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Abstract

Skyrmions are considered promising candidates to be the information carriers in the next generation of data storage and
logic devices, due to its stability and easy control under the application of an electric current. For future technological
applications in spintronic devices, it is important to study the properties behavior of these topological excitations during its
movement on magnetic nanotracks, specially because in ferromagnetic materials they suffer a kind of magnus effect which
tends to spell the skyrmion through the borders, preventing its transport throughout the nanotrack. We used micromagnetic
simulations to study the dynamics of a skyrmion on a magnetic nanotrack induced by a spin polarized electric current. We
considered thin magnetic nanotrack made of cobalt and platinum multilayers, whose magnetic state is perpendicular to the
track plane and contain a single Néel-type Skyrmion. To describe this magnetic system, we used a Hamiltonian containing
exchange, Dzyaloshinskii-Moriya, perpendicular magnetic anisotropy and dipole-dipole interactions. In our study we
observed the well-known Skyrmion Hall effect and changes in the structure of the skyrmion when it approaches of the border.
This alteration can be measured by determining the radius and the topological charge of the Skyrmion. Our simulation results
show that both the radius and the topological charge decrease when it approaches of the border. Our study also
demonstrates that the skyrmion-border interaction is repulsive, but there is a minimum distance from the border at which
the interaction becomes attractive. If the skyrmion exceeds this critical position ye, it will be attracted and annihilated at the
border of the nanotrack. We also performed simulations to obtain the limit value j; of the applied current density that the
skyrmion can be transported along of the nanotrack without escaping from the side edge. From a technological point of view
for possible applications in spintronic devices, the estimate of j; is of crucial importance.

Keywords: Ferromagnetic Spintronics, Magnetization Dynamics, Micromagnetic Simulations, Skyrmions.

access time and increase the storage capacity on

those devices [1-3]. Such samples can be
1. Introduction manufactured in different shapes using materials
such as cobalt and Permalloy alloy. These samples
can present many types of domain regions (exotic
magnetic structures or quasiparticles) such as
vortices, skyrmions and domain walls, depending
on the material, shape, and sample size. These
topological excitations enable us engineer
spintronic devices [4,5] where each magnetic

Since the random access memories
implementation by IBM in the 1950s, several
different changes have been done to increase the
access speed of storage hardware. Nowadays
there is a search for new storage hardwares using
nanostructured magnetic samples to decrease the
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structure can be considered as a basic information
unit (bit) [6,7]. In this work we study magnetic
skyrmions, which are likely to be the next
generation of storage devices and data logic [8].

Skyrmions were presented by Tony H. R.
Skyrme in a particle physics study, in which he
developed a nonlinear field theory for interacting
pions and showed that topologically stable
configurations occur as particles solutions [9,10].
The concept of these topologically protected
configurations were extended to condensed matter
physics and nowadays skyrmions can be found in
nanoscaled magnetic thin films [11-16]. Magnetic
skyrmions are considered topologically protected
and relatively stable because they cannot be
continuously deformed until reach another
magnetic state [17]. In magnetic materials,
skyrmions were initially observed experimentally at
low temperature and under external magnetic fields
[18-20]. Recently, they have already been
stabilized at room temperature without the
application of a magnetic field [21-25].

Skyrmions appear in magnetically ordered
systems that feature Dzyaloshinskii-Moriya (DM)
coupling [26-29]. This coupling can appear
intrinsically in chiral magnets (compounds of
transition metals with the noncentrosymmetric B20-
type structure, for example) [18] or may be induced
in magnetic multilayer systems with low inversion
symmetry and strong spin-orbit coupling (in Co/Pt
multilayers, for example) [21]. Nanostrips made of
Co/Pt multilayers allow the emergence of Néel-type
skyrmions [21]. In chiral magnets, skyrmions are
stabilized at low temperature under the application
of an external magnetic field [18]. Skyrmions
excited in Co/Pt nanotrack can be stabilized at room
temperature and, due to the strong spin-orbit
coupling at the interface and the strong
magnetocrystalline anisotropy, do not require the
application of an external magnetic field [21].
Individual skyrmions can be written or deleted on a
ultrafine magnetic film (nanotrack) in a controlled
manner [21] and can be easily moved by applying
low polarized spin current densities [15,30]. This
last characteristic, aside of the non-destructive
properties described above, points skyrmions as
the most prominent structure to replace domain
walls in spintronic devices.

Under the influence of a spin polarized current
along the ferromagnetic nanotrack, skyrmions
suffer a transverse deflection in their motion, similar

to the Hall effect that occurs with charged particles
in the presence of magnetic field. This
phenomenon, known as the skyrmion Hall effect,
occurs due to the Magnus force that drive them
towards one of the nanotrack edges, where it will be
annihilated. Then, to a narrower track, the distance
traveled by the skyrmion is dramatically reduced
[16,31,32]. This effect is a problem from the
technological point of view to the development of
spintronic devices based on skyrmion transport.

Various strategies can be used to suppress the
skyrmion Hall effect. One of these strategies is to
modify the magnetic medium by including defects,
such as magnetic impurities. Magnetic defects are
variations on the magnetic properties of the medium
and can be intentionally incorporated in
nanomagnets in order to create traps for vortex [33],
domain walls [34,35] and skyrmions [36]. Example
can be cited, as applying Ga* ion beam to the
multilayer interface can increase the coercivity of
the implanted region [37]. The region with the
highest coercivity results in pinning region for the
domain wall [38]. Also, the Dzyaloshinskii-Moriya
interaction can be changed by breaking cobalt
platinum interface symmetry with different platinum
layer thicknesses [39,40].

In previous works, our group observed that the
local decrease (increase) of the exchange stiffness
constant acts as an attraction (repulsion) pinning
center to a vortex, domain wall or skyrmion
[33,34,41,42]. In two recent works [43,44] we
showed other three ways to build magnetic
skyrmion traps using magnetic defects, as variation
in magnetocrystalline anisotropy, in DM interaction
and in dipolar constant. Recently, we proposed
several ways of suppression the skyrmion Hall
effect in ferromagnetic nanotracks with their
magnetic properties strategically modified [44].

Another alternative to suppress the Hall effect of
skyrmion is to replace the nanotrack ferromagnetic
material by an antiferromagnetic material, that is,
using a real antiferromagnetic nanotrack [45-47]. In
a recent work we investigated the controllability of
the skyrmion position in antiferromagnetic
nanotracks with their magnetic properties modified
spatially [48].

In this work we performed micromagnetic
simulations to study the dynamics of a skyrmion on
a magnetic nanotrack made of Co/Pt multilayers,
induced by a spin polarized current. The behavior of
skyrmions in this type of nanostructure is still being
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studied because stable zero-field skyrmions are
more suitable for technological application in ultra-
low energy devices. We used a bioinspired
algorithm, known in the literature as the Frog
Method [49], to accurately determine the position of
the skyrmion during its dynamics. Changes in the
skyrmion radius and topological charge were
observed in our simulations. Finally, we also studied
the interaction energy between the skyrmion and
the nanotrack edge.

2. Model and Methodology

In this work we considered a thin magnetic
multilayer of Co/Pt containing a single Neél-type
Skyrmion, whose equilibrium  magnetization
configuration is perpendicular to the track plane. To
describe this magnetic system, we used a
Hamiltonian containing exchange, Dzyaloshinskii-
Moriya, perpendicular magnetic anisotropy and
dipole-dipole interactions:

K _ ... D -
H=] —Zmi-mj—7 (m; - 2) +72mi-(mjxdu)

<gj>

where m; and 7; are unit vectors representing the
magnetic moments located at the i and j sites. In
our simulations we use the micromagnetic
approach [33,34,42,50], which means partition the
nanotrack into cubical working cells containing
many atoms. The work cell size has a volume
V.eu = a3, where a is the lattice parameter (a is
greater than unit cell parameter a,) and ni, =
MV, )M, is the effective magnetic moment
where M; is the saturation magnetization constant.

The first term of the equation (1) describes
ferromagnetic coupling, once J > 0. Due to the
exchange interaction short range, the summation is
over the nearest magnetic moment pairs <i,j >.
The micromagnetic exchange constant is given by
J =2aA, where A is the exchange stiffness
constant.

The second term of the equation (1) describes
the uniaxial magnetocrystalline anisotropy, with
preferential axis in the z-direction. This constant is
K = a3k, where k is the magnetocrystalline
anisotropy constant. The third term of the equation
(1) describes the Dzyaloshinskii-Moriya interaction
and, due to the short range of this interaction, the
summation is over the nearest magnetic moment
pairs < i,j >. The versor d;; depends on the type of
magnetic system considered. Since we are
considering multi-layer magnetic systems, the
relationship between the versors is &i]- =fi; X 2,
where Z is a versor perpendicular to the multilayer
surface and ;; is a versor that joins the i and j sites

<gj>

;) = 3(my - #;) (A - 7))

- 3 €))
(I7/a)

in the same layer [43]. The micromagnetic constant
D = a?d, where D is the Dzyaloshinskii-Moriya
interaction strength.

The last term of the equation (1) represents the
magnetic moments dipole-dipole coupling. Here,

2
the ratio% = ﬁ (%) , Wwhere 1 is the exchange length

that depends on the magnetic material. The
strength of the magnetic interactions, J, d, K and M
have the same dimension (energy unity).

We choose the typical parameters for Co/Pt [15]:
exchange stiffness constant 4 = 1.5 x 10711 J/m,
saturation magnetization M, = 5.8 x 10° A/m,
magnetocrystalline anisotropy k = 6.0 x 105 J/m?3
and Dzyaloshinskii-Moriya interaction strength d =
4.0 x 1073 J/m?2.

The cells size a (cell lattice parameter) is chosen
by analyzing three characteristic lengths relevant of
the magnetic system: the exchange length 1 =

2A

HoM?

~ 8.42nm, the Bloch domain wall width A =

\/% ~ 5.00nm and the length associated with

=2 =
7.50nm. In our simulations, we used for lattice
parameter a = 2nm which is smaller than the
smallest characteristic lengths A and V., =

(2x2x2)nm?.

Dzyaloshinskii-Moriya interaction

The magnetization dynamics behavior was
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obtained by integrating a version of the Landau-
Lifshitz-Gilbert equation (LLG) which includes the
spin torque effect. The dimensionless LLG

om; 1
ot (a?+1)

TEE D \aw,

1 0H

om;
effective field located at the cell i, containing
individual contributions from the exchange,
anisotropy, Dzyaloshinskii-Moriya and dipolar
fields. Notice that the first two terms describe the
precession and damping torques, whereas the last
two terms describe the torque due to the injection of
the spin polarized electric current [7]. Typical
nondimensional parameters for cobalt have been
used in our simulations [51]: the Gilbert damping
parameter a = 0.1 and the degree of
nonadiabaticity § = 0.35. The influence of the ratio
(B/a) on the dynamics of magnetic domain walls
has already been investigated [53-55]. Here, y is
dimensionless space coordinate, t is dimensionless
time coordinate and the relation with the real
coordinates is given by Ay = Ax/a and At = wyAt,

where BN = —J- is the dimensionless

2
where w, = (g) yuoM; is a scale factor with

inverse time dimension, with y ~ 1.76 x 10(T -
s) is the electron gyromagnetic ratio. In or
simulation w, = 2.27 x 10'2s71. The product
(aw,) has dimension of velocity and the term v; =
jenP, where j, (j. = j X, so that ¥; = v;%) is the x-
component of the electric current density vector
and P = 0.7 is the rate of spin polarization [52],
which amounts to those reported in cobalt
nanowires of similar thicknesses. For cobalt, the

constant n = % ~ 9,99 x 10~1'm3/C, where

g = 2isthe Lande factor, p; is the Bohr magneton,
and e is the elementary positive charge. The time
step At = 0.01 used in the numerical simulations
corresponds to At = 4.39 x 10~ %%s.

Once Co/Pt multilayers allow the emergence of
Néel-type skyrmions (hedgehog-type
configuration), the magnetic configuration with a

equation, considering the spin polarized current
applied along the x-direction can be described by
[51]:

{m; x kT + am, x (@, x K)

6o s (an(a )]

aw, dy

single skyrmion here been chosen as initial
condition, by considering an analytical solution in
which a Néel skyrmion is placed in a suitable
position on the nanotrack. A description of the
analytical model for skyrmions in nanotracks can be
found in reference [44]. In the absence of a
magnetic field or spin polarized current, the
integration of the LLG equation leads to the stable
configuration. Such relaxation in micromagnetic
simulations allows the adjustment not only of the
skyrmion radius but also its out-of-plane
magnetization. The stable configuration obtained in
this way has been used as initial configuration in
other simulations, in which a spin polarized current
was applied to move the skyrmion on nanotrack.

There are a number of works in the literature that
have proposed ways to map the skyrmion position.
In this work we investigate and compare three
methods: the Magnetization Average Method
[65,56], the Charge Method [56,57] and the Frog
Method [49]. In order to elect the most accurate
method, we track the skyrmion position for each
simulation step. When plotting the magnetic
configuration together with graphs of the skyrmion
trajectory we can validate the above-mentioned
methods.

In the Magnetization Average Method, we can
track its position x.,,) and yu, by a simple
calculation:

_ Jx®[m, () — 1]av
) = i () — 1]V

_ Jy@®Im, (@) - 1]av
Y =TT @) — 1]V

(3)
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where x(i) and y(i) are the lattice sites coordinates
and m, (i) = m; - Z. In the Charge Method, skyrmion
position x) and y, can be calculated by:

_ [ x()sdv
%0 = Toqy
y(i)sdV

Yis) :ffW 4)

where x(i) and y(i) are the lattice site coordinates
and s is the topological density that arises from the
topological charge (S) calculation:

1 om o
s -

1
= — J— JEE— p— d
4 Ox X ay)dxdy 4-1r_fs dxdy
R (am om

s=m-

I X E) (5

where 7 are the normalized magnetization vectors.

A bioinspired algorithm was used in the Frog
Method. These types of algorithms are based on
natural systems used to solve, for example,
optimization problems. Optimization problems are
those where the maximum and minimum values of
functions are defined in a predefined interval. The
Frogs method used in this work is based on
minimizing a function that represents the total error
in predicting the value of m,(i). The m,(i)
represents a skyrmion configuration in a given
region. This method works like a "skyrmion-hunt".
The reference [49] describes the methodology used
in the Frog Method.

In micromagnetic simulations, we have used our
own computational code, which has been used in
several works of our group. We have implemented
in this program the fourth-order predictor-corrector
method to solve numerically the equation (2).

We started by generating a fixed size magnetic
Co/Pt nanotrack, with length L = 500nm, width
W = 80nm and thickness T = 2nm, containig an
isolated Néel-type Skyrmion as magnetic
configuration, whose profile is represented in
figures 1 and 2.

Integrating the LLG equation without the spin
polarized electric current application, we obtained
the magnetic equilibrium configurations. In the
Table | are presented the material parameters used
in micromagnetic simulations.

54

Figure 1- Profile of a Néel-type skyrmion located in
the xy plane. The small cones represent the
magnetic moments 7 of each cell (site). The Néel -
type skyrmion has a hedgehog-like configuration
and the central magnetic moment has an opposite
direction to the magnetic moments of the edge.

mz

I10

“\/\/W"VV‘~W<<“ ,

Figure 2- Profile of a diametrical section of the Néel-
type skyrmion located in the xy plane.
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TABLE | - Parameters used in the micromagnetic simulations.

Quantity Value
Exchange stiffness (A4) 1.5 x 107 /m
Saturation magnetization (M) 5.8 X 1054/m
Uniaxial anisotropy constant (K) 1.2 x 10%J/m3
Dzyaloshinskii-Moriya constant (D) 4.0 x 1073J/m?
Work cell size (a) 2.0nm
Damping parameter (a) 0.1
Degree of non-adiabaticity (8) 0.35

Spin polarization of the current (P) 0.7

First, we consider as the initial magnetic equilibrium configuration the skyrmion located in the center of the
Co/Pt nanotrack, where is the origin of the coordinate system, as shown in figure 3.

X (nm)

Figure 3- Schematic view of a rectangular nanotrack in the xy plane hosting a single magnetic skyrmion in the center, where
is the origin of the coordinate system. The figure highlights that the majority of the nanowire’s magnetic moments is going
out of the plane of the figure (+z direction) except at the core of the skyrmion (red region), where they are pointing in the
opposite direction. For simplicity, the cones representing magnetic moments are not displayed in the figure.
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3. Results and Discussion

The skyrmion position is changed by applying
spin polarized electric current in the direction of the
nanotrack major axis (x-axis), with current density
je = 1 x 1024/m? . In figure 4 is shown the
trajectory of the skyrmion in the xy plane during
current-induced displacements similar to the

40

20

-20.

e -200 -100

.Y (nm)

05 -200 -100

40

particles Hall effect even having not electrical
charge. This effect is an obstacle to its application
to memory devices and in restricted geometries the
skyrmion reaches the nanotrack edges very fast
and is destroyed. Thus, the distance that a skyrmion
can be moved drastically reduces as the nanotrack
becomes narrower [31,32].

100 200

100 200

-1.0

-200 -100

X (nm)

100 200

Figure 4- Successive snapshots of the current-induced skyrmion displacements in the nanotrack. It can be observed a
transverse displacement similar to the particles Hall effect, called skyrmion Hall Effect.

Figure 5 shows the trajectories of the
skyrmion during the transversal displacement
shown in figure 4 obtained by the three methods:
the Average Magnetization Method (A4v), the
Charge Method(s) and the Frog Method(Frog). The
X4 and yg, are the x and y coordinates of the center
of the skyrmion, respectively. We can see that the
result obtained by Average Magnetization Method
shows a deviation in the trajectory when the
skyrmion approaches the edge, failing to correctly
describe the skyrmion's position. The Charge
Method and the Frog Method have very similar

56

trajectories.

Figure 6 shows successive snapshots of the
skyrmion dynamics on the nanotrack and the three
trajectories obtained by the Average Magnetization
Method, Charge Method and the Frog Method. The
skyrmion is represented by the orange circle. The
trajectory generated by the Frog Method is the one
that best fits the displacement of the center of the
skyrmion. The Charge Method, due to the
translation symmetry breaking at the edge, shows a
small deviation in the trajectory.
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Figure 5- Trajectories in the xy-plane of the skyrmion during the transversal displacement shown in figure 4, obtained by the
three methods: the Average Magnetization Method (4v), the Charge Method (s) and the Frog Method(Frog). The xg;, and
v, are the x and y coordinates of the center of the skyrmion, respectively.
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e Av

Frogs

e Av

Frogs

e Av

Frogs

e Av

Frogs

e Av

Frogs

Figure 6- Successive snapshots of the skyrmion movement in the nanotrack accompanied by the representation
of the three trajectories obtained by the Average Magnetization Method (pink line), the Charge Method (green
line) and the Frog Method (yellow line), respectively. The skyrmion is represented by the orange circle.
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We also analyzed the behavior of the
components v,(t) and v,(t) of the skyrmion
velocity during the displacement (see figure 7). To
obtain the behavior of v,(t) and v,(t) shown in
figure 7, we derive in relation to time t the x (t)
and y (t) calculated by the Frog Method.

We observed an increase in longitudinal velocity
(vy) and a decrease in transverse velocity (v,)
acquired by the skyrmion when approaching the
edge, which qualitatively agrees with the theoretical
results of the reference [58]. Analyzing the first 300

steps of the dynamics and using linear regression,
we can estimate the initial velocity components v,
and v, of the skyrmion. We obtain the values
Vor = (6445 + 0.02)m/s and v,, = (19.16 *
0.02) m/s for these components.

When the skyrmion approaches the side edge its
radius r; and topological charge S are changed. The
radius r, is defined as the distance between the
magnetic moment of the center of the skyrmion (—z
direction) and the first magnetic moment with an
angle of 90° with respect to it (see the figure 8).

0 05 1 1,5 2 2.5
160 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 L I 1 1 1 1 160
140 - ® |y L 140

N u | x| L
120 120

E 100 1 : 100

E 7 -

2 80 - 80

‘S ] C

o ] n

D 60 60

> N N
40 C 40
20 \ -

0 T T T T I T T T T I T T T T l T T T T I T T T T N O

o

0,5 1 1,5
Time t (ns)

2 2,5

Figure 7- Module of the v, and v, components of the skyrmion velocity as a function of time ¢, during the displacement
shown in Figure 4. The v,(¢) and v, (t) were calculated using x;(t) and y (t) obtained by the Frog method.

L

dd4 4

-10

Figure 8- Schematic representation of the skyrmion radius r, definition. The radius r is defined as the distance between
the magnetic moment of the center of the skyrmion (—z direction) and the first magnetic moment with an angle of 90° with

respect to it.
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Figure 9 shows the behavior of the
skyrmion radius as a function of its position yg,
during the dynamics. We can observe that r,
decreases as the skyrmion approaches the side
edge, as can also be seen in Figure 4 and Figure 6.

By the continuous theoretical model [16],
skyrmions have a topological charge of module § =

1. However, as we do a micromagnetic study, that
is, we treat our system as a discrete model, we

obtain S < 1 values for the skyrmion topological
charge module. In figure 10 we show the behavior
of the topological charge S during the dynamics.
Similar to the observed with the skyrmion radius,
the topological charge decreases when the
skyrmion approaches the side edge of the
nanotrack. This behavior is a consequence of the
deformation of the skyrmion when approaching the
edge, which reduces its area.

7 l L1 1 1 I [ A I | I S| I L1 1 1 I | B | I | I

o
%)
|

wn
6]

pa e b by be g by v ol

Skyrmion's radius rs (nm)

llll]lllllllllllllllllllllllllllll
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5 10

L I L L | | S O, | LI B B | L | LI I |
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20 25 30

Figure 9- Skyrmion radius (r) behavior as a function of y, during the displacement. The y is the y coordinate

of the center of the skyrmion.
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Figure 10- Topological charge (S) behavior as a function of yg, during the displacement. The y is the y

coordinate of the center of the skyrmion.
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Finally, we performed a study of the
interaction energy U(y,) between the skyrmion
and the side edge of the nanotrack. The interaction
energy is a function of the y, coordinate of the
center of the skyrmion. We consider the energy of
the equilibrium configuration with the skyrmion
located in the center of the nanotrack, as the
reference energy E,. E, is the energy of the
configuration where y,, = 0. We define E(yg,) as
the energy of the configuration where the center of
the skyrmion has coordinate yg, . E, and E(y,) are
calculated using the expression (1). The interaction
energy has been estimated using the following
expression:

U(ysk) = E(ysk) - EO (6)

Figure 11 shows the behavior of the
interaction energy U(y,) between the skyrmion
and the side edge, as a function of the yg
coordinate of the center of the skyrmion. As the
skyrmions approaches the edge, we can see that
the interaction energy remains positive and
increases until reaching a critical value at a position
y. = 28.5nm. We can conclude that the skyrmion-

10 l 11 1 | l i1 1 1 l 11

11 I 11 1 1 l

edge interaction, up to that critical point, is
repulsive. If the skyrmion exceeds this critical
position y,, it will be attracted and annihilated at the
edge. This is probably due to the fact that the
skyrmion for yg. > y., reaches a critical size that
makes it unstable. This information is of crucial
importance for the transport of skyrmions in
nanotracks and their consequent technological
application in spintronics. For example, this
repulsion allows the skyrmion to travel through the
nanotrack without escaping from the side edge, as
long as the applied current is not sufficient for it to
reach the yg >y, region, where it wil be
annihilated.

To study the influence of the interaction
energy on the skyrmion dynamics, we performed
simulations to obtain the limit value j,. of the applied
current density that keeps the skyrmion in the y,, <
y. region. We kept the width W = 80 nm and the
thickness T =2nm but we considered the
nanotrack with length L = 1.5 um. Here we consider
the origin of the coordinate system at the right edge
of the nanotrack and the initial position of the
skyrmion at this point (x = 0,y = 0).
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Figure 11- Interaction energy U(y,) between the skyrmion and the side edge, as a function of the yg,

coordinate of the center of the skyrmion.
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Figure 12 shows the trajectories of the skyrmion
during its displacement to 7 different values for the
applied current density j,. We can see that to keep
the skyrmion on the nanotrack the limit value of the
applied current density is j, = 0.42 x 1012 A/m?.
Forj, < j. the skyrmion reaches a stable position
Ysx < Y. and for j, > j. , the skyrmion reaches

Y > Y. region and is annihilated near the edge.

Our results for interaction energy
qualitatively agree with the theoretical results of the
reference [58] and this behavior for the

skyrmion/edge interaction was also theoretically
predicted for chiral magnets; see reference [59] .
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4. Conclusions

In summary, the skyrmions will probably be the
information carriers of the next generation of the
data storage and logic devices. Because of this, it
is important to systematically study the
characteristics and behavior of structural properties
of skyrmions during their dynamics, for future
applications in spintronic devices.

In this work we performed micromagnetic
simulations to study the skyrmion dynamics in
nanotracks made of Co/Pt, submitted to the
application of spin polarized current. We observed
that the skyrmions suffer transverse deflection in
their movements, as predicted in the literature. We
basically use three methods to determine the
position of the skyrmion during its dynamics: the
Average Magnetization Method (Av), the Charge
Method (s) and the Frog Method (Frog). We
observed that the trajectory generated by the Frog
Method is the closest to the displacement of the
center of the skyrmion. We conclude that the Frog
Method is the most accurate to track the skyrmion
during dynamics providing in addition to position,
data such as radius and topological charge. We
analyzed the behavior of the v, and v,, components
of the skyrmion velocity during the movement and
observed that as it approaches the edge, v,
increases and v, decreases. We also observed

changes in the structure of the skyrmion when it
approaches the side edge, such as in the radius
size and in the topological charge. We observed
that both the radius and the topological charge
decrease.

Completing our work, we performed a study
of the interaction energy between the skyrmion and
the side edge of the nanotrack. We observed that
the skyrmion-edge interaction is repulsive to y,, <
y.. If the skyrmion exceeds this critical position, it
will be attracted and annihilated at the edge. For the
nanotrack considered in our study, we performed
simulations to obtain the limit value j, of the applied
current density that keeps the skyrmion in the
Yoo < Y region.

From a technological point of view for possible
applications in spintronic devices that use the
transport of skyrmions on long nanotracks, the
estimate of j. is of crucial importance. Using an
applied current density j, < j., the skyrmion can
be transported on the nanotrack without escaping
from the side edge.
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