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We study how impurities influence the current-induced dynamics of magnetic skyrmions moving in a racetrack
geometry. For this, we solve numerically the generalized Landau-Lifshitz-Gilbert equation extended by the
current-induced spin transfer torque. In particular, we investigate two classes of impurities, nonconducting and
magnetic impurities. The first are magnetically rigid objects and yield to an inhomogeneous current density over
the racetrack, which we determine separately by solving the fundamental electrostatic equations. In contrast,
magnetic impurities leave the applied current density homogeneous throughout the stripe. Depending on the
parameters, we observe four different scenarios of skyrmion motions in the presence of disorder, the skyrmion
decay, the pinning, the creation of additional skyrmions, and ordinary skyrmion passage. We calculate and
discuss phase diagrams in the dependence of the impurity concentration and radii of the impurities.
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I. INTRODUCTION

Their topological protection renders magnetic skyrmions
interesting candidates for reliable processing of informa-
tion by racetrack geometries. Skyrmions are vortex-like spin
textures that can arise in noncentrosymmetric magnetic com-
pounds. They are rather stable, extremely small in size, and
can be moved by low densities of spin-polarized electronic
currents. For example, the interplay of Heisenberg exchange
interaction, antisymmetric Dzyaloshinskii-Moriya interaction
(DMI), and an external Zeeman field may favor the forma-
tion of magnetic skyrmions. They were predicted [1,2] at
the beginning of the 1990s and realized experimentally in
magnetic layers with a strong spin-orbit interaction [3-5].
Skyrmions can be moved under the action of a spin transfer
torque. This is induced by flowing electrons in an externally
applied spin-polarized current at current densities of the order
10° A/m2 [6,7]. In particular, this later feature makes
skyrmions very promising candidates for future spintronic
applications, especially when using racetrack memories con-
sisting of thin nanowires.

Topological protection of the skyrmions is characterized
by a nonzero, integer-valued topological charge Q, also called
skyrmion number [8]. As an idealized concept originating
from continuum theory it is considered to protect skyrmions
against decay, even in the presence of imperfections in the
host material as a result of the fabrication process. In reality,
the argument of topological stability has to be replaced by a
finite energy barrier when the objects exist on a lattice [9-11].
Moreover, real experimental situations need to be described
as open systems, especially when spin-polarized currents are
applied. Then, dissipation induced by external fluctuations
can play a central role, for instance, also for the creation of
skyrmions. It has been shown [12] that skyrmions can be
generated by an external current such that first a charge neutral
skyrmion-antiskyrmion pair is created. Since the antiskyrmion
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is unstable under the action of dissipation, it decays over
time and only the skyrmion partner survives. By this nonequi-
librium process, topological charge is created as a result of
dissipation.

Since topological protection is an idealized concept, a
valid question is about the role of disorder impurities for the
current-induced skyrmion dynamics in real finite-size lattice
systems. This question appears also in the context of the
skyrmion Hall effect whose interplay with disorder has not
been studied so far. Current-driven skyrmions experience the
skyrmion Hall effect, in which they develop a motion perpen-
dicular to the direction of the applied current, just like charged
particles in the standard Hall effect [13,14]. The presence
of disorder could, in principle, influence the skyrmion Hall
effect, reduce, or even enhance it.

Current-induced skyrmion motion in the presence of
disorder has been studied experimentally in a few mate-
rial configurations. In a racetrack designed in a layered
Pt/FM/Au/FM/Pt-system [15], individual skyrmions cov-
ered a different spatial distance although they were all driven
by the same current pulses. They got stuck in the racetrack
eventually. The authors attributed this behavior to the pres-
ence of impurities. In a comparable experiment [16] with
a racetrack on the basis of a Ta/Pt/Co/MgO/Ta film, the
spatial dimensions of the skyrmions were of the order of
~100 nm. While some skyrmions traveled several 100-nm-
long distances under the action of the same pulses, some got
destroyed, and in some cases, new skyrmions appeared. Also
here impurities were held responsible for this behavior.

In a further study of a racetrack on the basis of a Pt/Co/Ta
layered system, skyrmions were also driven by current pulses
[17]. In this setup, some skyrmions got pinned and could not
be moved further. Also skyrmion decay was observed. In ad-
dition, skyrmions in different regions of the racetrack moved
with different velocities under the action of identical current
pulses. In comparison to a Pt/CoFeB/MgO racetrack, where
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the effect of impurities was expected to be less detrimental,
a more regular motion of the skyrmions could be detected,
together with much less frequent pinning.

Motivated by this great variety of different behaviors, we
study in this work the role of impurities for the current-
induced dynamics of magnetic skyrmions. For this we solve
numerically the generalized Landau-Lifshitz-Gilbert equation
extended by the current-induced spin transfer torque. We
study two classes of impurities below, nonconducting and
magnetic impurities. The first are rigid objects and yield
to an inhomogeneous current density which acts throughout
the racetrack. It has to be determined separately by solving
the fundamental electrostatic equations. In contrast, magnetic
impurities allow for a homogeneous applied current density
which is constant throughout the stripe. Depending on the
parameter configurations, we observe four different types of
skyrmion motions in the presence of disorder, the skyrmion
decay, the pinning, the creation of additional skyrmions, and
the ordinary skyrmion passing. Phase diagrams in dependence
of the impurity concentration and the radius of impurity clus-
ters are calculated and discussed in this work.

II. MODEL AND MAGNETIZATION DYNAMICS

We study the dynamics of a field of unit magnetization vec-
tors n(r, 1) = M(r, t)/|M(r, t)| on a two-dimensional square
lattice in the xy-plane with lattice constant a. A skyrmion is
stabilized by the Hamiltonian

H= Hex + HDM + HZeeman + Haniso
= —JZn(r) ‘[n(r+a-e)+n(r+a-e)]

—D) {In(r) xn(r+a-e)]-e

+[n(r) xn(r+a-e)-e}

—yhY B.n(r)— Y K(ni(r). (1)
As usual, the effective magnetic field is defined via the relation
H=—yh)  Be(r) n(r), such that Beg(r) = —#ﬁﬁ),

with the gyromagnetic ratio y. The last term describing the
magnetic anisotropy K (r) is nonzero only inside of magnetic
impurity clusters.

For concreteness, we consider throughout this work a race-
track geometry with 512 x 128 lattice points and @ = 0.5 nm.
We choose the parameters J = 1 meV, D = 0.18 meV, and
yhB = —0.025 meV e,. This choice mimics a surface of
MnSi, a chiral magnet stabilizing Bloch skyrmions via the
DMI [6]. Other sets of parameter values are possible which
would describe other systems and materials, albeit the range
of realistic parameter values is relatively narrow when we
aim to consider the regime of stable isolated skyrmions. For
other parameter sets, our results below may experience slight
quantitative modifications, though we do not expect qualita-
tive changes.

For the racetrack geometry with borders in both directions,
we use periodic boundary conditions in the longitudinal x-
direction, i.e., the spins n;_;() and ns;2 ;(¢) are neighbors. For
those lattice points which do not have direct neighbors, e.g.,

due to lateral confinement or impurities, we use ferromagnetic
boundary conditions, i.e., the missing neighboring magnetic
moment is replaced by —e, = (0, 0, —1). This boundary con-
dition fixes the boundary magnetization to the direction of the
external magnetic field.

The dynamics of the magnetization field is described by the
generalized Landau-Lifshitz-Gilbert equation (LLG)

on(r)
ot

={—yn(r) x Beg(r) — ayn(r) x [n(r) x Bes(r)]
+ (o — B)n(r) x [(vs - V)n(r)]

1
+ (@B + D)(vs - V)n(r)}m, @

with the Gilbert damping parameter «, and the nonadiabaticity
parameter 8. Throughout this work, we choose o = 0.1 which
is in a realistic range of the values o« = 0.02 to 0.4 for CoPt
bilayers [18]. Moreover, we choose two different values for
the nonadiabaticity parameter 8 = 0.05 and 8 = 0.1. By this,
we can compare the situations with (8/« = 0.5) and without
(B/a = 1) the skyrmion Hall effect. Those values are moti-
vated by the case of Permalloy, for which we have g = 0.02
to 0.12 [19,20].

The externally applied charge current density j. (elemen-
tary charge e > 0) determines the velocity

3
vy(r) = %j&r) 3)

of effective spin carriers, entering Eq. (2). Here, p denotes
the spin polarization. The LLG contains the adiabatic as well
as the nonadiabatic contribution to the current-induced spin
transfer torque. The last term induces a drift of the magnetic
texture in the direction of the current, while the third term
leads to a displacement perpendicular to the current density.
This term is responsible for the skyrmion Hall effect [12] and
vanishes for the special case o = 8.

As a starting configuration n(x, y,t = 0), we choose one
Bloch skyrmion with the topological charge Ny = 1, placed
at xgc = 63.8a und y = 67.4a close to the left border of the
racetrack stripe. It is dynamically relaxed without any current
and without any impurity clusters to a radius of Ry ~ 7.7a, cf.
Eq. (7). The initial velocity at the left border is fixed to vy =
—0.05 a/ps, which corresponds to a physical current density
of j. = 6.4 x 10'° A/m? (choosing ideal polarization p = 1
and a lattice constant @ = 0.5 nm). The discretized extended
LLG is integrated over time by a standard fourth-order Runge-
Kutta scheme in time steps of At = 0.01 ps. It terminates
usually at z.,g = 10000 ps and has an error-controlled adaptive
time discretization.

With the resulting solution n(r, ¢), we calculate the topo-
logical charge density

1 on(r,t) on(r,t)
qx,y, 1) =q(r,1) = —En(r,t)- [ X }

0x ay
)
where the minus sign appears due to the choice of the ferro-
magnetic background ny,, = —e, in this work. This results

in a positive charge for a skyrmion and a negative one for an
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FIG. 1. Examples of racetracks of a 512 x 128-lattice, con-
taining impurity clusters. The impurities are shown in black and
configurations are characterized by the cluster radius R (in units of
the lattice constant a) and the total concentration C.

antiskyrmion. In addition, we calculate the topological charge

Nac(t) = / &Prg(e.1), )

or, the winding number of the skyrmion. We identify the time-
dependent position of the skyrmion via the “center of mass”
of the topological charge density, which is determined by the
coordinates

ry(t) = Ni f d’r rq(r,t) (©6)

sk

and likewise define its radius according to

1
R (1) = \/N_k / d?r [r —rg()Pq(r,1). @)

For simplicity we only consider spherical clusters of definite
radius R. Their positions are randomly equally distributed
over the racetrack stripe. Examples of configurations are
shown in Fig. 1. Each disorder configuration is characterized
by the radius R of a single impurity cluster and the total
concentration C, which is defined as the sum of all lattice
points to which an impurity belongs divided by the total
number of lattice sites. This definition implies that a given
C, and therefore given number of impurity lattice points, is
realized with fewer impurity clusters at larger radius R. Thus,
the distance between the impurity clusters increases when R
increases.

III. INHOMOGENEOUS CURRENT DENSITY

In the case that the racetrack arrangement is altered by
inserting nonconducting impurities, the spatial distribution
of the applied current density distribution is modified and
deviates from a homogeneous distribution. Hence, we need
to determine explicitly the charge current density distribu-
tion for the case of nonconducting impurities (for conducting
impurities, also considered below, the current density stays
homogeneous and no additional calculation is required).

For this, we start from the relevant boundary conditions for
the current density vector j.. At both longitudinal ends of the
racetrack, x = xpmin and x = xp,x, We impose an external cur-
rent density in the x-direction according to Vs(Xminmax, y) =
(vs, 0) for all y € [Ymin, Ymax]- We denote this as the entrance
current density. At any border of the racetrack or of an im-
purity, we impose that the current component normal to the
boundary vanishes. Overall, current can only enter via the left
and leave the racetrack via the right edge.

The inhomogeneous current density is calculated from the
electric field distribution by assuming a constant conductiv-
ity o outside the impurities and Ohm’s law, j.(r) = o E(r).
The electric field, in turn, is obtained from the electrostatic
potential, E(r) = —V¢(r), for which we solve the Laplace
equation A¢(r) =0 with Neumann boundary conditions at
all surfaces ¥

220~ Vo(E) - uE) = @) - um) = -
u(f)

Je(F) u(®) =0.
o

®)

Here, u(¥) denotes the unit outer normal vector at all boundary
surfaces. With the solution ¢ (r) at hand, we can then calculate
the current density according to j.(r)/o = E(r) = —V¢(r).

A typical example of a racetrack with nonconducting impu-
rity clusters and an inhomogeneous current density is shown
in Fig. 2. The distribution of the longitudinal [Fig. 2(a)] and
transversal [Fig. 2(b)] velocity components of this racetrack is
shown in Fig. 3. Due to the use of a continuum theory (elec-
trostatics) in combination with a discrete lattice whose lattice
constant is fixed by the given magnetic texture, which cannot
be refined arbitrarily in the numerical practice, we encounter
the effect that the continuity equation for the charge carriers
cannot be fulfilled to the full extent. This can be seen by
summing the charges over all vertical lattice points (column)
for a fixed horizontal coordinate. While we always find that
the normalized sum equals 1 at both ends of the racetrack,
deviations occur in the interior of the stripe. A typical case is
shown in Fig. 4, which shows the normalized vertical sum of
the charges along the horizontal direction. In this case, the
deviations occur in the range of a few percent. In general,
the more narrow a channel is the more the deviations grow.
However, they can be significant for small values of R and
high concentrations C. These pathological cases appear in the
figures below, but are marked correspondingly.

IV. CLASSIFICATION OF THE SKYRMION DYNAMICS

In general, we find four different types of behavior of the
skyrmion which we classify as follows.
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FIG. 2. Section of the velocity distribution v,(r), which is proportional to the current density j.(r), of a typical racetrack with nonconduct-

ing impurities with C = 0.03 and R = 4a.

Type I: Skyrmion creation: During the simulation at least a
second skyrmion is created in addition to the initial one.

Type 11: Skyrmion decay: During the simulation, the initial
skyrmion disappears and no further one is created.

Type III: Skyrmion pinning: During the simulation, the ini-
tial skyrmion reaches a location where it gets pinned. Neither
does this skyrmion decay nor is a new one created.

Type 1V: Skyrmion passing: The initial skyrmion passes
through the racetrack stripe without falling in one of the other
three categories.

We classify the individual configurations by monitoring
N (¢) during the run, cf. Eq. (5). Note that in the lattice
models which are considered here (and which are applicable
to most experimental situations), the topological charge Ny
is not strictly bound to integer values. This was discussed
and illustrated, for example, in Ref. [12]. If at a certain time
t the charge exceeds a certain threshold, here Ny(¢) > 1.5,
the simulation is attributed to type I, skyrmion creation. The
actual value of the threshold — as long as it stays between
1 and 2 — is of minor importance because the skyrmion
creation happens on a much faster timescale than any other
dynamics. Thus, the skyrmion creation time would shift only

very slightly when varying the threshold. The case Ny(t) <
0.5, is attributed to type II, skyrmion decay. If both cases
occur during one run, the earlier occurrence decides about the
classification.

In all other cases, only one skyrmion exists throughout
the simulation and we trace its x-coordinate xg (¢). When its
change over a time span of 1000 ps does not exceed a distance
of 5a, we assign it to type III, skyrmion pinning. Otherwise, it
falls into type IV, skyrmion passing.

V. NONCONDUCTING IMPURITY CLUSTERS

In this section, we present the results for nonconducting
impurity clusters which induce an inhomogeneous current
density determined according to Sec. III. The impurity clus-
ters form rigid obstacles which cannot be magnetized. On
the other hand, the current density can, in general, cause the
skyrmion to snake around an impurity and to be accelerated on
its way. A representative of a skyrmion trace is shown in Fig. 5
by the sequence of snapshots. We show the z-component of
the magnetization. During its motion, it snakes around an
impurity after being pressed against it and thereby being com-
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direction (column) of the current density associated to Figs. 2 and 3.

pressed. At a later time, the already compressed skyrmion gets
compressed further, before it eventually disappears.

Another case of a skyrmion move with eventual pinning
is shown in Fig. 6, which typically occurs at a higher impu-
rity concentration. In addition, this case shows a transversal
motion due to the skyrmion Hall effect (8/«a = 0.5). The
skyrmion approaches the upper boundary as a result of the
skyrmion Hall effect and impurity avoiding, whereafter it
continues to creep in x-direction along the upper edge. This
is shown from ¢ = 2500 ps to # = 2900 ps. After ¢+ = 6000 ps
(note the different space region displayed), finally, another
impurity blocks the horizontal skyrmion motion, such that it
permanently stays at its place.

A systematic study for varying impurity radii and concen-
trations yields to the results shown in Fig. 7. For this, we
calculated the skyrmion dynamics for 25 different disorder
configurations and have determined the relative frequency
of the occurrence of the different types of behavior. In the
absence of the skyrmion Hall effect (8 = «, right column),
we find that the probability of a skyrmion decay increases
for increasing concentration. Likewise, the probability of the
skyrmion passing is reduced, but is still large. A skyrmion
pinning is not very likely. Almost all find their way around
obstacles. The creation of skyrmions is very unlikely (not

+1
0 nz
2700 ps 2850 ps 3000 ps 3100 ps 3150 ps 1

FIG. 5. Snapshots of a skyrmion (blue) moving in a ferromag-
netic racetrack (red) with nonmagnetic impurity clusters (black) for
B = «, the initial current density vy = —0.05 a/ps, the impurity con-
centration C = 0.01, and the impurity radius R = 2a. Att = 2700 ps
and ¢ = 2850 ps, it moves around an impurity and tries to do so for
a neighboring one as well ( = 3000 ps and r = 3100 ps). Yet it is
pressed against it, and, having been compressed already before, it is
now further compressed and destroyed at ¢ = 3150 ps.

+1
onz
2500 ps 2650 ps 2900 ps 6000 ps 9000 ps o1

FIG. 6. Same as Fig. 5, but for g/ = 0.5, vy = —0.05 a/ps,
C =0.05, and the radius R = 6a. Snapshots at t = 2500 ps, t =
2650 ps and ¢ = 2900 ps show how the skyrmion quickly approaches
the upper border due to a combination of the conventional skyrmion
Hall effect and an upward evasion of the obstacles. At r = 6000
ps, meanwhile having reached the upper border, the movement of
the skyrmion (note the different spatial region) is blocked (see
t = 9000 ps) by an impurity cluster, which it cannot evade to the
upper border.

shown) and is not considered further here. The presence of
the skyrmion Hall effect (8 = 0.5«, left column) increases
the probability of skyrmion pinning and decreases that of
skyrmion passing. This is due to the additional transverse
motion which implies that it will eventually reach a border.

Next, we study the skyrmion velocities characterized by
the longitudinal (v, ) and transversal (v,s) components.
To determine these values, we measure the time 7, at which
the skyrmions reach a specified longitudinal coordinate x; =
450a. The results are shown in Fig. 8. In general, the transver-
sal component is smaller by two orders of magnitude. In
the absence of the skyrmion Hall effect (8 = «, right col-
umn), it is naturally very small. A scattering of the skyrmion
by impurities does not alter this significantly, although the
longitudinal velocity is reduced. The skyrmion Hall effect
(B = 0.5, left column) increases the transversal component
slightly, and yields to a stronger deceleration for increasing
impurity concentrations.

VI. MAGNETIC IMPURITY CLUSTERS

In this section, we consider magnetic impurity clusters.
They are characterized by nonzero magnetic anisotropy K(r)
in Eq. (1), their concentration C, and the radius R. Positive
anisotropy K > 0 implies a preferential orientation of the
magnetization vectors parallel or antiparallel to the z-axis. The
magnetic impurities are assumed to be conducting, such that
the current density is homogeneous over the entire racetrack
stripe. Hence, no additional calculation of the current density
distribution has to be made and thus no additional discretiza-
tion errors occur as it was the case for the nonconducting
impurities. It is fixed to vy = —0.05 a/ps, corresponding to
Jje = 6.4 x 10'° A/m?. As for the nonconducting impurities,
the mean distance between the clusters increase by reducing
C or by increasing R. We investigate radii between small
(R = 2a) and large (R = 5a) values.

For very large values of K, it is energetically difficult to
tilt the moments away from the preferential direction, such
that impurity clusters appear as rigid objects for the moving
textures. A skyrmion can then move around impurity clusters
as shown in Fig. 9(a). By contrast, for small values of K, the
skyrmion can rather easily penetrate the impurity, see Fig. 9(b)
for an example. For intermediate values, a mixture of behav-
iors is encountered and will be analyzed further below. Impu-
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FIG. 7. Relative frequency of different types of skyrmion motion for « = 0.1 and § as indicated (left column with skyrmion Hall effect,
right column without), obtained for 25 impurity configurations for each data point. Note that the data points below the black dashed lines
correspond to regions in parameter space where the charge conservation is significantly violated (>10%), see discussion in Sec. III.

rities with a negative anisotropy K < 0 lead to an easy plane
preferential orientation of the magnetic moments in arbitrary
directions in the xy-plane inside the cluster regions. For very
large negative values, only the edge region of the skyrmion,
where its magnetic moments have no finite z-component, can
interact with the impurity to alter its magnetization. Such
an example is shown in Fig. 9(c). We observe a snake-like
deformation, an elongation of the skyrmion and a pinning.

A. Skyrmion creation

For magnetic disorder with negative anisotropy constant
K < 0, we observe that, with very large probability, new
skyrmions are created in the racetrack stripe. Because new
skyrmions can be created at different sections of the racetrack
simultaneously, the total topological charge Ny may increase
in steps even exceeding unity. In the example shown in Fig. 10
it jumps from zero to Ny = 2 at ¢+ = 3050 ps and further to
Ng = 6 beyond ¢ > 4000 ps. Figure 10 shows an evolving
magnetic structure which eventually results in a skyrmion
only in one section of the racetrack, while at the same time
similar structures are evolving in other sections of the race-
track. Hence, the rise of Ny can not doubtlessly be attributed

to the structure shown in the figure. However, Fig. 10 should
illustrate the creation process of skyrmions because similar
structures in the racetrack are evolving in a very similar way,
resulting in the rising of Ny for the entire racetrack. In any
case, we classify such processes as “skyrmion creation” and
find certain threshold values of negative anisotropy K, con-
centration C, and impurity radius R. Then, the probability of
skyrmion creation is close to 1, see Fig. 11.

Skyrmions can be created also spontaneously and without
the presence of an initial seed skyrmion and/or an applied cur-
rent as shown in Fig. 10. For their creation, a sufficiently large
concentration of magnetic disorder with sufficiently large neg-
ative anisotropy constant is sufficient. Then, local regions of
planar xy magnetizations form spontaneously, which connect
between neighboring impurity clusters and which form pre-
cursors of skyrmion edges. In the interior of these regions,
the magnetization suddenly switches from —e, to +e, and full
skyrmions are created. This is independent of the presence of
the skyrmion Hall effect (8 = 0.5« vs. B = « in Fig. 11). A
large impurity radius, closer to the radius of Ry ~ 7.7a of the
static skyrmion at equilibrium, is beneficial for the creation
also at smaller concentrations and anisotropies. But then, a
seed skyrmion and/or an applied current is required.
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FIG. 8. Average values of the normalized velocity components v, (top row) and v, (bottom row) at the longitudinal coordinate x; =
450a for B = 0.5« (left column) and B = « (right column) for @ = 0.1. For each data point, we averaged over 25 disorder configurations.
The data points below the black dashed lines correspond to regions in parameter space where the charge conservation is significantly violated

(>10%), see discussion in Sec. III.

This result is consistent with previous works [12,21]. New
skyrmions are created in the presence of weak spatial mod-
ulations of an external magnetic field [12], which generate
local magnetization gradients. They facilitate the formation of
skyrmion-antiskyrmion pairs with zero net topological charge.

+1

o 0 nz
1650 ps 2000 ps '_ 1
+1

0 4 ; vO nz
1550 ps 4000 ps 1

FIG. 9. Snapshots of the z-component of the magnetization for
racetracks with different values of the magnetic disorder anisotropy
constant K as indicated for 8 = o (i.e., no skyrmion Hall effect)
and vy = —0.05 a/ps. The ferromagnetic host is shown in red, the
impurity clusters with R = 5a in green and the moving skyrmion in
blue.

(a) K = 0.2 meV

I 1150 psII 1300 psI

1400 ps

(b) K = 0.02 meV

I 1200 psII 1350 psI 1550 ps

(c) K = -0.2 meV

L~

1400 ps

Qo
1100 ps 1150 ps

The antiskyrmion is energetically unstable and decays, such
that only the skyrmion partner survives. In a related work [21],
it was shown that a single magnetic impurity with a modified
anisotropy can induce the formation of complicated magnetic
textures when a strong spin-polarized current is applied. The
current separates the regions of different topological charge
by the skyrmion Hall effect and moves them away from the
impurity. Also, the antiskyrmion decays. The DMI is only
required to stabilize the resulting skyrmion, it is not necessary
for its formation.

B. Skyrmion decay

When the magnetic disorder is large with a large positive
value of the anisotropy constant, the impurity clusters behave
like rigid obstacles whose magnetic z-component is almost

2000 ps

FIG. 10. Snap shots of the z-components of the magnetization
with magnetic impurity clusters with K = —0.2 meV for C = 0.06
and R = 2a. Here, no initial skyrmion was inserted and no cur-
rent is applied. New skyrmions spontaneously form at = 2000 ps.
Between neighboring impurity clusters, connections appear (white
lines, t = 2500 ps). In the resulting interior region, the magnetiza-
tion suddenly switches from —e, to +e, and complete skyrmions
appear (t = 2600 ps and t = 2700 ps). New skyrmions often have
an elongated shape adapting to the disorder configuration (¢ = 4000
ps).
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FIG. 11. Relative frequency of the creation of new skyrmions for different values of R and 8 as indicated. We have fixed @ = 0.1 and have

averaged over 25 disorder configurations for each data point.

not altered due to the large energy barrier involved. Then, a
skyrmion may be pressed against an impurity, it gets com-
pressed and reduced in size, before it eventually decays. Such
a case is shown in Fig. 12. Such a behavior is more likely
for larger concentrations, but requires the special case that
impurity clusters lie close to each other. This is yet quite
rare and a systematic study shows that the probability of a
complete skyrmion decay is much smaller than 1, see Fig. 13.
The skyrmion Hall effect has no particular impact on the
relative frequency of such a decay. Large values of the radius
typically yield much more frequently to a skyrmion decay, the
reason being that large impurity clusters are more rigid and
require more energy to alter their magnetization.

C. Skyrmion pinning

For positive anisotropy, K > 0, and sufficiently large im-
purity concentration C, skyrmions may get pinned in the
racetrack. We find two typical pinning scenarios.

For rather large positive values of K, the magnetization of
the impurity clusters is relatively rigid. Then, the skyrmions
have to sidestep and might eventually get caught between

+1
0 nz
1000 ps 1150 ps 1200 ps 1250 ps 1300 ps 1

FIG. 12. Snapshots of the magnetic z-component of a skyrmion
in a racetrack for 8 = «, vy = —0.05 a/ps, C = 0.16, R = 5a, and
K = 0.2 meV. The skyrmion encircles an impurity, gets compressed
against others and, eventually, reduces its radius until it disappears.

several impurity clusters and the lateral edge of the racetrack.
Such a case is shown in Fig. 14.

For smaller positive values of K, the less rigid impurity
clusters can be passed as their magnetization is dynamically
altered. When the change of its magnetization is not perfect
and when the skyrmion center with 4-e, magnetization coin-
cides with the impurity, it may get pinned. In this case, both
the +e, and the —e, magnetization are energetically equiva-
lent. Such a scenario is shown in Fig. 15. In the first scenario,
the skyrmion is caught between several impurity clusters,
while in the second, it is directly pinned at the location of one
impurity.

Skyrmion pinning of the second kind is found already for
rather low positive values of the anisotropy, but requires a
threshold concentration C, see Fig. 16. The probability of get-
ting pinned increases then with growing C. For larger values
of K the probability for the first scenario to occur grows. Yet
it usually is below 1 because the decay of the skyrmion and
the passing are competing scenarios. For smaller values of
the radius (R = 2a), the tendency of pinning occurs at larger
values of K because smaller impurity clusters represent a
smaller energy barrier for a change of magnetization than in
the case of larger radii (R = 5a). Once the pinning threshold
is reached, the probability of pinning is commonly large for
the smaller impurity clusters and for the larger ones. Smaller
impurity clusters show a larger effective concentration for the
same value of C, such that a skyrmion has, by default, fewer
possibilities to move around.

In the presence of the skyrmion Hall effect, the probability
of pinning increases, in particular already at lower impurity
concentration. In this case, the skyrmion has a transversal
velocity component and the chance to detour impurity clusters
decreases relative to the case without the skyrmion Hall effect.

054420-8



ROLE OF IMPURITY CLUSTERS FOR THE ...

PHYSICAL REVIEW B 103, 054420 (2021)

R=5a

vg= -0.05 a/ps

Bla=0.5
0.2

K (meV)

-0.2
0

R=2a vg= -0.05 a/ps Bla=0.5

0.2

K (meV)

-0.2
0

probability(Skyrmion-decay)

probability(Skyrmion-decay)

K (meV)

K (meV)

R=5a vg= -0.05 a/ps Bla=1.0

]

@

0873

0.1 :

2

06 E

-

0 2

042

>

£

-0.1 =

022

2

2

-0.2 0 o
vg= -0.05 a/ps B/l a=1.0

13

]

o

08T

c

2

0.6 E

I

>

Y

042

>

£

0228

2

2

0 o

FIG. 13. Relative frequency of a Skyrmion decay for different values of the radius and B/« as indicated with @ = 0.1.

It may also occur for negative values of K that skyrmions
get pinned. In this case, the magnetization vectors of the
impurity clusters prefer directions with the xy-plane. Such
orientations occur in the interior regions of a skyrmion, which
connect the center and the edge. Then a skyrmion can be
slowed down or get stuck by pinning to such impurity clusters
with these regions.

D. Skyrmion passing

Ordinary passage of the racetrack by the skyrmion is the
most common behavior if the perturbations discussed so far
do not change its motion. This type of behavior dominates for
low impurity concentration C and low anisotropy constants,
see Fig. 17. Disorder then is too weak to alter the global lon-
gitudinal motion. For negative anisotropy, the creation of new
skyrmions and pinning limits the longitudinal passing. Also
for positive values of K, pinning may occur, but is then less
pronounced. Then longitudinal motion is possible in general
for all positive values of K, albeit with reduced probability.

For smaller impurity clusters R = 2a, the probability of
skyrmion transmission is larger. It is in general large up to a
certain threshold value of the anisotropy and decreases then

+1

FIG. 14. Snapshots of the magnetic z-component of a skyrmion
in a racetrack for g = o, vy = —0.05 a/ps, C = 0.12, R = 2a, and
K = 0.16 meV. The skyrmion gets caught between several impurity
clusters and the lateral edge of the racetrack.

rapidly because the other types of behaviors then prevail.
The skyrmion Hall effect has an impact inasmuch it re-
duces the probability of complete transmission. The enforced
transversal motion lowers the number of possibilities to move
around the impurity clusters. Hence, the probability of pinning
SIOWS.

E. Summary and synopsis

A synopsis of the different types of skyrmion motion
is shown in Fig. 18. Certainly, a maximal transmission of
skyrmions requires minimal disorder and a minimal value
of the anisotropy. A transversal motion with a transversal
velocity component vy can have two reasons, see Fig. 19.
The first one is the ordinary skyrmion Hall effect (8/a = 0.5).
The second one occurs also in absence of the skyrmion Hall
effect (8 = o) when many and strong enough impurity clus-
ters are present. Then, skyrmions can be forced to pass some
transversal paths due to scattering at the impurity clusters and
lateral passing. In general, the positive y direction is preferred
against the negative one. This is similar to the observations of

FIG. 15. Snapshots of the magnetic z-component of a skyrmion
in a racetrack for f = o, vy = —0.05 a/ps, C = 0.18, R = 5a, and
K = 0.12 meV. The skyrmion gets caught between several impurity
clusters and the lateral edge of the racetrack. The skyrmion is pressed
against a weak magnetic impurity, changes its magnetization from
+e, to —e, (r = 900 ps) and gets pinned at the impurity.
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FIG. 16. Relative frequency of skyrmion pinning for various values of R and 8 for @ = 0.1.

the nonconducting impurity clusters and might be due to the
symmetry breaking induced by the choice of Bloch skyrmions
with a given helicity y = —n /2 or y = +7 /2.

While we did not study the influence of the DMI on the
skyrmion dynamics explicitly, we can expect it to have an
effect on both movement and stability. First, the value of the
DMI determines the size of the skyrmion. Because smaller
skyrmions could pass through more densely packed impurity
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clusters, we would expect them to move more freely. Second,
the value of the DMI defines the energy of the skyrmion. A
less stable skyrmion can be expected to be destroyed more
easily while energetically more stable ones are more likely to
be created.

Additionally, skyrmions may be stabilized without any
DMI in frustrated systems [22,23]. Because in these systems
spatial symmetry breaking by the DMI is missing, skyrmions
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might behave differently in avoiding obstacles, e.g., by not
always moving upwards as seen in Sec. V. However, a quanti-
tative analysis of the influence of the DMI or other skyrmion
stabilization mechanisms goes beyond the scope of this work.

VII. IMPLICATIONS FOR ATOMIC-SCALE
SKYRMION SYSTEMS

Our simulations are relevant for a variety of skyrmion
systems that are currently studied experimentally. Especially,
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atomic-scale skyrmions strongly interact with local and low-
dimensional imperfections of the host, for example adatoms,
substitutions or local confinement. In our simulations, point-
like defects with distinct properties are embedded in an
otherwise homogeneous environment, which is very close
to experimental situations in atomic-scale skyrmion systems.
A model host for skyrmions with diameters of approxi-
mately 7 nm is realized by capping an atomic layer of
Fe/Ir(111) with a single atomic layer of Pd [8]. Here, the ratio
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FIG. 19. Mean average transverse velocity v, g normalized to the entrance velocity |vs| which occurs when the coordinate x; is reached for

o = 0.1. The remaining parameters are as indicated.
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D/J =0.32 is found to be even larger than that used in
our simulations [24,25]. While magnetic anisotropy was ne-
glected in our study, it has to be considered in Pd/Fe/Ir(111)
[24,25] and effectively increases the activation energy barri-
ers for the creation and annihilation of skyrmions. However,
this does not suppress the current-driven skyrmion dynamics,
which can be precisely fine-tuned by various external param-
eters in the experiments, for example, by varying the current
density or the temperature [26]. The first has been fixed to
6.4 x 10" A/m? in our simulations, a value posing still a
challenging aspect for the driving of atomic-scale skyrmions.
To experimentally realize such high local current densities
without harming the sample via parasitic effects like Joule
heating, special efforts have to be made. Here, scanning probe
microscopy techniques in multitip configurations are potential
tools to inject and drain high electric surface currents on
the nanometer-scale in arbitrary lateral directions. By this,
skyrmions can be driven, while leaving the rest of the sample
unaffected. When tuning the system temperature, different
regimes of skyrmion mobility can be addressed: At very low
temperature, they are pinned to the defects, and application
of a surface current results in a deformation of the pinned
skyrmion, according to the spin-transfer torque and skyrmion
Hall effect. When the pinning potential is exceeded by ther-
mal excitation or the critical current density, skyrmions are
expected to move within the host, with trajectories influenced
by the local interactions originating from disorder, as shown
in our simulations.

Eventually, these interactions result in the creation or an-
nihilation of individual skyrmions. Our simulations cover all
these different processes of creation, annihilation, deflection,
and pinning. In perspective for even more realistic simulations
and more rigid comparisons with experiments on the atomic
scale, temperature and magnetic anisotropy can be added to
our model calculations for future studies.

VIII. CONCLUSION

We studied the current-driven dynamics of skyrmions in
a ferromagnetic racetrack with disordered impurity clusters.
The later are assumed either nonconducting or magnetic. We
solved the generalized Landau-Lifshitz-Gilbert equation in
the presence of a current-induced spin transfer torque. For
nonconducting impurity clusters, the inhomogeneous current
density distribution has been calculated by solving the basic
electrostatic equations. For the magnetic (conducting) im-
purity clusters, the applied homogeneous current density is
present all over the racetrack stripe. In dependence of the
disorder concentration and the radius of the impurity clusters,
three different characteristic behaviors result in addition to the
standard desired skyrmion passing. Induced by the impurity
clusters as well as by the current, new skyrmions can be
created in the stripe. Moreover, skyrmions can get pinned at
the impurity clusters, and skyrmions can decay after being
pressed against individual impurity clusters.

For growing concentration of non-conducting impurities,
the probabilities of pinning and decay grow. The same is true
for magnetic impurities and a growing anisotropy constant.
Depending on the sign of the anisotropy, the probabilities
of pinning and decay grows (preferably for K > 0), or new
skyrmions are created (for K < 0).

Our results demonstrate that a careful tuning of the param-
eters permits very different dynamical behavior of skyrmions
in disordered racetracks.
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