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Abstract

CrossMark

The 27 isolated chiral skyrmion is a magnetic configuration. Since the total topological charge
is zero, the 27 isolated skyrmion driven by a spin-polarized current propagates strictly along
the racetrack. The manipulation of 27-skyrmion, e.g., pinning/depinning at a specific position
of the racetrack, is significant. Here, we investigated the 27-skyrmion pinning in a racetrack
using exchange bias. A series of transversal AFM wires were set above the ferromagnetic
(FM) racetrack. Spin waves were employed to induce 27-skyrmion motion to study the
dynamics of the 27-skyrmion pinning. The AFM wires induce exchange bias at the AFM/

FM crossing points, which can act as pinning sites. The working window for a 27-skyrmion

in a racetrack was investigated as a function of the exchange bias field, the frequency and
amplitude of the oscillating magnetic field for exciting spin waves. The interaction mechanism
between the 27-skyrmion and the exchange bias was also studied. This work may provide

guidance for the design of next-generation spintronics.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Magnetic skyrmions are stable topologically spin configu-
rations, which have become the focus of intense research
activities over the last years due to their promising appli-
cations in spintronic devices [1-3]. Common isolated sky-
rmions (7 skyrmion) and multi-7m skyrmion belong to a set
of solutions of the basic equation for skyrmions [4]. Multi-7
skyrmions have been introduced and investigated in [4].
Recent experimental advances in the observation of 27-
skyrmion states in ferromagnetic (FM) films have renewed
the interest to this special spin configuration and triggered
intensive theoretical studies of static and dynamic 2m7-
skyrmions [5-9]. Particularly, the 27 skyrmions have been
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observed in FM materials [5-9], such as Tby,FegyCog thin
films [7], Cr:Sb,Tes/FeNi FM-magnetic insulator hetero-
structure [5], FeGe nanodisks [8], Pd,/Fe/Ir(11 1) island [6]
and asymmetric Ir/Co/Pt multilayers [9].

Since the total topological charge Q = 0, the 27-skyrmion
driven by a spin-polarized current can propagates strictly
along the racetrack without obvious deformation [10, 11]. This
intriguing characteristic makes 27-skyrmion as a promising
information carrier for next-generation spintronic devices,
especially for racetrack memory [10,11]. In addition, the 27
skyrmion is stable even in the absence of external magnetic
field, which is significant for the design of skyrmion-based
spintronics [12]. Up to now, the fundamental behaviors,
including nucleation/annihilation, motion and detection of
2m-skyrmions have been intensively investigated, which are
significantly different from those of skyrmions [5, 10-15].

© 2020 IOP Publishing Ltd  Printed in the UK
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The manipulation of skyrmions, e.g., pinning/depinning at
a specific position of the racetracks, is significant for racetrack
memory [16-20]. When skyrmions are generated, the skyr-
mion positions are deterministic in most cases. If one relies
on natural pinning sites of the materials, the skyrmions are
in random positions [16, 20, 21]. By using artificial pinning
sites, the positions of skyrmions can be controlled more pre-
cisely [16, 17]. Furthermore, the artificial pinning sites can
enhance the stability against thermal fluctuation and stray field
[17, 22]. Until now, the pinning/depingning of a 27-skyrmion
remains an open question [14]. In this work, we report a
simple pinning scheme for 27-skyrmions using exchange
bias. A series of transversal AFM wires were set above the
FM racetrack. The AFM wires induce exchange bias at the
AFM/FM crossing points, which can act as pinning sites.
The strength of 27-skyrmions pins can be modulated by the
exchange bias field. Such a system has been experimentally
reported for domain wall pinning and has the advantage of
ease of fabrication [22].

2. Model and simulations

Micromagnetic simulations were performed by using the
object-oriented micromagnetic framework (OOMMEF),
including the extension Dzyaloshinskii—-Moriya interaction
(DMI) module [23, 24]. The modified Landau—Lifshitz—
Gilbert equation is written as:

dm dm
o himxHata(mx I )

where m = M/M; is the normalized magnetization vector with
M the saturation magnetization; -y is the gyromagnetic ratio
which equals to 2.211 x 10° m (A - s)7'); He is the effective
field; « is damping constant. The effective field Heg is com-
prised of Heisenberg exchange, magnetic anisotropy, demag-
netization, DMI and external magnetic field. The DMI energy
density is given as [24]:

EDM — D (mz% — mxaan):z
where m,, m, and m_ are the components of normalized mag-
netization and D is the continuous effective DMI parameter.

The FM racetrack is in dimension of 2000nm x
100nm x 1nm (length x width x thickness). The mesh
cell is 2nm x 2nm X 1nm. The default magnetic material
parameters are adopted as follows [9, 13, 15]: exchange
constant A = 1.5 x 10~!'" J m~!; saturation magnetization
M, =580 x 10> A m~!; perpendicular anisotropy constant
K = 0.8 x 10° T m~3. The DMI parameter is 3.5 mJ m~2 and
the damping constant is 0.01.

TheAFMwiresareindimensionof 100nm x 100nm x 2nm
(length x width x thickness). The first AFM wire is located at
x = 1050nm and the spacing between AFM wires is 100 nm.
Experiments demonstrate that after magnetic-field cooling,
the CoPt/IrMn multilayer exhibits an out-of-plane magnetiza-
tion and a clear perpendicular exchange bias (3.39 mT-8.12
mT) [25]. The perpendicular exchange bias can be expressed

Om,

Omy, Oom,

+

as [26, 27] Hg = JSAFMSFM/ (NOO‘%FMMFMI‘FM)’ where J is
the interface exchange energy; i gy is the AFM unit-cell size;
Mgy is the magnetization of the FM; fry is the thickness of
the FM; Sapm and Sgy are the net magnetic moments along the
film normal in the AFM and FM interfacial layers. According
to the above references, [25], the perpendicular exchange bias
Hg, was set from —8mT to 8 mT in the simulations.

A stable 27-skyrmion is generated and relaxed at the posi-
tion of (1000 nm, 50 nm) [13]. Then, spin waves were employed
to induce 27-skyrmion motion to study the dynamics of the
2m-skyrmion pinning. Spin waves can propagate in metals
and insulators, especially in insulators with low damping
[13, 15]. To generate spin waves, an oscillating magnetic field
B,sin(27ft) along the y-direction has been locally applied at
the end of the racetrack (80nm < x < 160nm). The excitation
field amplitude By, increases from 100 mT to 1000 mT and
the excitation frequency f arranges from 40 GHz to 180 GHz
[13, 15].

3. Results and discussions

Since at low fields 27-skyrmions are destroyed via a burst
instability connected to a breathing mode [28], we initially
investigate the stability of 27-skyrmions under the exchange
bias. Figure 1(c) shows the magnetization profile M, (x),
diameter and domain wall (DW) width of a 27-skyrmion as
a function of the exchange bias field Hg. The characteristic
parameters diameter (Dg; and Dygy,), and DW width (A and
A,) are defined in figure 1(b). As can be seen from figure 1(c),
the exchange bias field within a certain range can adjust the
size and shape of the 27-skyrmion slightly. When the Hg is
along the + z-direction, namely, Hg > 0 mT, the size of the
27-skyrmion shrinks. When the H is along the —z-direction,
namely, Hg < 0 mT, the 27-skyrmion size expands. The DW
widths (A} and A,) are almost unchanged.

To investigate the interaction mechanism between the 27
skyrmion and the exchange bias, we study the energy pro-
file. Figure 2(a) demonstrates the changes of the total energy
AE as a function of 27-skyrmion positions, with four AFM
wires above the FM racetrack. Here, the AE is defined as
AE = E; — E,, where E; represents the total energy of the FM
racetrack that hosts the 27r-skyrmion at any position x, and E
is the reference energy, in which the 27-skyrmion is located
at the maximum possible distance from the AFM wires. As
shown in figure 2, the AFE is periodic when four AFM wires
were set above the FM racetrack. In the case of Hg > 0 mT,
energy barriers are generated at the AFM/FM crossing area,
which lead to off-centered pinning in the racetrack. The height
of energy barriers increases with the Hg increasing. In the con-
dition of Hg < 0 mT, energy wells are created at the AFM/FM
crossing area, which can capture the 27 skyrmion in a well
centered position in the AFM/FM crossing area. The depth
of energy wells increases with the Hg increasing. Hence, the
AFM/FM crossing area can serve as pinning sites for 27 skyr-
mions from the energy point of view.

To qualitative analyze how the exchange bias field produces
the energy barriers or energy wells, the energy changes of the
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Figure 1. (a) The schematic diagram for micromagnetic simulations and the 27-skyrmion configuration. The outer diameter of the 27-
skyrmion Dyyy» and the width of the AFM wires w are defined here. (b) Magnetization profile M, (x) along the diameter of a 27r-skyrmion
and definition of the characteristic parameters diameter (Dg; and D) and DW width (A and A;). (c) Diameter and DW width as a
function of the exchange bias field.
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Figure 2. The changes of (a) the total energy, (b) the exchange energy, (c) the demagneting energy, (d) the DMI energy, (e) the anisotropy
energy and (f) the bias field energy of the system as a function of the 27-skyrmion with four AFM wires above the FM racetrack. The
exchange bias field Hg ranges from —8 mT to 8 mT.
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Figure 3. The 27-skyrmion motion driven by spin waves. (a) The 27-skyrmion position as a function of simulation time, where the insets
show the top-view snapshots at selected frequencies (f = 40 GHz, 60 GHz and 80 GHz). Here, B, = 900 mT. (b) The velocities versus time
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Figure 4. The pinning/depinning states of a 27-skyrmion driven by spin waves at the first AFM/FM crossing point.

exchange, demagnetizing, DMI, anisotropy and exchange bias
of the system as a function of the 27-skyrmion positions are
calculated, as shown in figures 2(b)—(f). In the condition of
Hg > 0 mT, energy wells are generated in the exchanges and
anisotropy energies, contrary to the behavior of the demagnet-
izing, DMI and exchange bias energies which contribute to
the energy barriers in the total energy at the AFM/FM crossing
area. In the case of Hg < 0 mT, the exchange and anisotropy
energies show energy barriers, contrary to the behavior of
the demagnetizing, DMI and exchange bias energies which
lead to the energy wells in the total energy at the AFM/FM
crossing area.

In the following simulations, the dynamics of the pin-
ning process of the 27-skyrmion is investigated. Spin waves
were employed to induce 27-skyrmion motion. Initially, we
investigated the 27-skyrmion motion driven by spin waves.
Figure 3(a) shows the representative 27-skyrmion position in
the x-direction as a function of time, with B, = 900 mT. The
insets exhibits the top-views of the 27-skyrmion motion in
a racetrack at selected conditions (f = 40 GHz, 60 GHz and

80 GHz; B,, = 900 mT). It can be seen that there are some
specific frequencies to drive 27-skyrmions motion effec-
tively, such as f = 100 GHz, B, = 900 mT. In some specific
frequencies (f = 40 GHz, 60 GHz and 80 GHz; B,, = 900
mT), spin waves lead to the generation of magnetic domains,
which will significantly change the properties of the spin
waves guide. These discrete frequencies for the 27-skyrmion
motion may be ascribed to the internal oscillation modes
of a 2m-skyrmion and can be related to the variation of the
amplitude of the spin waves [13, 15, 29]. With f = 100 GHz,
By, = 900 mT, the 27-skyrmions accelerates and then decel-
erates and can reach a maximum velocity of 95 m s~ !(figure
3(b)). Furthermore, in the condition of f = 100 GHz, the 27-
skyrmion mobility increases with the excitation amplitude
increasing (figure 3(c)).

Then, we investigated the dynamics of the pinning pro-
cess of the 27-skyrmion at the first AFM/FM crossing area.
As shown in figure 4, when spin waves propagate along the
+ x-direction, there are three cases at the first AFM/FM crossing
area: (a) Pinning state: if the driving force is not enough,
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Figure 5. The working window for a 27-skyrmion in a racetrack as a function of the excitation field amplitude By, the excitation frequency

f and the exchange bias field.

e.g. f=280 GHz, B, = 100 mT and Hg = 0.3 mT, the 27-
skyrmion stops at the left or right boundary of the AFM/FM
crossing area; (b) Pass state: if the driving force is enough, the
2m-skyrmion can successfully pass the AFM/FM crossing area,
for example, f = 80 GHz, B, = 400 mT and Hg = 0.3 mT; (c)
Broken state: if the driving force is too larger, like f = 80 GHz,
B =900 mT and Hg = 0.3 mT, the 27-skyrmion is broken up
owing to the multidomain states. Hence, the AFM/FM crossing
area can serve as the pinning sites for the 27r-skyrmion. It was
worth noting that the 27 skyrmion is off-centered pinned in
the case of Hg > 0 mT, whereas it is pinned in a well centered
position in the condition of Hg < 0 mT. The pinning positions
are in agreement with the energy profile in figure 2.

The influence of the exchange bias on the 27-skyrmion
pinning/depinning states at the first AFM/FM crossing area
are also investigated. Figures 5(a) and (b) shows the working
window for a 27-skyrmion as a function of the excitation field
amplitude By, and the excitation frequency f, with Hg = +0.3
mT. In the condition of Hg = 0.3 mT and B, = 400 mT, the
2m-skyrmion is pinned at 140 GHz and 180 GHz, and pass
through the racetrack at 80 GHz, 100 GHz, 120 GHz and
160 GHz. With f=40 GHz and 60 GHz, the 27-skyrmion
is broken up at By, > 400 mT. These discrete frequencies for
the pinning/depinning of a 27-skyrmion may be ascribed to
the internal oscillation modes of a 27-skyrmion and can be
related to the variation of the amplitude of the spin waves [13,
15, 29]. In the case of Hg = —0.3 mT, as shown in figure 5(b),
the pinning/depinning states of the 27-skyrmion is almost the
same as that of Hg = 0.3 mT, except for the case of f= 160
GHz and B, = 400 mT.

Figures 5(c)—(f) show the working windows of a 27-
skyrmion as a function of the exchange bias field at the first
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Figure 6. The working window for a 27-skyrmion in a racetrack
with four AFM wires. Here, the exchange bias field is —0.3 mT.
Pass 1, Pass 2, Pass 3 and Pass 4 means the 27-skyrmion can pass
the first, the second, the third and the fourth AFM/FM crossing area,
respectively.

AFM/FM crossing area. Under the condition of Hg > 4 mT and
B, < 600 mT, the 27-skyrmion will be always pinned at f = 75
GHz. Given a special excitation field amplitude of By, = 900
mT, the pinning/depinning states exhibit the dependence of the
excitation frequency. For example, the 27-skyrmion can pass
through the racetrack even Hg = 6 mT at f = 100 GHz, while
it becomes pinned even Hg = 1 mT at f= 180 GHz. When f
ranges from 100 GHz to 180 GHz and Hg is larger than 7 mT,
the 27r-skyrmion is pinned. In the case of Hg < 0 mT, the pin-
ning/depinning states is almost the same as that of Hg < 0 mT,
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except for several cases demonstrated in figures 5(d) and (f).
Hence, the exchange bias field, the excitation amplitude and
the excitation frequency have a marked impact on the pinning/
depinning behavior of a 27-skyrmion in a racetrack.

Next, a series of transversal AFM wires are set above the
FM racetrack. Figure 6 shows the pinning/depinning behav-
iors of the 27-skyrmion in a racetrack with four AFM wires.
Here, Hg = —0.3 mT. With f = 80 GHz, B, = 100 mT, the
2m-skyrmion stops at the first AFM/FM crossing area. With
f =80 GHz, B, = 400 mT, the 27-skyrmion can pass the first
AFM wire and stops at the second AFM/FM crossing area,
since the distance between the spin wave source and the 27-
skyrmion can affect the 27-skyrmion motion [13, 15]. With
f =100 GHz and By, = 900 mT, the 27-skyrmion can pass all
the four AFM/FM crossing area.

To qualitatively understand the dynamics of the 27-
skyrmion pinning in the AFM/FM crossing area, an ana-
Iytical model is derived. Here, we consider the skyrmion as
a rigid structure (without any or with very slight structure
deformation). The Thiele approach based on the course-grain
approximation can be employed to analytically model the 27-
skyrmion dynamics [30]:

G X vqg + Davy = Fgy + Farm + Fegge. 3)

The vector G =4rQe, where Q= (1/4r)[m-
(0y;m x 9y,m)dS is the 2m-skyrmion number. The tensor
element Dj; is given by D; = [ (9m - m)dxdy. The force
Feqge origins from the repulsive potential if the system is finite,
namely the boundary effects. The force F,, origins from the
moment transfer between the spin wave current and the 27-
skyrmion. Accroding to the references, the force Fsy can be
expressed as [15]:

o~

Fo(R) = je'sv g’ “)

Here, j is the spin-wave current density; the wave vetor
q = gx; 0 is related to the skew scattering angle of the spin
wave; 1/Lgy, = ay/2mmf /2h, where m and f are the spin
wave mass and frequency. The exponential term is the approx-
imation form, indicating the decay of the spin-wave current
on the scale relating to the Gilbert damping. The equation (4)
qualitatively agrees with the simulations of the 27-skyrmion
motion driven by spin waves, namely, the longitudinal comp-
onent of the velocity is attributed to the longitudinal scattering
section of the 27-skyrmion [15].

The force Fapy origins from the exchange bias field from
the AFM wires, which can be expressed as:

Farpm = —VUarm 5)

where VUapy is the variation of total energy of the system.
Accroding to the equations (3)—(5) and G =0, the 27-
skyrmion motion is decomposed into the x-component and
y-component:

o~

Dav, = Fsw + Fapm = je’sv q|’0)x — VU (©)

v, = 0. 7

According to the equation (6), the 27 skyrmion pinning/depin-
ning states depends on the competion of the driving force
and the variation of total energy induced by the AFM wires.
Combined with the energy profile in the figure 2, the anan-
lysis model qualitatively agrees with the simulation results
of the dynamics of the pinning/depinning process of the 27
skyrmion.

4. Conclusions

In summary, the pinning/depinning behavior of a 27-skyrmion
using exchange bias has been systematically investigated. The
results show that the AFM/FM crossing area can serve as pin-
ning sites for 27-skyrmion motion. The working windows for
a 2m-skyrmion in a racetrack as a function of the exchange
bias field, the excitation field amplitude and the excitation
frequency are systematically studied. The interaction mech-
anism between the 27-skyrmion and the exchange bias is also
studied. This work may provide guidance for the design of
next-generation spintronics.
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