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An investigation of spin waves interacting with antiferromagnetic spin textures is
meaningful for future spintronic and magnonic-based memory and logic applications.
In this work, we numerically study the skyrmion dynamics driven by circularly polarized spin
waves in antiferromagnets and propose a method of suppressing the Hall motion. It is
demonstrated that the application of two circularly polarized spin waves with opposite
chirality allows the skyrmion motion straightly along the intersection line of the two spin
wave sources. The skyrmion speed depending on these parameters of the spin waves and
system is estimated, and a comparison with other methods is provided. Furthermore, two
depinning behaviors of the skyrmion related to the strengths of the defect are also
observed in the simulations. Thus, the proposed method could be used in precisely
modulating the skyrmion dynamics, contributing to skyrmion-based memory device
design.
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INTRODUCTION

Skyrmion, a topologically protected particle-like magnetic structure, is considered as a promising
candidate for spintronic applications like racetrack memories due to some of its attractive features
including nanoscale in size, low critical driving current, and high stability [1-6]. Skyrmion dynamics
driven by spin-polarized current in ferromagnets has been widely studied, and the so-called
skyrmion Hall motion induced by the Magnus force is reported. In this case, the skyrmion
moves deviating from the direction of the driving force and could be restricted or even
annihilated by element edges of related devices [7-10]. Thus, the Hall motion brings a great
challenge to the skyrmion-based applications.

Recently, antiferromagnetic (AFM) skyrmion has been predicted theoretically [11] and observed
experimentally at room temperatures in synthetic antiferromagnets [12]. AFM skyrmion is
comprised of two coupled spin configurations with opposite topological numbers, and two
Magnus forces respectively acting on two sub-lattices under spin-polarized current perfectly
cancel with each other, allowing the motion straightly along the driving force [13-16].
Moreover, compared with ferromagnetic skyrmion, AFM skyrmion has more attractive physical
properties. For instance, AFM skyrmion is insensitive to external magnetic field [17, 18], and its
speed is much larger than ferromagnetic skyrmion under a same driving current density [15].
Importantly, AFM materials are abundant in nature, which include metals comprised Mn-based
alloys, insulators, semiconductors, and semimetals [19]. All these merits of AFM skyrmions
contribute to the rapid development of AFM spintronics.
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Most recently, spin wave driven skyrmion motion draws a lot
of attention due to some advantages such as low dissipation and
producing less heat [20-22]. In ferromagnets, the spin wave is
only right-circularly polarized and drives the skyrmion motion
towards the spin wave source in the presence of a Hall motion
related to its topological charge, which can be understood from
the momentum conservation [23]. In antiferromagnets, however,
the spin wave can be fully polarized, providing another degree of
freedom in modulating the skyrmion dynamics [24]. For AFM
system with uniaxial anisotropy, the spin wave is generally
polarized [40], and the scattering of the spin wave is related to
its polarization direction, resulting in interesting and complex
skyrmion dynamics.

For example, when AFM skyrmion is driven by chiral or isospin
charged spin wave with circular or elliptical polarizations, a
magnonic topological spin Hall effect is produced resulting from
the symmetry breaking of the magnon trajectory [25]. Thus, the
skyrmion Hall motion could be also driven by the spin wave even in
AFM systems. Interestingly, the scattering direction of the magnon
and the deflection direction of skyrmion are determined by the
chirality of the spin wave, allowing the skyrmions work as spin
splitters in AFM magnon devices [26]. However, skyrmion Hall
motion is detrimental for data propagation in future skyrmion-based
devices, as discussed above. It is predicted that the linearly polarized
spin wave with particular polarization directions drives the AFM
skyrmion straightly along its propagation direction without any Hall
motion [27], while the strict limitation of the polarization directions
affects stable application. Furthermore, the skyrmion speed driven
by linearly polarized spin waves is rather low compared with one
driven by circularly polarized spin wave. Thus, there is still an urgent
need in suppressing the skyrmion Hall motion driven by spin waves
in antiferromagnets, considering these particular merits in future
magnonic and spintronic device design.

In this work, we propose a method of suppressing skyrmion
Hall motion by injecting two kinds of spin waves with opposite
chirality in antiferromagnets. The application of the two circularly
polarized spin waves drives the skyrmion motion straightly along
the intersection line. The skyrmion speed depending on these
parameters of the spin waves and system is numerically simulated,
and a comparison with those driven by other methods is provided
and briefly discussed. Furthermore, the depinning behaviors of the
skyrmion from the defects are also investigated.

MODEL AND METHOD

We consider a two-dimensional AFM Heisenberg model in the xy
plane with the model Hamiltonian,

H:]zmi.mj+ZD.(mi><mj)—KZ(mf)z, (1)

G G

where the first term is the AFM exchange interaction between the
nearest neighbors with J > 0, m; is the local magnetic moment at
site i, m; = —S,;/h with the local spin S; and the reduced Plank
constant h, the second term is the Dzyaloshinskii-Moriya
interaction (DMI) between the nearest neighbors with the

vector D = D ey, the third term is the perpendicular magnetic
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spin-wave source

FIGURE 1 | The model of AFM skyrmion driven by double circularly
polarized spin waves. The yellow and green regions represent the source of
left-handed and right-handed circularly polarized spin waves, respectively.
The yellow and green arrows indicate the scattering direction of the spin
waves, and the gray arrow indicates the driving direction of the skyrmion.

anisotropy with the easy z-axis and magnitude K. Considering the
canted AFM sample KMnF;, which has been widely used in the
study of spin wave propagation theoretically and experimentally
[28-30], the parameters are chosen to be J = 1.0 x 10" J, D/J =
0.14, and K/J = 0.03 [31]. In addition, other AFM materials with
stable existence of skyrmion and spin wave propagation such as
two AFM coupled layers of YIG [26] and Co/Pt bilayer [12, 32]
could also be applicable to our simulation.

Subsequently, the time-dependent magnetization dynamics are
investigated using the Landau-Lifshitz-Gilbert (LLG) equation,

% = —ym; X (Hfﬁ + h) + am; X % ()
where HY= —(1/ Uo)OH/Om, is the effective field. We set the lattice
constant a = 1.0 x 10~ m, the gyromagnetic ratio y = —2.211 x
10° m/(a. s) [13] and the Gilbert damping coefficient a = 0.005. h
is the AC magnetic field used to generate stable spin wave, hy/
hpy = ho(sin(wi)i + cos(wt)j) corresponds to left-/right-circularly
polarized spin wave, and h,/h;, = hosin(w?)j/i corresponds to the
x/y linearly polarized spin wave with the magnitude h,. We use
the fourth-order Runge-Kutta method for numerical simulation
on a system of 200 x 100 lattices. In our simulation, we set time
step At = 0.01, J = 1, then a reduced time corresponds to the real
time t = 1.0 x 10™"*s. Moreover, w = 1 corresponds to 1.6 THz,
and hy = 1 corresponds to 1.58 Tesla.

As depicted in Figure 1, the spin wave sources are set at the left
side of the system, and the yellow part and green part represent the
left-handed and right-handed spin wave sources, respectively. Unless
stated elsewhere, we take the parameters 1, = 800 mT and w = 2 THz
and use absorbing boundary on the right side of the system to avoid
reflection of spin wave. Furthermore, the parameters of the two
kinds of spin waves are set to be the same, and the balance position of
the skyrmion is in the intersection line between the two sources. It is
worth noting that the generating of the two kinds of spin waves with
opposite chirality in the two halves of the system does not consume
more energy than the injecting of single handed spin wave in the
whole system.

RESULTS AND DISCUSSION

To some extent, spin wave scattering is similar to the classical
motion of a particle subjecting to an effective magnetic field from

Frontiers in Physics | www.frontiersin.org

November 2021 | Volume 9 | Article 754869


https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Guan et al.

FIGURE 2 | The motion of the AFM skyrmion with different initial
positions at (A) upside and (B) bottom side. The white dashed line indicates
the intersection of the two spin wave sources.

the skyrmion [26]. Generally, due to their opposite effective
charges, the left-handed and right-handed spin waves are
scattered by the skyrmion towards the up side and down side,
respectively, as depicted in Figure 1. Thus, the momentum
exchanges between spin waves and the skyrmions along the
longitudinal y-direction are well canceled out, and the
skyrmion Hall motion could be suppressed.

This argument has been confirmed in our simulations. Figure 2A
shows the evolution of the skyrmion position. The AFM skyrmion is
initially at the upper side in the absence of the spin wave (up part).
When the spin waves are injected, the skyrmion is driven to the right
side. In this case, the left-handed spin wave is scattered to the upside
and drives the skyrmion downward due to the momentum
conservation. Thus, the skyrmion is quickly relaxed to its
equilibrium position y = 50 att = 12 ps, as shown in the middle
part of Figure 2A. Subsequently, the forces along the y-direction
from the left-handed and right-handed spin waves acting on the
skyrmion are well canceled out, and the skyrmion straightly moves
along the x direction. More importantly, the suppression of the Hall
motion is not affected by the initial position of the skyrmion.
Figure 2B shows the motion of the skyrmion initially at the
bottom side of the system. Attributing to the effect of the right-
handed spin wave, the skyrmion is also relaxed to the equilibrium
position. Thus, this method is rather efficient in the suppression of
the skyrmion Hall motion in antiferromagnets.

The simulated skyrmion position as a function of time is
presented in Figure 3. On one hand, the skyrmion is quickly
relaxed to the equilibrium y-position at y = 50 (dashed line in
Figure 3A) as discussed above, although a weak oscillating
behavior is noticeable. On the other hand, the evolutions of
the x-position for the two cases are almost the same, as shown
in Figure 3B. It is noted that the injected spin waves are
unavoidable dissipated as it propagates, contributing to the
decrease of the skyrmion speed (slope of the position curve).

Subsequently, we investigate the dependence of the speed of
the skyrmion on several parameters and present the simulated
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results in Figure 4. Here, the speed is estimated from the average
one in the region x = (110, 130). The calculated velocity v,-
Double as a function of w for hy = 600 mT is shown with red
squares in Figure 4A. Two frequencies at w = 1.6 THz and
2.2 THz are observed with local maximum values v, ~ 450 m/s,
which is comparable to the current driven one. The speed of the
skyrmion driven by the y linearly polarized spin wave v,-Linearly is
also estimated to be v, ~ 200 m/s, which is rather stable for various
w but much smaller than the maximum value driven by the double
circularly polarized spin waves. To have a direction comparison,
the speeds along the x direction v, and y-direction v, of the
skyrmion driven by right-handed spin wave are also presented.
Two local maximum v, ~ 550 m/s are estimated at w = 1.7 THz and
2.0 THz, and the maximum v, ~ 850 m/s is estimated at w =
2.1 THz. However, in all investigated w regions, v, > v, is estimated,
demonstrating the strong skyrmion Hall effect. Thus, particular w
could be chosen in the proposed method to obtain large speed in
the absence of skyrmion Hall motion.

The magnitude of the spin wave is mainly controlled by hq.
Thus, with the increase of hy, the speed of the skyrmion is
increased, as shown in Figure 4B, which presents the
estimated speeds of the skyrmion as functions of magnitude
driven by various methods at w = 2 THz. For hy < 750 mT, all
the estimated speeds increase appropriately with /g raised from
the energy transfer between the spin wave and skyrmion, noting
that the energy of the spin wave linearly increases with hg.
However, with the further increase of hy, the skyrmion speed
driven by the double circularly polarized spin waves increases
much slowly. In some extent, the interference between the two
kinds of spin waves is strengthened, strongly limiting the increase
of the skyrmion speed.

Furthermore, the skyrmion radius depending on several
parameters of the system such as the DMI and anisotropy
also affects the skyrmion speed. In Figure 4C, the simulated
speeds as functions of D driven by various methods for w =
20THz and hy = 600mT are presented. Moreover, the
calculated skyrmion radii are also given to help one to
understand the results easier. The same as our earlier
theoretical calculations, the radius is increased with the
increase of D [33, 34]. On one hand, the interacting area
between the spin wave and skyrmion is enlarged [35],
resulting in the increase of interacting force and skyrmion
speed. On the other hand, the mass of the skyrmion is also
increased with the increase of the radius [36], decreasing the
skyrmion speed. As a result, the competition between the above
two factors determines the speed of the skyrmion. For the
skyrmion driven by the linearly polarized spin wave, the
speed monotonously decreases with the increase of D,
demonstrating the dominant effect of the second factor. For
the skyrmion driven by double and single circularly polarized
spin waves, the oscillating decrease of v, is observed due to the
competition between the two factors. Moreover, the two
simulated v, are almost the same for D > 0.145, attributing
to the increase of the component from the circularly polarized
spin waves in the driving force.

Figure 4D shows the dependence of v, on the distance
between the two spin wave sources for w = 2.0 THz and
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represent the intersection of the two spin wave sources.

FIGURE 5 | The AFM skyrmion motion in the presence of the defect for (A) A/J = 0.05 and (B) A/J = 0.15. The black dots are the defects, and the white dashed lines

FIGURE 6 | The AFM skyrmion motion trajectories (green curves)

with defect concentration 0.1% for (A) A/J = 0.05 and (B) A/J = 0.15,
where the initial positions of skyrmion are represented by the empty blue
circles.

ho = 600 mT. It is clearly shown that in a rather large distance
range 0-30 nm, a rather stable speed v, ~ 500 m/s is obtained.
Thus, the skyrmion dynamics is hardly affected by increasing the
distance between the two spin wave sources due to the spreading
of the spin waves, allowing one to choose proper distance between

the two spin wave sources to save energy. Moreover, v, is rather

small in the whole distance range, indicating again the well
suppression of the skyrmion Hall motion.

The depinning behavior of skyrmion is a crucial issue
considering the fact that there are inevitable defects in real
materials. At last, we investigate the depinning behavior
from the defect which is set in the intersection line, as
shown in Figure 5. Here, additional anisotropy A(m?)? is
used to describe the defect at site i, and we take D/J = 0.13.
Figure 5A shows the trajectory of the skyrmion for A/J = 0.05,
w = 2THz, and hy, = 800 mT. It is clearly shown that the
skyrmion can pass through the defect directly. However, the
energy barrier is high for large A, prohibiting the skyrmion go
straightly through the defect [3]. Interestingly, the skyrmion can
bypass the defect and then return to its presupposed orbit, as
shown in Figure 5B, which presents the motion of the skyrmion
for A/] = 0.15. More interestingly, the depinning effect still
works in the system with randomly distributed defects for a high
concentration 0.1%, as demonstrated in Figures 6A,B, where
presents the skyrmion trajectory (green curve) for A/J = 0.05
and A/] = 0.15, respectively. Similarly, the skyrmions pass
through the weak defects for A/J] = 0.05 directly, while
bypassing the strong defects for A/] = 0.15. Thus, the
proposed method could be used to precisely drive the
skyrmion motion along designed tracks.

Most recently, the AFM skyrmions have been
experimentally observed in antiferromagnets with synthetic
structures and three sub-lattices [37], which could be used to
check our simulations. The generation of the spin wave could
be realized through applying an oscillating magnetic field
with intensity hy = 400-800 mT and frequency w ~ 2 THz
[38], or by injecting spin current with intended polarizations
[39, 40].
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SUMMARY

In summary, we propose a method to suppress the skyrmion Hall
motion driven by circularly polarized spin waves in
antiferromagnets. The application of the two circularly polarized
spin waves drives the skyrmion motion straightly along the
intersection line of the two spin wave sources. The skyrmion
speed depending on these parameters of the spin waves and
system is numerically simulated, and a comparison with those
driven by other methods is provided. At last, two depinning
behaviors of the skyrmion related to the strengths of the defect
are discussed. Thus, the proposed method could be used in precisely
modulating the skyrmion dynamics.
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