = 0 but becomes
extended for increasing am /aq.
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Fig. 5: (a) Dynamic phase diagram for the system in fig. 4(a)
as a function of Fp vs. Ng/N, at fixed am/aq = 1.25. I: shear
flow (light purple); II: reentrant pinning (yellow); III: disor-
dered plastic flow (pink); IV: uniform moving crystal (blue).
(b) Dynamic phase diagram for the same system as a function
of Fp vs. am/aq at fixed Ng/Np = 0.3125.

wider with increasing ., /a4 as the skyrmions move more
rapidly into the pinned region. The onsets of phases III
and IV also shift to lower Fp with increasing a,,.

In fig. 5(a) we plot the dynamic phase diagram as a
function of Fp wvs. the filling fraction Ns/N, for the sys-
tem in fig. 4(a) at a,,/aq = 1.25. Here, phase II ap-
pears only for Ny/N, < 0.1, while the width of phase I
decreases with increasing Ng/N,. The III-IV transition
depends only weakly on the filling, and the system can
dynamically reorder when Fp/F, > 1.0. For the lowest
filling of N,/N, < 0.05, region IV is a uniform moving
liquid rather than a moving lattice since the skyrmions
are far enough apart that the skyrmion-skyrmion inter-
actions are relatively weak. fig. 5(b) shows the dynamic
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Fig. 6: (a) (V) vs. Fp for a system with a,,/aq = 1.25 and
N;/N, = 1.0 at F,, = 0.25 (dark blue), 2.0 (blue green), and
2.25 (red), from top to bottom at Fp = 1.1, showing that phase
II can emerge for increased pinning strength. (b) Dynamic
phase diagram as a function of Fp wvs. F} for the system in (a)
showing that phase II occurs when Fj, > 2.0.

phase diagram as a function of Fp vs. oy, /g in the same
system at Ny/N, = 0.3125, highlighting the fact that the
width of phase II increases with increasing a,,.

Phase II can occur for fillings N /N, > 0.5 depending on
the strength of the pinning. In fig. 6(a) we plot (V) vs. Fp
for a system with a,,/aq = 1.25 at Ng/N, = 1.0 with
F, = 0.25, 2.0, and 2.25, showing that as F}, increases,
the extent of region I grows, and that when F, > 2.0,
the reentrant pinning phase II can occur. In fig. 6(b)
we illustrate the dynamic phase digram as a function of
Fp ws. F, for the system in fig. 6(a), highlighting phases
I-IV. Reentrant pinning can occur when F, > 2.0. At
Ns/N, > 1.0, there is always some skyrmion motion in
the sample; however, there are still intervals of Fp in
which (V) is small. In general, for a system with either
strong pinning or large maximum forces on the skyrmions,
whenever the pinning is inhomogeneous we would expect
to find both the shear flow phase I and the reentrant
pinning phase, along with an accumulation of skyrmions
along the edges of the pinned region. Recent experiments
have demonstrated drive-induced skyrmion accumulation
and skyrmion density gradients along the sample edges,
and these effects were attributed to the Magnus force [49].
There has also been previous work on drive-induced pin-
ning effects for single skyrmions interacting with magnetic
pinning sites [50]; however, this is a different effect than
what we describe since in ref. [50], the pinning sites pro-
duce a repulsive potential barrier that the skyrmion must
overcome at finite drive in order to be captured.

We next study the robustness of these effects against
changes in the pinning radius 7,. In fig. 7 we plot (V}))
vs. Fp for a system with a,,/aq = 1.25, F,, = 1.5, and
Ns/N, = 1.0 at varied r, = 0.025, 0.1, 0.35, 1.0, 1.25,
and 1.5. When r, < 0.1, the negative differential mobil-
ity disappears, but as r, increases, the window of nega-
tive differential mobility increases in size. For r, > 1.0,
the pinning sites are large enough to produce a reentrant

0 05 1
FD

1.5

Fig. 7: (V})) vs. Fp for the system in fig. 1 with am/ag = 1.25,
N, /N, = 1.0, and F,, = 1.5 for varied pinning radii of r, = 0.05
(dark blue), 0.1 (light blue), 0.35 (light green), 1.0 (dark green),
1.25 (pink) and 1.5 (magenta), from top to bottom at Fp = 0.5.

pinning effect when multiple skyrmions can be trapped in
individual pinning sites. We conclude that the negative
differential mobility is robust over a wide range of damp-
ing strengths, pinning sizes, and pinning strengths.

Our results demonstrate a new method of generating
negative differential mobility and reentrant pinning in a
system with non-dissipative forces, which could be used
to develop new skyrmion-based devices based on switch-
ing effects. In certain types of semiconductors [46,47] and
superconducting systems [44], the appearance of negative
differential conductivity and switching makes it possible to
create transistor-like devices, suggesting that a skyrmion
transistor-like device is also attainable using inhomoge-
neous pinning of the type we consider here. An impor-
tant issue in many skyrmion racetrack memory devices is
the fact that the distance a single skyrmion can be trans-
ported is limited by the time it takes for the skyrmion to
strike the edge of the sample. Our results suggest that
by using inhomogeneous pinning, the deliberate trapping
of skyrmions at the sample edges can produce a guiding
obstacle for the remaining skyrmions, which could then
be transported over long distances without encountering
the edge of the sample. Here we have considered the
particle-based Thiele equation approach to skyrmion dy-
namics, but future studies using micromagnetic simula-
tions can uncover additional effects such as a change of the
skyrmion size by the pinning or the distortions of the shape
of the skyrmions in the dense compressed regions. The
particle-based approach has previously captured many ef-
fects found in experiments, so we expect that many of
the effects we observe should remain robust both in more
realistic simulation models and in experiments.

In summary, we investigate skyrmion dynamics in a sys-
tem with spatially inhomogeneous pinning, where a square
pinning array occupies only half of the sample in a stripe
aligned with the driving direction. In the equilibrium
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