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Skyrmion-based high-frequency signal generator
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Many concepts for skyrmion-based devices have been proposed, and most of their possible applica-
tions are based on the motion of skyrmions driven by a dc current in an area with a constricted
geometry. However, skyrmion motion driven by a pulsed current has not been investigated so far.
In this work, we propose a skyrmion-based high-frequency signal generator based on the pulsed-
current-driven circular motion of skyrmions in a square-shaped film by micromagnetic simulation.
The results indicate that skyrmions can move in a closed curve with central symmetry. The trajec-
tory and cycle period can be adjusted by tuning the size of the film, the current density, the
Dzyaloshinskii—Moriya interaction constant, and the local in-plane magnetic anisotropy. The
period can be tuned from several nanoseconds to tens of nanoseconds, which offers the possibility
to prepare high-frequency signal generator based on skyrmions. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4978510]

Since it was observed in chiral magnets and thin films,'™

a magnetic skyrmion has received considerable attention
owing to its small size, low current density for its current-
driven motion, and topologically protected stability.”™ All
these characteristics make skyrmions have significant poten-
tial to be applied to the next generation of magnetic memory
devices. Many concepts for skyrmion-based devices have
been proposed, such as skyrmion-based transistors,'” logic
gates,'! and the spin-transfer nano-oscillators (STNOs).'?

Until now, the application of skyrmions is mainly based
on the motion of skyrmions driven by a dc current with spin
orbit torque (SOT). Jiang et al. experimentally demonstrated
the generation and SOT-driven motion of magnetic skyrmion
bubbles from chiral stripe domains.'”> Theoretically, the
SOT-driven motion of skyrmions is expressed using the
Thiele equation™"*

GxV+aD -7+ Fyin+F =0, (1)

where the first term represents the Magnus force. G is the
so-called gyrocoupling vector, v is the drift velocity of the
skyrmion, o is the Gilbert damping coefficient, D is the dis-
sipative tensor, Fyy, is the SOT driving force acting on the
skyrmion, and F is the force from boundaries, defects, and
SO on.

In an infinite film without any boundary or defect, a sky-
rmion is driven to move along a straight line at an angle with
respect to the direction of the current because of the Magnus
force.'® This behavior is referred to as the skyrmion Hall
effect’” which was theoretically predicted by Zang'® and was
experimentally observed by Jiang.'” Under the action of both
the Magnus force and the F, a skyrmion is driven to move
along a strip-shaped nanotrack™'®'? or along complicated
trajectories®” or around areas with strong potential barriers.>'
In particular, Zhang et al. proposed a skyrmion-based STNO
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using the circular motion of a skyrmion in a round-shaped
nanodisk.'?

All the above investigations are based on the motion
of skyrmions driven by a dc current. In the present work,
through micromagnetic simulation, we found the high-
frequency circular motion of skyrmions driven by a pulsed
current in a square-shaped thin film, which may be devel-
oped as a skyrmion-based high-frequency signal generator.

A schematic of the structure and function of the skyrmion-
based high-frequency signal generator is depicted in Fig. 1. The
position of a skyrmion was depicted by a planar rectangular
coordinate system with its origin at the film center. First, a sky-
rmion is created at a designated position on the diagonal of the
square film by a local spin-polarized current, which is experi-
mentally realized using a spin-polarized scanning tunneling
microscope (SP-STM).?? Then, the skyrmion is driven to move
circularly along a closed curve by a pulsed current and is
detected using a magnetic tunnel junction (MTJ), which is
composed of a bottom ferromagnetic (FM) layer such as Co, an
insulating layer, and an upper perpendicularly magnetized FM
layer. When a skyrmion enters the region of MTJ, the variation
of the angle of the moments in both FM layers leads to an out-
put signal due to the tunneling magnetoresistance effect.

Our work was performed by micromagnetic simulation
using the Object-Oriented MicroMagnetic Framework
(OOMMF) software that contains the code for the interfacial
Dzyaloshinskii—Moriya interaction (DMI).>* A square-shaped
Co/Pt bilayer with perpendicular magnetic anisotropy (PMA)
was considered as the medium. In experiments, Co/Pt multi-
layers with alternative Co and Pt layers are usually exploited.
However, it is simplified to one layer of Co since magnetic
parameters but not the detailed structure of Co-Pt system mat-
ter in simulation. A 2-dimensional (2D) model with only one
cell in the thickness direction was adopted since the film thick-
ness is much smaller than its length. The area of the 2D FM
layer varies from 80nm x 80nm to 140nm x 140nm with
cell dimensions of 1 nm X 1 nm. The saturation magnetization

Published by AIP Publishing.
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S g 1ay! FIG. 1. Schematic of the structure and

function of the skyrmion-based high-
frequency signal generator. The sky-
rmion is driven to move circularly by a
pulsed current and is detected using a

skyrmion
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(Ms), exchange stiffness constant (A), spin Hall angle (fsy),
and damping coefficient () are 5.8 X 10° A/m, 1.5 x 107" J/m,
0.08, and 0.3, respectively.s’24 The DMI constant (D) varies
from 1.8 mJ/m? to 3.4 mJ/m> In experiments, the D larger
than 2 mJ/m? has not been reported in the Co/Pt bilayer fabri-
cated by sputtering. However, Yang et al. predicted a larger
D (around 3 mJ/mz) in a Co/Pt bilayer with 3 atomic layers
of Co and good atomic-coupling at the Co/Pt interface.”
Since D of Co/Pt bilayer is inversely proportional to
the thickness of Co,* the D varying from 1.8 mJ/m? to 3.4 mJ/
m? corresponds to the thickness of Co that is between 0.6 nm
and 1nm. It is possible to tune the magnetic anisotropy con-
stant (K,) of Co/Pt in a wide range by manipulating the thick-
ness of Co and fabrication conditions. To ensure the creation
and motion of a skyrmion in the simulation, the K|, is between
0.5 x 10°J/m® and 0.8 x 10°J/m?>. Finally, the OOMMF code
assumes that the temperature is 0 K. This assumption is reason-
able since the Curie temperature of Co is higher than 1000 °C,
far above room temperature. Therefore, when the device is
working at room temperature, the deviation from the property
at 0K due to thermal fluctuation may be small.*

(a) (b) 60

As a representative example, we investigated the gener-
ation and motion of skyrmions driven by dc and pulsed cur-
rents and their detection by MTJ in a film with dimensions
of 100nm x 100nm and D=3 mJ/m?, K,=0.8 x 10°J/m>.
The skyrmion was first generated at the lower-left corner (R,
the central position of the skyrmion, is (—30nm, —30nm))
using a spin-polarized current with J=35 x 10'"*A/m? and
spin polarization of 0.4. Then, the skyrmion was driven to
move by applying a dc current in the +x direction with a
current density (J4) of 2.5 x 10" A/m? in the HM layer. The
trajectory of the skyrmion is shown in Fig. 2(a). The dots
represent the central point of the skyrmion, and the time
interval between two dots is 0.1ns. The evolution of the
velocity (v) using a positive dc current is shown in Fig. 2(b),

where 7 = R (x(¢), y(¢)) and “.” denotes the time derivative.
The skyrmion starts to move right owing to the SOT and
simultaneously and rapidly deviates upward because of the
repulsive force from the lower boundary and Magnus force.
When crossing the diagonal, the SOT continues to drive the
skyrmion to move right, but strong repulsive forces from the
upper and right edges push the skyrmion to move back until

FIG. 2. (a) The trajectory of a skyrmion

driven by a dc current in a square-
shaped film. (b) The evolution of the
drift velocity of the skyrmion. (c) The
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representative pulse current with a cur-
3 4 rent density (Jq) of 2.5 x 10'' A/m* in a
period (7). (d) The trajectories for the
circular motion of a skyrmion using a
pulsed current shown in (c) in the first
half-period (0-7/2), the second half-
period (7/2-T), the second period
(T-27), and the five periods from the
beginning (0-57). The orange circle at
the upper-right corner indicates the posi-
tion of MTJ. (e) The output resistance
variation of the MTJ in the first 7. R,
means the resistance of MTJ when the
moment in the free layer is parallel to
that in the pinned layer.
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FIG. 3. (a) The trajectories for the circular motion of skyrmions in films with
different lengths a. The current density J4, magnetic anisotropy constant K,
and DMI constant D are 2.5 x 10" A/m’, 0.8 x 10°J/m’, and 3.0 mJ/m’,
respectively. (b) The period T of the circular motion as a function of a.

all the forces are totally canceled, resulting in the final
stoppage.

The circular motion of a skyrmion using a pulsed current
with J4=2.5 x 10" A/m? and period (T) = 5ns (Fig. 2(c)) in
the square-shaped film is shown in Fig. 2(d). In the first half-
period, the skyrmion moves from the lower-left corner to the
upper-right one on the diagonal. In particular, the ending
point at the end of the half-period is centrosymmetric with
respect to the starting point. According to symmetry, in the
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trajectory is also centrosymmetric with respect to that in the
first half-period. Therefore, the skyrmion can move back to
its starting point, completing a cycle. Reversing the current
direction again, the skyrmion continues to move for the sec-
ond cycle. The trajectories of the first five cycles overlap
well. It is noted that the small inertia of the skyrmion is neg-
ligible.'*?” Therefore, the difference in the velocity between
the starting and ending points on the diagonal has little
impact on the symmetry for the trajectories in the first and
second current periods. As depicted in Fig. 2(e), the sky-
rmion was electrically detected from the variation of resis-
tance of MTJ whose area is assumed to be identical to that
of skyrmion. The tunnelling magnetoresistance, defined as
(Rap—Rp)/Ry,, where Ry, and R, are the resistances when the
moment in the free layer is parallel to and antiparallel to that
in the pinned layer, is assumed to be 100%.?® Based on these
assumptions, the resistance variation with respect to R, when
a skyrmion enters the MTJ region reaches 94%, which is
derived in the supplementary material (S1).

We then investigated how the motion of a skyrmion is
affected by tuning a (the length of the film), J4, K, and D.
First, the changes in T with @ were studied. The trajectories
for skyrmions in films with different a are shown in Fig.
3(a). Jy, Ky, and D are 2.5 x 10" A/m?, 0.8 x 10°J/m>, and
3 mJ/m?, respectively. The distances between the starting
points and the edge are fixed at 20 nm. One can see that the
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FIG. 4. (a) Ax and Ay are defined as the distances from the core of skyrmion on the diagonal to the left or right boundary and to the lower or upper boundary,
respectively, and d is defined as the diameter of the circle of m, = 0. The inset shows d as a function of K, and D. (b) The dependencies of J4, K,,, and D on Ax
and Ay. (c) The representative trajectories for the circular motion of skyrmions for different J4, K,,, and D. The dimensions of the films are 100 nm x 100 nm.

(d) The dependencies of J4, K, and D on the period 7.
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—e—PMA film
—e— PMA film with IMA edge

FIG. 5. (a) The composite structure
consisting of a square film with PMA
center areas and IMA edges. (b) The
difference in the trajectories of the
circular motion of skyrmions in PMA
films with or without an IMA edge.

100 nmx 100 nm J, =2.5x10" A/m’
D=3.0 mJ/m’

K,=0.8x10°J/m’

area of the circular trajectories becomes larger as a increases.
However, the trajectories for different a have a similar shape.
The T increases almost linearly from about 3ns to 9ns as a
changes from 80 nm to 140nm [Fig. 3(b)]. This result indi-
cates that the period of the skyrmion-based signal generator
can be tuned simply by changing the film size.

The dependencies of Jy, K,,, and D on the trajectory and
T are depicted in Fig. 4. The diameter d, as indicated in
Fig. 4(a), increases with increasing D [inset of Fig. 4(a)]. To
generate a skyrmion with a smaller (larger) D, K,, also needs
to be smaller (larger). The initial distances from the core of
the skyrmion to the boundaries of the two sides are denoted
by Ax and Ay (Ax= Ay) [Fig. 4(a)]. We note that a change in
Jg4 results in a variation in the distance between the starting
and ending points on the diagonal in the half-period.
Therefore, to ensure the centrosymmetry, the starting point
needs to be shifted along the diagonal and be closer to the
edge for a higher J4 and a smaller D [Fig. 4(b)]. The repre-
sentative circular trajectories are shown in Fig. 4(c). T
decreases as J4 or D increases, as shown in Fig. 4(d). With
an increase in Jg, the trajectory expands, but T decreases,
indicating that the increase in Jy results in a significant
increase in v. However, the trajectory shrinks with the
increase in D, which simultaneously reduces 7.

In addition to single PMA films, we also propose a com-
posite structure consisting of a square film with PMA center
areas and an in-plane magnetic anisotropy (IMA) edge. This
design can be realized using experimental techniques such as
Ar" ion milling or oxidation.”*** As shown in Fig. 5(a), four
IMA regions (K,=0.8 x 10*J/m®) with lengths of 50nm
and widths of 10nm are distributed on the four sides of a
square-shaped film having a width of 100 nm and have cen-
trosymmetry. The direction of moments in the IMA regions
is opposite to that of the perimeter of the skyrmion. In this
way, the path of motion is compressed, as shown in Fig.
5(b). As a result, T is reduced from 5.0 ns to 3.3 ns compared
with a film with no IMA regions.

From Figs. 4(c) and 5(b), one can see that the area and
the shape of the trajectory of the skyrmion are affected by
changing K, and D. In a PMA film with confined geometry,
tilting moments exist near the edge. The spatial variation of
moment orientation near the edge, which acts on a nearby
skyrmion as an edge force, relies on K, and D.** The mecha-
nism of edge force is depicted in detail in the supplementary
material (S2). Additionally, the formation of defects in a film
is unavoidable. Moments with spatially varied orientation
locate around a defect. As a result, a skyrmion feels a force

when it moves close to the defect, and its trajectory is modi-
fied. However, if only the distribution of defects is random
or exhibits centrosymmetry like the IMA edges in Fig. 5, the
trajectory is still a closed loop and its symmetry is kept.

In summary, we proposed a skyrmion-based high-fre-
quency signal generator via the SOT-driven circular motion
of a skyrmion in a square-shaped magnetic thin film. Via the
use of a pulsed current, a skyrmion moves on a closed curve
with central symmetry. The starting point needs to shift, and
the cycle period T can be adjusted by tuning parameters
including the size of the square film, the current density, the
magnetic anisotropy constant, and the DMI constant. In our
simulation, T can vary from less than several nanoseconds to
tens of nanoseconds or larger. Moreover, we proposed a
composite structure consisting of a PMA square film with an
IMA edge, which can change the trajectory of circular
motion and reduce T.

See supplementary material for the principle for the
detection of a skyrmion by a magnetic tunnel junction (MTJ)
(S1) and the principle for the force acting on a skyrmion
from the edge of a square-shaped film (S2).

This work was supported by the National Natural
Science Foundation of China [Grant Nos. 11574096 and
61674062].
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