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As a microwave generator, spin transfer nano-oscillator (STNO) based on skyrmion promises to become one of the
next-generation spintronic devices. However, there still exist a few limitations to the practical applications. In this paper, we
propose a new STNO based on synthetic antiferromagnetic (SAF) skyrmion pair assisted by a perpendicular fixed magnetic
field. It is found that the oscillation frequency of this kind of STNO can reach up to 5.0 GHz, and the multiple oscillation
peak with higher frequency can be realized under a fixed out-of-plane magnetic field. Further investigation shows that the
skyrmion stability is improved by bilayer antiferromagnetic coupling, which guarantees the stability process of skyrmion
under higher spin-polarized current density. Our results provide the alternative possibilities for designing new skyrmion-
based STNO to further improve the oscillation frequency, and realize the output of multiple frequency microwave signal.

Keywords: nano-oscillator, skyrmion, spin-polarized current, spintronic devices

PACS: 05.45.Xt, 12.39.Dc, 72.25.Hg, 85.75.-d

1. Introduction

Spin transfer nano-oscillator (STNO) is a new kind of
promising spintronic device that can be used to generate mi-
crowave signals.!!>! For most of STNOs, the structure is usu-
ally designed based on the spin valve or magnetic tunnel junc-
tion consisting of fixed layer, spacer, and free layer. In this
kind of STNO, the magnetic moment of free layer precesses
steadily when the spin-polarized current is applied along out-
of-plane, and thus outputing an oscillatory microwave signal
due to the giant magnetoresistance effect. After that, it is re-
ported that the magnetic domain wall,’>*! circular vortex,>~7!
radial vortex, 8! droplet,[g’lo] and skyrmion[11‘16] have been
suggested to be used in STNO device. Especially in recent
years, owing to high stability, small size, topological pro-
tection, and low driven current density, the skyrmion has at-
tracted significant interest in designing spintronic devices as
a potential information carrier.l!”! Moreover, different types
of skyrmions have been observed both theoretically and ex-
perimentally. For example, the typical Bloch skyrmion and
Néel skyrmion have been observed in bulk magnetic materials
with bulk Dzyaloshinskii-Moriya interaction!!®-°1 and het-

[21-23

erostructures with strong orbital coupling, ! respectively.

In addition, the synthetic antiferromagnetic (SAF) skyrmion
are suggested to overcome skyrmion Hall effect consider-

[24-26

ing their stability and reliability. I In experiment, it was

demonstrated that the synthetic antiferromagnetic skyrmion

fCorresponding author. E-mail: liugf@lzu.edu.cn
© 2022 Chinese Physical Society and IOP Publishing Ltd
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bubbles can steadily exist at room temperature,'?’! and the
SAF skyrmion pair has higher velocity than single ferromag-
netic skyrmion.?® Recent report showed that the STNO based
on SAF skyrmion pair can reach up to ten GHz.**! However,
this type of STNO based on SAF skyrmion pair only outputs
single oscillation frequency microwave signal.

In this paper, we propose to use a fixed magnetic field to
further improve oscillation frequency of STNO based on SAF
skyrmion pair, and realize a multiple frequency output. The
skyrmion process under a magnetic field and spin-polarized
current as well as other parameters is studied in detail. Our
results show a possible application in designing STNO and
further improving its performance.

2. Methods and simulations details

As shown in Fig. 1(a), the STNO based on SAF skyrmion
pair is a nanopillar structure consisting of two fixed layers, two
spacer layers, two free layers through antiferromagnetic cou-
pling, and a non-magnetic (NM) layer. In the structure, the two
fixed layers will excite the same effect of spin transfer torque
by respective free layers, thereby ensuring the skyrmion pair
to stay the synchronous circular precession. In this way, the
spin transfer nano-oscillator based on skyrmion pair generates
a stable microwave signal. The free layers are assumed to be
all Co magnetic films, where the interfacial Dzyaloshinskii—
Moriya interaction (DMI) is generated by Pt with strong spin-
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orbit coupling,**3?! and the spacer layer and NM layer can
be chosen as MgO and Ru,®3 respectively. The diameter
of nanopillar is 100 nm, the thickness of two free layers and
NM layer are all 1 nm, and the size of mesh cell is set to be
2 nmx2 nmx1 nm. The upward fixed magnetic field is ap-
plied to free bilayer along the perpendicular direction. The
size of skyrmion pair is the same at the initial state, but the
core of skyrmion on the top layer is set to be downward, while
the bottom one is upward. Hence, the size of skyrmion in the
top layer and the bottom layer are shrunk and enlarged un-
der the upward fixed magnetic field, respectively. Figure 1(b)
shows the circular vortex-like magnetization configuration of
fixed layer. The SAF skyrmion pair synchronously performs
the periodic circular motion when perpendicular spin polar-
ized current is injected into the nanodisk, which exports a sta-
ble oscillation voltage signal.

(a)

Free layer

Heavy-matal laye

Fixed layer 1
m; i i

Fig. 1. (a) Schematic diagram of spin transfer nano-oscillator based on syn-
thetic antiferromagnetic skyrmion pair, which is assisted by out-of-plane
fixed magnetic field. The total nanopillar structure includes two fixed lay-
ers, two spacer layers, two free layers, and one non-magnetic layer. The red
and blue colors represent the positive and negative perpendicular magneti-
zation components, respectively. (b) Spin structure of the two fixed layers.

The Object
(OOMMF) software is used to investigate the SAF skyrmion
pair dynamics,** by which the Landau-Lifshitz—Gilbert—

Oriented MicroMagnetic Framework

Slonczewski (LLGS) equation can be numerically solved for
the dynamics of time-dependent magnetization. The equation

is given below: 33
dm dm
0 H ki
T ym X eff-l-OC(mX T )
+£m><(mp><m), (1)

U
where 7y represents the gyromagnetic ratio, and m the unit
magnetization vector. The Gilbert damping parameter ¢ is
set to be 0.02 for solving the initial state and dynamic process.
The u and tr represent the spin-polarized electron velocity and
the thickness of the free layer, respectively. The u is described
as
YhP

TR )

where P is the spin polarization which is fixed at 0.4, e is the
electron charge, and J is the current density. In addition, m,,
denotes the perpendicular magnetization vector. The Hg is
the effective field of the system including the Heisenberg ex-
change field, the uniaxial perpendicular magnetic anisotropy
field, demagnetization field, and Dzyaloshinskii—-Moriya ef-
fective field. In the simulations, the material parameters of
the cobalt film are chosen as follows:[3>3637] exchange con-
stant A = 1.5 x 107! J/m, the uniaxial magnetocrystalline
anisotropy constant K, = 8 x 10° J/m3, saturation magne-
tization Mg = 8.6 x 105 A/m, and the DMI constant D =
3.0 mJ/m? except for Fig. 4(a). Finally, the interlayer ex-
change coupling coefficient 6 = —1 x 107* J/m? or —1 x
1073 J/m?,
antiferromagnetic coupling. In this case, the SAF skyrmion

in which the negative value indicates the bilayer

pair stably exists in the double free layers.

3. Results and discussion

To start with, we study the dynamic process of SAF
skyrmion pair under the effect of spin-polarized current as-
sisted by fixed magnetic field as shown in Fig. 2. Figure 2(a)
shows the initial state of the SAF skyrmion pair in the free
bilayer, i.e. the left semicircle for the top layer and right semi-
circle for the bottom layer, in which the red arrows and blue
arrows indicate positive direction and negative direction of z
component of the magnetization, respectively. When the spin-
polarized current is perpendicularly injected into the nanodisk,
the skyrmion pair starts to circularly move. Figure 2(b) shows
the relationship between bottom skyrmion position and time
with a spin-polarized current density of 1.0 x 10'' A/m?, the
fixed magnetic field is 300 mT, and the diameter of electrode
is 30 nm. Figure 2(c) shows the guiding center of skyrmion
pair at the same simulation parameters of current and mag-
netic field as those in Fig. 2(b), in which the red curve and the
black curve represent the skyrmion position of top layer and
that of the bottom layer, respectively. Moreover, the guiding

center is described by the following equations: 38!

//quxdy //yqudy 4
/ qudy // qudy

where ¢ is the topological density. It is found that the trajec-
tory radius of top skyrmion and bottom skyrmion are differ-
ent, and the trajectory radius of top skyrmion is smaller than
that of the bottom. This is due to the larger skyrmion size in
the top layer with upward magnetic field. Therefore, the top
skyrmion experiences a stronger repulsion from the nanodisk
boundary, which makes it to move closer to the nanodisk cen-
ter. Next, we obtain corresponding power spectrum by com-
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puting fast Fourier transform of the oscillation of m,, and fig-
ure 2(d) shows that the frequency is 1.07 GHz. According to
the above results, we further investigate the factors influencing
oscillation frequency under zero field in order to improve the
performance of STNO based on SAF skyrmion pair. Firstly,
figure 3(a) shows the relationship between the oscillation fre-
quency and current density. When the diameter of electrode
is fixed at 50 nm with a density of spin-polarized current of
4.5x10'" A/m?, the oscillation frequency of bilayer skyrmion
pair reaches up to 1.75 GHz. The skyrmion in the top layer
will be annihilated as the current density is over the critical
value. For each picked electrode diameter, the critical current
density is different, which shows a decrease with the increase
of the electrode diameter. The existance of critical current den-
sity finally leads to the maximum frequency for each electrode
diameter. In our cases, the maximal frequencies of 1.53 GHz,
1.63 GHz, and 1.75 GHz for the electrode diameters of 20 nm,
30 nm, and 40 nm are obtained, respectively, which shows that
the frequency increases with the electrode diameter increas-
ing due to the stronger STT effect at the same current density.
Next, we attempt to improve the strength of synthetic antifer-
romagnetic coupling between two free layers. It is found that
the frequency can reach up to 5.2 GHz when the interlayer ex-
change coupling coefficient ¢ = —1 x 1073 J/m? with a cur-

10
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rent density of 1.5 x 10'2 A/m? as shown in Fig. 3(b). This is
due to the more stable state of skyrimon pair at stronger cou-
ple, which enables the supporting of stronger effect of STT to
avoid being annihilated. We also change angle 6 to adjust the
oscillation frequency, where the 0 is defined as polarized an-
gle of fixed layer as shown in Fig. 3(c). It is found that the
oscillation frequency at @ = /6 is the highest in three picked
angles, it can reach up to 2.01 GHz at a current density of
7.5% 10" A/m?. For the STNO based on skyrmion pair in the
nanodisk, the steady motion can be driven by current-induced

force and expressed as>"!

Fj ~ n*RslioBMt.e, x P. 4)

Here, Ry ~ A/\/2 —2D/Dy is the skyrmion radius, with A =
\/14/7 being the domain wall width parameter and D. =
4v/AK /m; Bj relating to the applied current density j, de-
scribed as Bj = jhp/2upeMst,. However, the current-induced
force Fj is proportional to —sin8, where 8 is the angle be-
tween the polarization vector and radial direction in the fixed
layer. Hence, the current-induced force decreases with angle
0 increasing, and the oscillation frequency decreases with the
value of 0 increasing. In this work, the angel 6 is selected only
as /6, /4, and 7/3, so the oscillation frequency is highest
at @ = m/6.

w

e}

|
S

|
—
=

20 40 60 80 100

Time (ns)

1.4
1.2
1.0

r(d)
1.07 GHz

0.8
0.6
0.4
0.2

2 3
Frequency (GHz)

Fig. 2. (a) Initial state of synthetic antiferromagnetic skyrmion pair, where the core direction of top skyrmion and bottom skyrmion are upward
and downward, respectively. (b) Time-dependent bottom layer skyrmion position. (c) Trajectory of skyrmion pair, where the red and black
curves respectively represent top skyrmion and bottom skyrmion. (d) Power spectrum of x component of magnetization obtained by taking fast

Fourier transform.
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Fig. 3. (a) Plots of oscillation frequency versus current density for four different electrode diameters, with the interlayer exchange coupling
coefficient fixed at —1 x 10~* J/m?. (b) Plots of oscillation frequency versus current density for two different interlayer exchange coupling
strengths, with electrode diameter being 30 nm. (c) Magnetization configuration of fixed layer. (d) Curves of oscillation frequency versus
current density for three different values of polarized angle 6, with interlayer exchange coupling coefficient and electrode diameter set to be

—1x 10~* J/m? and 30 nm, respectively.

Next, we study the influence of skyrmion sizes on oscil-
lation frequency. The results of Fig. 2 prove that the top-layer
skyrmion enlarges and the bottom-layer skyrmion shrinks with
the increase of upward fixed magnetic field. On the con-
trary, the downward field attempts to force the top skyrmion
to shrink, while the skyrmion of the bottom layer to enlarge.
For example, the diameter of top-layer skyrmion gradually in-
creases as the positive fixed magnetic field rises, while the
bottom-layer skyrmion keeps at 13 nm. This is mainly because
the size of skyrmion is not only determined by the magnetic
parameters, but also affected by the strength of the interlayer
antiferromagnetic exchange coupling in this synthetic antifer-
romagnetic system. Therefore, the interlayer exchange cou-
pling effective field can keep the bottom-layer skyrmion core
in a small size without being annihilated, even under the action
of the positive magnetic field. Figure 4(a) shows the relation-
ship between the diameter of skyrmion and amplitude of mag-
netic field. When the absolute value of amplitude of the field is
beyond 400 mT, the skyrmion pair cannot stably exist. The os-
cillation frequency varies with current density when the ampli-
tude of upward magnetic field is set to be 200 mT, 300 mT, and
400 mT, respectively as shown in Fig. 4(b). On the one hand,
the oscillation frequency increases as current density rises. On
the other hand, the increasing of the magnetic field can also
improve the frequency. It is worth noting that the oscillation

frequency shows a sudden jump when the amplitude is set to

be 400 mT, with the current density being 4.5x 10" A/m? In
this case, the diameter of skyrmion in the top layer and the
bottom layer are 25 nm and 15 nm, respectively.

In other word, the frequency will suddenly increase when
the difference in diameter of skyrmion pair between two free
layers is large enough. In order to prove this conclusion, we
change the size of skyrmion by adjusting the value of DMI.
The strong DM field also enlarges the size difference of bilayer
skyrmion pair, so there also exists a sudden jump frequency
when the value of DMI is 3.2 mJ/m? as shown in Fig. 4(c).
The strong DM field also enlarges the size difference of bilayer
skyrmion pair, so there also exists a sudden jump frequency
when the value of DMI is 3.2 mJ/m? as shown in Fig. 4(c).
This is mainly because the strong DMI effective field or fixed
magnetic field increases the difference of skyrmion pair di-
ameter, and the interlayer antiferromagnetic coupling strength
will decrease between top-layer and bottom-layer skyrmions.
When the difference of skyrmion pair size is big enough, in
the top-layer skyrmion appears the breathing behavior under
the higher current density. This breathing behavior excites
the effect of an equivalent microwave field, thereby result-
ing in a peak shift of power spectrum. Thus, there is a sharp
jump frequency that can be observed in Fig. 4(b) and also in
Fig. 4(c), respectively, and this phenomenon will be further
studied. Next, in order to further investigate the present con-

ditions of multiple frequencies and single frequency, we pro-
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vide the phase diagram of oscillation mode as a function of
DMI and perpendicular magnetic field under different current
densities. The blue circle represents single oscillation mode,
and the STNO just outputs a single frequency microwave sig-
nal in these cases. In addition, the red up-side down triangle
indicates that the skyrmion pair is annihilated at the edge of

nanodisk. This is because the SAF skyrmion pair easily van-
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ishes by strong effect of STT with poor stability. However,
the green up triangle denotes mixed oscillation mode, i.e., the
STNO can output complex microwave signal with multiple os-
cillation frequency, which corresponds to these sudden jump
frequencies in Figs. 4(b) and 4(c). The mixed mode exists only
when the skyrmion size difference and current density are both

large enough.
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Fig. 4. (a) Variation of diameter with amplitude of magnetic field for top and bottom skyrmions. Curves of oscillation frequency versus
current density for (b) three different upward magnetic fields (200 mT, 300 mT, and 400 mT) and (c) three different values of DMI (2.8 mJ/m?,
3.0 mJ/m?, and 3.2 mJ/mz). (d) Phase diagram showing SAF skyrmion pair oscillation frequency mode under various current densities,

amplitudes of fixed magnetic field, and values of DMI.
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Fig. 5. Power spectrum of multiple frequency composite signal, with (a) magnetic field fixed at 400 mT and the value of DMI at 3.0 mJ/m?,
and (b) magnetic field fixed at 300 mT and the value of DMI at 3.2 mJ/m>. (c) Rotation move process of SAF skyrmion pair while keeping
breathing at different times, the first and second rows respectively refer to top layer and bottom layer.
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In order to study the mixed mode with multiple oscilla-
tion frequencies, we provide the power spectrum. Figure 5(a)
shows the multiple frequencies power spectrum when the mag-
netic field is set to be 400 mT, the value of DMI is fixed at
3.0 mJ/m?. Figure 5(b) also displays the multiple frequencies
power spectrum, while the amplitude of magnetic field set to
be 300 mT, and the value of DMI fixed at 3.2 m)/m?2. The cur-
rent density varies from 9.0x10'" A/m? to 11.5x10'" A/m?
both for Figs. 5(a) and 5(b). The oscillation frequency of
strong peak f increases as current density increases, which
is caused by the precess of skyrmion pair under the effect
of spin-polarized current. Moreover, the other frequencies
of weak peak show small shift with respect to the main fre-
quency. This is because the skyrmion of top layer presents the
breath behavior as current density increases, which is similar
to the effect of microwave magnetic field. Moreover, the am-
plitude of effective microwave magnetic field is enhanced with
the increase of current density, which causes the new weak
peaks to be excited.!*") Comparing Fig. 5(a) with Fig. 5(b), it
is found that the peak shift in Fig. 5(b) is more obvious than
in Fig. 5(a) in power spectrum. This is mainly because the
DM effective field has more significant influence than mag-
netic field for skyrmion breathing behavior, which results in
generating a larger amplitude of effective microwave magnetic
field when the skyrmion shows an intenser breathing behavior.
Thus, there appears a more shift of peak under the effect of
stronger microwave magnetic field. The snapshot images of
the dynamic process of skyrmion pair are shown in Fig. 5(c),
where the top skyrmion displays an obvious breathing behav-
ior during precession. Meanwhile, the bottom skyrmion also
exhibits a tiny breathing, and stays a circular rotation near the
center of the nanodisk.

4. Conclusions

In this work, we proposed a new kind of STNO based on
SAF skyrmion pair. Firstly, our results showed that the out-
put microwave signal can be adjusted by changing the area of
electrode, interlayer exchange coupling strength, and the po-
larized angle of fixed layer. Then, we investigated the influ-
ence of the fixed magnetic field and DM effective field on the
oscillation frequency of STNO. Interestingly, the larger dif-
ference of skyrmion pair size leads skyrmion pair to present
the breathing behavior under larger current density, which ex-
cites other higher frequencies of weak peak. Hence, this kind
of STNO can generate multiple frequency microwave signal.
Our results open up possibilities for designing communication

spintronic devices.
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