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Trapping and manipulating 
skyrmions in two‑dimensional films 
by surface acoustic waves
Yu Miyazaki 1*, Tomoyuki Yokouchi 2 & Yuki Shiomi 2

Skyrmions, topologically stable spin structures with particle‑like properties, are promising for 
spintronics applications such as skyrmion racetrack memory. Though reliable control of skyrmion 
motion is essential for the operation of spintronics devices, the straight motion of skyrmions along the 
driving force is in general difficult due to an inevitable transverse force originating from their topology. 
Here, we propose a method of precise manipulation of skyrmions based on surface acoustic waves 
(SAWs) propagating in two dimensions. Using two standing SAWs, saddle‑shape local potentials like 
quadrupole ion traps are created to trap skyrmions robustly. Furthermore, by tuning the frequencies 
of the SAWs, we show that trapped skyrmions not only move in straight lines but also move precisely 
in any direction in a two‑dimensional thin film. These results could be helpful for the future design of 
spintronics devices based on skyrmions.

Manipulation of magnetic textures has attracted much interest in spintronics because of their potential applica-
tion to spntronics devices, e.g. racetrack  memory1. Compared to domain walls and magnetic vortices, magnetic 
skyrmions hold greater promise for application in racetrack memory because of their topological stability and 
small size. Moreover, it is well known that the critical electric current density required to move skyrmions is 
as small as ∼ 106A/m2 , about five orders smaller than that for domain  walls2,3. The small amplitude of driv-
ing electric current is favorable for the suppression of energy loss. Whereas skyrmions have such significant 
advantages for spintronics applications, it has been pointed out that a transverse motion of skyrmions is often 
a problem when driving skyrmions as information carriers. The transverse motion is called the skyrmion Hall 
effect, and results from the transverse force originating from their topology, termed the Magnus  force4–6. The 
skyrmion Hall effect even results in the destruction of skyrmions on the edge of the track, and thus this problem 
must be avoided in skyrmion devices. Driving skyrmions straightly in the direction we expected is an urgent 
issue to be established.

Our approach is based on surface acoustic waves (SAWs), by which magnetic textures can be manipulated 
electrically through piezoelectric and magnetoelastic effects. The SAW manipulation of magnetic textures has 
some merits such as low energy cost and long transmission  distance7, and several attempts have been reported. 
The domain wall motion by SAWs was proposed  theoretically8 and later demonstrated  experimentally9. Recently, 
one of the present authors and coworkers adopted a similar SAW device structure and experimentally demon-
strated the creation of skyrmions using a spatiotemporally varying inhomogeneous effective  torque10. Based on 
the SAW creation of skyrmions, an artificial synapse for neuromorphic computing was  proposed7. Nepal et al. 
theoretically studied a one-dimensional control of skyrmions confined in  nanowires11 using counter-propagating 
SAWs. Whereas straight motion was shown to be possible in nanowires because of the suppression of transverse 
motion by edge repulsion, skyrmions exhibit transverse motion in two-dimensional films without edge potential 
owing to the Magnus  force11. Thus, driving skyrmions straightway by SAWs is still challenging.

In this work, we propose a method of trap and precise control of skyrmions in two-dimensional films without 
boundaries using two standing SAWs generated with four interdigital transducer (IDT) electrodes. First, we will 
show that, when standing SAWs are applied only in one dimension as reported in Nepal et al.11, skyrmions exhibit 
a rotational motion and hardly move in straight lines along the direction of SAWs. Then, we will explore the case 
of two standing SAWs applied in two directions. We will show that a quadrupole-type potential at the antinodes 
of standing SAWs traps skyrmions strongly when the frequency of SAWs is tuned so that the resonance condition 
to the rotational motion due to the Magnus force is satisfied. By detuning the frequency, trapped skyrmions can 
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move in straight lines following the propagation of the antinode of SAWs. We will further show that the pinning 
site can be detoured with a simple operation of frequencies of two standing SAWs.

Model
The dynamics of magnetization can be described by the Landau–Lifshitz–Gilbert  equation12

where n(r, t) = (sin θ sin φ, sin θ cosφ, cos θ) is the magnetization direction of space-time (r, t) , α is the Gilbert 
damping constant, s = Ms/γ is the spin angular momentum density, Ms is the saturation magnetization, and 
γ (> 0) is the gyromagnetic ratio. F[n] is the free energy functional coupled with the strain ǫii written as:

Here A is the exchange stiffness constant, Ku is the uniaxial anisotropy along the z-direction, Hz is the magnetic 
field applied along the z-axis, Hd is the demagnetizing field, and B1 is the magnetoelastic  constant11. Our films 
are confined into the x-y plane. We only consider the diagonal component of strain tensor along the direction of 
wavevector k of SAW (for example, ǫxx for k � êx ), since other terms have little effect on magnetic  dynamics8,10,11.

We adopt cylindrical coordinates r = (r cosϕ, r sin ϕ, z) with the center of the skyrmion as the origin and 
assume that the magnetization texture of the skyrmion is described as

where R is the radius, � is the width of the circular domain wall, P =
∫∞
0

∂θ
∂r dr is the polarity, W = 1

2π

∫ 2π
0

∂φ
∂ϕ

dϕ 
is the winding number, and χ is the  helicity13. By employing the collective coordinates  approach14, we can get the 
equation of motion of the skyrmion at position R = (X,Y):

where M is the phenomenologically introduced mass per unit  thickness11,15,16, Gêz = 4πPW êz is the gyrocou-
pling vector, D =

∫

∂n
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∂x dr =
∫
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r  is the diagonal component of the dyadic 

dissipation tensor, and F(R) is the effective force per unit thickness due to the strain ǫij.
We consider counter-propagating SAWs of the wavevector ki = ki êi in the x and y directions ( i = x, y):

where ε0ii is the strain amplitude, ωi,± = ωi ±�ωi are the angular frequencies with �ωi being detuning between 
the counter-propagating waves, and �i,± = ±��i are the phases. Note that we use r = (x, y, z) for the coordi-
nates of the field (e.g. n(r) and ǫii(r) ) on the thin film and R = (X,Y) for the skyrmion position. In the case of 
�ωi = 0 , ǫii is a standing wave in the i direction. When the frequencies of counter-propagating SAWs are slightly 
detuned as �ωi  = 0 , standing SAWs move with velocity vi,d:

Here, v is the sound velocity. For an observer in the frame of reference moving with velocity vi,d , the change 
in frequency, i.e., detuning �ωi can be understood as a Doppler  effect8,11. The phase difference ��i in Eq. (5) 
determines the initial position of nodes of the standing SAW.

The strain ǫii of the standing SAWs generates the force F(R) acting on skyrmions. The expression of F(R) is
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where ∇i is the directional derivative of r along ki , and Jν is the Bessel function of order ν11. Hence, the force is 
proportional to the gradient of the strain. Since the gradient of strain is neither spacially uniform nor temporally 
constant, the force due to the SAWs depends both on R(t) and t.

We solve Eq. (4) using a differential equations solver DiffialEquations.jl17. We use parameters corresponding 
to a FePt film (thickness: 32 nm) following Ref.11: the saturation magnetization Ms = 1× 106 A/m , the mag-
netoelastic constant B1 = 6.6× 106 J/m , the effective mass of the skyrmion per thickness M = 5× 1015 kg/m , 
the thickness of circular domain wall � = 18 nm , and the radius R = 52 nm throughout the paper unless 
explicitly mentioned. The size of the skyrmion corresponds to A = 1× 10−11 J/m , Ku = 1.3× 106 J/m3 , and 
Hz = 160mT in Eq. (2)11 . In this paper, we focus on the Néel-type skyrmion as P = 1 , W = 1 , and χ = 0 . 
We also adopt the Gilbert damping α = 0.01 , the sound velocity v = 2114m/s reported for the isotropic lead 
zirconate titanate (PZT)  substrate8 , and the magnitude of strain ε0ii = 5× 10−4.

Results
The case of one standing SAW in the x direction. We first consider the case in which a standing SAW 
along the x direction

is applied to a skyrmion in a two-dimensional film. Figure 1 shows the trajectory of the skyrmion obtained by 
solving Eq. (4) for three frequency values: fx = ωx/2π = 1.27 GHz; 2.27 GHz; and 3.27 GHz. At all the frequen-
cies, the simulations on long time scales ( 0 ≤ t ≤ 100 µ s) in the upper panels of Fig. 1 show that the skyrmion 
moves slowly in the Y direction; −Y  direction at 1.27 GHz and 2.27 GHz, while +Y  direction at 3.27 GHz. By 
contrast, it moves only a little in the X direction that is the oscilation direction of the SAW.

Let us focus on a shorter time scale shown in the bottom panels of Fig. 1. At fx = 1.27 GHz and 3.27 GHz, the 
skyrmion exhibits a complicated rotational motion. The length scale of the motion is smaller than 1 nm. In con-
trast, when the frequency of SAW is set at 2.27 GHz, the skyrmion moves in a circular orbit with a large radius ( ∼ 8 
nm). At this frequency, the resonant condition to the “cyclotron frequency” of the transverse Magnus force like 
the Lorentz force is  satisfied11,15; the resonance frequency is calculated as fr = ωr/2π = sG/(2πM) = 2.27GHz . 
This circular mode is caused by the balance between supply of the energy by the SAW and dissipation, and its 
radius is proportional to FX,max/α , where FX,max = 2A(kx)kxε

0
xx is the magnitude of the force due to the SAW.

The comparison to the one-dimensional case (nanowire) reported in Ref.11 is useful. When the skyrmion 
motion to the transverse direction is suppressed by edge repulsion in nanowires, the equation of motion becomes 
a simple form:

Here, the nanowire direction is defined as the x axis, and the standing SAW is applied along the x direction.

(8)ǫxx = 2ε0xx sin(kxx) sin(ωxt)

(9)MẌ = −αsDẊ + FX(X, t).

(a) (b) (c)

Figure 1.  Trajectory of skyrmion in the presence of standing SAWs applied only in the x-direction. Results are 
shown at three SAW frequencies: (a) fx = 1.27 GHz; (b) 2.27 GHz (resonant frequency); and (c) 3.27 GHz. The 
top panels show the results obtained from the long-time simulation ( 0 ≤ t ≤ 100µs ), and the bottom panels 
are magnified views of short time region ( 0 ≤ t ≤ 0.01µs ) marked by the yellow square in the top panels. The 
change in the colors of data indicates the time evolution of skyrmion position. Skyrmons are initially placed 
at R(0) = (0.01�, 0) to break the symmetry, where � = v/f  is the wavelength of the SAW. We take the node of 
SAWs at x = 0 ( ��x = 0).
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In the case of nanowires, owing to the temporal oscillation term of ǫxx [Eq. (5)], the skyrmion is affected by 
the time-dependent force FX(X, t) due to the strain gradient and spatially shaken in the X direction with the 
frequency of the SAW fx = ωx/2π . This is a one-dimensional version of skyrmion motion shown in Fig. 1. 
Since the magnitude of the force due to the strain gradient is not spatially uniform, the forces that tend to move 
the skyrmion in the +X and −X directions are not completely balanced if the initial position of the skyrmion is 
slightly different from (X,Y) = (0.0) . After taking a long-time average, the skyrmion should move to the antinode 
of standing SAW, where the magnitude of the force is  minimum11. Note that this mechanism of the dynamic 
confinement is known as the ponderomotive force in the context of plasma  physics18.

In our case of two-dimensional films, the most energy received from the SAW is used for the motion perpen-
dicular to the oscillation direction of SAW, because the term of the Magnus force is larger than the other terms 
in the equation of motion [Eq. (4)] when α ≪ 1 . Thus, the skyrmion does not reach the antinodes of SAW on 
a realistic time scale.

Skyrmion trap in two‑dimensional film. To confine skyrmions to the antinodes of standing SAWs in 
two-dimensional films, let us consider the case of two standing SAWs applied both in the x and y directions. 
Our concept of the device structure is illustrated in Fig. 2(a). A ferromagnetic film which hosts skyrmions is 

Figure 2.  Device structure and potential at antinodes. (a) Schematic illustration of the device structure. A 
ferromagnetic film which hosts skyrmions is deposited on a piezoelectric substrate. Counter-propagating 
SAWs in x and y directions are generated by four IDTs. (b) Wave forms of strains ǫxx and ǫyy in ferromagnetic 
thin film. Dashed and solid lines indicate the positions of nodes and antinodes of SAWs (red: ǫxx , blue: ǫyy ), 
respectively. (c) The force field F(R) due to the gradient of strains, which acts on the skyrmion (center). The left 
and right figures show the shape of potential U(R) defined as F = −∇U at the intersections of antinodes. Two 
types of potentials are observed: convex-shaped (left) and saddle-shaped (right) potentials. Note that due to the 
temporal oscillation of SAWs, the signs of the potentials are reversed periodically with time. The saddle-shaped 
potential shown in the right figure has a similar form to a quadrupole ion trap and produces a confining force 
for skyrmions.
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fabricated on a piezoelectric substrate. Four IDT electrodes are prepared outside of the ferromagnetic film to 
apply counter-propagating SAWs along the x and y directions. The SAWs applied along the x and y directions 
are described by

Here, the wave number k ( = 2π/� ) and angular frequency ω ( = 2π f  ) are set at the same values for ǫxx and ǫyy . 
The wave forms of ǫxx and ǫyy are schematically illustrated in Fig. 2(b). For standing SAWs without detuning 
�ωx = �ωy = 0 , the positions of nodes (dashed lines) and anti-nodes (solid lines) do not change with time. In 
this section, we consider this case of standing SAWs in the x and y directions.

Figure 2(c) shows the spatial distribution of the force F on the ferromagnetic film, which originates from 
the gradient of strains [Eq. (10)]. Since the gradient of strains is minimal (maximal) at the antinodes (nodes) of 
SAWs, the amplitude of the force is not uniform in the ferromagnetic film. Notably, the intersection points of 
antinodes of ǫxx and ǫyy are special for the force field. To see this, the potential U defined as F = −∇U  is shown 
in Fig. 2(c). The potential shape is classified into two types: convex-type potential [Fig. 2(c) left] and saddle-
type potential [Fig. 2(c) right]. Note that because of the time dependence of SAWs, the potential shape changes 
with time; for example, the convex upward and downward is repeated temporally for the convex-type potential 
[Fig. 2(c) left]. Due to this temporal oscillation of the potential, the intersection points of antinodes with the 
convex-type potential should not be suitable for skyrmion trap. In contrast, the saddle-shaped potential [Fig. 2(c) 
right] has a structure similar to that of a quadrupole ion  trap19 and is expected to trap skyrmions.

We in fact show that a skyrmion moves and gets trapped at the intersection of antinodes of SAWs when the 
standing SAWs satisfy the resonance condition: the frequency ω = ωr and the wave number k = kr = ωr/v . 
Figure 3(a) shows the trajectories of skyrmions initially placed at four different positions. Here, we take the ori-
gin as an intersection of nodes and the point (0.25�, 0.25�) ≈ (233 nm, 233 nm) as an intersection of antinodes 
with a saddle-shape potential ( ��x = 0,��y = π ). For all the cases, the skyrmion moves to the antinode with 
the saddle-type potential. On a short time scale, the skyrmion exhibits a circular motion similar to the results 
in Fig. 1.

The resonance condition is important to trap the skyrmion. Figure 3(b) shows the time dependence of 
the skyrmion position (X and Y coordinates) for standing SAWs with different frequencies ( f = 1.27 GHz, 
2.27 GHz, and 3.27 GHz). The initial position of the skyrmion is set at (0.01�, 0.01�) . Note that the skyrmion 
dynamics and the force field F(R, t) are also shown in Supplementary Movie 1 in detail. The resonance condition 
is f = fr = 2.27 GHz. In the resonance condition, the skyrmion quickly reaches the antinode position in about 5 
µ s, whereas it almost remains at the initial position in off-resonance conditions ( f = 1.27 GHz and 3.27 GHz). 
This clearly shows that the resonance of the SAW frequency to the cyclotron frequency of the skyrmion Hall 
effect is essential for the trap of skyrmions. As already shown in Fig. 1, the rotational motion of the skyrmion 
becomes cyclic and its radius becomes large at the resonance condition. In such a case, the averaged force toward 
the antinode over one cycle is expected to be large.

Driving skyrmion in straight lines. In the previous section, we successfully trapped skyrmions at the 
antinodes of standing SAWs. When we detune the frequencies of the SAWs, i.e. �ωx , �ωy  = 0 in Eq. (10), the 
positions of antinodes move with time. We thereby expect the straight motion of skyrmions trapped at the anti-

(10)
ǫxx = 2ε0xx sin(kx +�ωxt +��x) sin(ωt)

ǫyy = 2ε0yy sin(ky +�ωyt +��y) sin(ωt).

Figure 3.  Skyrmion trap at antinodes. (a) Trajectories of skyrmions in the presence of standing SAWs with the 
resonant frequency in the x- and y-direction. Skyrmions are initially placed at four different positions. Colors of 
the data indicate the time evolution. Red (blue) dashed and solid lines denote nodes and antinodes of ǫxx ( ǫyy ), 
respectively. (b) Time dependence of skyrmion position (X and Y coordinates) when applying standing SAWs 
with different frequencies [ f = 1.27 GHz, 2.27 GHz (resonant frequency), and 3.27 GHz]. Here the coordinates 
are normalized by wavelength ( � = v/f  ) to compare the data of different frequencies. Skyrmons are initially 
placed at R(0) = (0.01�, 0.01�) . For detailed skyrmion dynamics, see also Supplementary Movie 1.
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nodes. To show this, let us consider the case in which the frequency of the standing SAW in the x-direction is 
detuned to �fx = �ωx/2π . Here �fy = �ωy/2π = 0 in this section.

Figure 4(a)–(c) shows the time (t) dependence of the skyrmion position (X and Y coordinates) at three �fx 
values ( �fx = −0.07 MHz, −0.14 MHz, and −0.21 MHz). Note that the skyrmion dynamics and the force field 
F(R, t) are also shown in Supplementary Movie 2 in detail. For �fx = −0.07 MHz and −0.14 MHz, the skyr-
mion moves along the x direction almost following the motion of antinodes, as shown in Fig. 4(a) and (b). The 
change in the X coordinate is almost proportional to time. The velocity of skyrmion is faster for |�fx| = 0.14 
MHz than |�fx| = 0.07 MHz. In the Y direction, in contrast, the skyrmion hardly moves even up to 20 µ s. This 
result means that the skyrmion moves in straight lines along the direction of the detuned SAW. When the |�fx| 
value increases to 0.21 MHz, the situation changes dramatically, as shown in Fig. 4(c). The skyrmion no longer 
follows the antinode motion and starts to move also along the Y direction.

To discuss the skyrmion motion, we consider the Galilean transformation with the velocity vx,d:

In the (X ,Y ) coordinate, the equation of motion (4) is written as

We notice that Eq. (12) is equivalent to the equation of motion where a constant force (−αsDvx,d , sGvx,d) is 
additionally added to Eq. (4) in the vx,d = 0 case. The total force thereby consists of the force due to the SAW and 
the additional force proportional to |vx,d | . If the |vx,d | is less than a certain threshold, the skyrmion stops in the 
translational frame. In the original (X, Y)-coordinate frame, the skyrmion is trapped at antinodes and moves at 
almost the same speed as vx,d . In contrast, When the velocity |vx,d | exceeds the threshold, the force proportional 
to |vx,d | becomes larger than that due to the SAW. In this case, the skymion is no longer trapped at the antinode; 
it jumps over the node of the SAW and moves to the next antinode. The hopping to the next antinode is indicated 
by the periodic modulation of the skyrmion motion in Fig. 4(c).

Figure 4(d) shows the velocity of skyrmion motion along the X direction �Ẋ� = [X(t = T)− X(t = 0)]/T as 
a function of |�fx| . Here, T is the simulation time. The velocity �Ẋ� increases almost linearly with |�fx| at low |�fx| 

(11)
X = X − vx,dt

Y = Y .

(12)
MẌ = −αsDẊ − sGẎ + 2A(k)kε0xx cos(kX ) sin (ωt)− αsDvx,d

MŸ = +sGẊ − αsDẎ + 2A(k)kε0yy cos(kY ) sin (ωt)+ sGvx,d .

(a)

(b)

(c)

(d)

Figure 4.  (a)–(c) Straight motion of skyrmion driven by SAWs. Here, the frequency of the standing SAW 
in the x direction is detuned: (a) �fx = −0.07 MHz; (b) −0.14 MHz, and (c) −0.21 MHz. The solid curves 
indicate the simulated results of the skyrmion trajectory (denoted by “data”), and dashed ones the trajectory 
of the intersections of antinodes trapping the skyrmion (denoted by “ideal”). See also Supplementary Movie 2. 
(d) Averaged velocity of skyrmion along the x direction �Ẋ� as a function of the amplitude of detuning �fx . The 
dashed line shows vx,d calculated using Eq. (6).
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values, but it starts to decrease above |�fx| = 0.14 MHz. The linear relationship between velocity �Ẋ� and |�fx| 
observed in the low |�fx| region is consistent with Eq. (6). In fact, the |�fx| dependence of �Ẋ� almost coincides 
with vx,d , as shown by the dotted line in Fig. 4(d).

In the present parameters, the maximum velocity of the skyrmion reaches 13 cm/s at the detuning of 
�fx = −0.14MHz . The parameter dependence of the maximal velocity is shown in Figs. S1, S2, and S3 of Sup-
plementary Information. These results indicate that the maximum velocity can be enhanced by decreasing the 
Gilbert damping α , increasing the magnitude of the strain ε0ii , or decreasing the sound velocity v.

Two‑dimensional control of skyrmion and detouring defect. For the applications to skyrmion 
devices, pinning skyrmions at defects or impurities inside the magnetic film is a major problem. By detuning the 
frequencies of standing SAWs in both x and y directions, we can precisely control the skyrmion position two-
dimensionally so that the skyrmion can bypass the pinning sites.

For example, let us consider the case where a nonmagnetic obstacle is added in Fig. 5. As shown in the previ-
ous section, by detuning �fx , the skyrmion moves along the x direction following the motion of the antinode of 
SAWs. This is also the case in the present case as shown in Fig. 5(a). To avoid the obstacle, the frequency of the 
SAWs in the y direction is then detuned. By detuning �fy , the intersection of the antinodes of standing SAWs 
moves along the y direction, and then the trapped skyrmion also moves in the Y direction. As shown in Fig. 5(b), 
the skyrmion motion indeed follows the antinode position with little delay. Hence, by adjusting (�fx ,�fy) with 
time, the skyrmion detours the obstacle and continues to move in the X direction as shown in Fig. 5(c).

Discussion
We have demonstrated the trap and straight motion of a skyrmion on a SAW device with four IDT electrodes. 
Our method allows skyrmions to move freely and precisely in a two-dimensional thin film. The device structure 
is simple and can be prepared using established lithography techniques. Since the decay length of propagating 
SAWs is typically larger than millimeter scale, the integration to electric device is feasible.

Electric currents are known as a typical method of transporting skyrmions. The clear difference between our 
SAW approach and electric current approaches is that SAWs “trap” skyrmions while electric currents “push” 
skyrmions. The SAW method of trapping and manipulating skyrmions has several advantages compared to 
typical approaches based on electric currents. First, the operation is simple; to trap and drive skyrmions in two 
dimensions, only tuning frequencies of the SAWs is necessary. The frequency tuning in the MHz–GHz regime 
is easily carried out using commercial signal generators on the sub-microsecond timescale.

Electric current is also easy to implement in electric devices, but avoiding the skyrmion Hall effect seems diffi-
cult. To compensate for the Magnus force, the use of ferrimagnetic compensation temperature in  ferrimagnets20–22 
and antiferromagnetic skyrmions in synthetic antiferromagnetically coupled  multilayers23–25 has been proposed. 
In our SAW approach, operation temperature is not restricted to such special temperatures of magnets, or a 
complex stacking structure of different materials is not required.

Another advantage of our SAW method is evident in multiple skyrmion systems. Since the saddle-shaped 
local potentials exist with a period of �/

√
2 in SAWs ( ≈ 100 nm for GHz-range SAW), many skyrmions can be 

trapped simultaneously and periodically. Notably, a large number of skyrmions can be transported while main-
taining the two-dimensional arrangement of the skyrmions. Though skyrmion-skyrmion interaction and external 
disturbance possibly destroy the arrangement of skyrmions during the transportation, our SAW method is robust 
against such disturbance because of the periodicity of the potential due to the SAW. Our method therefore could 
be favorable for stable communication of large amounts of stored data.

Figure 5.  Deflecting skyrmion trajectory to bypass an obstacle. (a)–(c) Two-dimensional control of skyrmion 
motion by detuning the frequencies of standing SAWs in both x and y directions for detouring an obstacle 
[pink star in (c)]. (a), (b) Time dependence of (a) the X coordinate and (b) the Y coordinate of the skyrmion 
position. (c) The skyrmion trajectory obtained from the time dependence of X and Y shown in (a) and (b). Blue 
solid curves indicate the skyrmion motion (denoted by “data”), while orange dashed curves the trajectory of the 
intersection of the antinodes which traps the skyrmion (denoted by “ideal”).



8

Vol:.(1234567890)

Scientific Reports |         (2023) 13:1922  | https://doi.org/10.1038/s41598-023-29022-z

www.nature.com/scientificreports/

Data availability
The simulation data generated during the current study are available from the corresponding author on reason-
able request.

Received: 22 September 2022; Accepted: 30 January 2023

References
 1. Parkin, S. S. P., Hayashi, M. & Thomas, L. Magnetic domain-wall racetrack memory. Science 320, 190–194. https:// doi. org/ 10. 1126/ 

scien ce. 11457 99 (2008).
 2. Jonietz, F. et al. Spin transfer torques in MnSi. Science 330, 1648–1652. https:// doi. org/ 10. 1126/ scien ce. 11957 09 (2011).
 3. Yu, X. Z. et al. Skyrmion flow near room temperature in an ultralow current density. Nat. Commun. 3, 988. https:// doi. org/ 10. 

1038/ ncomm s1990 (2012).
 4. Nagaosa, N. & Tokura, Y. Topological properties and dynamics of magnetic skyrmions. Nat. Nanotechnol. 8, 899–911. https:// doi. 

org/ 10. 1038/ nnano. 2013. 243 (2013).
 5. Kong, L. & Zang, J. Dynamics of an insulating skyrmion under a temperature gradient. Phys. Rev. Lett. 111, 067203. https:// doi. 

org/ 10. 1103/ PhysR evLett. 111. 067203 (2013).
 6. Liang, D., DeGrave, J. P., Stolt, M. J., Tokura, Y. & Jin, S. Current-driven dynamics of skyrmions stabilized in mnsi nanowires 

revealed by topological hall effect. Nat. Commun. 6, 8217. https:// doi. org/ 10. 1038/ ncomm s9217 (2015).
 7. Chen, C. et al. Surface acoustic wave controlled skyrmion-based synapse devices. Nanotechnology 33, 115205. https:// doi. org/ 10. 

1088/ 1361- 6528/ ac3f14 (2022).
 8. Dean, J. et al. A sound idea: Manipulating domain walls in magnetic nanowires using surface acoustic waves. Appl. Phys. Lett. 107, 

142405. https:// doi. org/ 10. 1063/1. 49320 57 (2015).
 9. Edrington, W. et al. Saw assisted domain wall motion in co/pt multilayers. Appl. Phys. Lett. 112, 052402. https:// doi. org/ 10. 1063/1. 

50000 80 (2018).
 10. Yokouchi, T. et al. Creation of magnetic skyrmions by surface acoustic waves. Nat. Nanotechnol. 15, 361–366. https:// doi. org/ 10. 

1038/ s41565- 020- 0661-1 (2020).
 11. Nepal, R., Güngördü, U. & Kovalev, A. A. Magnetic skyrmion bubble motion driven by surface acoustic waves. Appl. Phys. Lett. 

112, 112404. https:// doi. org/ 10. 1063/1. 50136 20 (2018).
 12. Gilbert, T. A phenomenological theory of damping in ferromagnetic materials. IEEE Trans. Magn. 40, 3443–3449. https:// doi. org/ 

10. 1109/ TMAG. 2004. 836740 (2004).
 13. Malozemoff, A. & Slonczewski, J. (eds) Magnetic Domain Walls in Bubble Materials (Academic Press, London, 1979).
 14. Thiele, A. A. Steady-state motion of magnetic domains. Phys. Rev. Lett. 30, 230–233. https:// doi. org/ 10. 1103/ PhysR evLett. 30. 230 

(1973).
 15. Makhfudz, I., Krüger, B. & Tchernyshyov, O. Inertia and chiral edge modes of a skyrmion magnetic bubble. Phys. Rev. Lett. 109, 

217201. https:// doi. org/ 10. 1103/ PhysR evLett. 109. 217201 (2012).
 16. Büttner, F. et al. Dynamics and inertia of skyrmionic spin structures. Nat. Phys. 11, 225–228. https:// doi. org/ 10. 1038/ nphys 3234 

(2015).
 17. Rackauckas, C. & Nie, Q. DifferentialEquations.jl—a performant and feature-rich ecosystem for solving differential equations in 

Julia. J. Open Res. Softw. 5, 151. https:// doi. org/ 10. 5334/ jors. 151 (2017).
 18. Chen, F. F. Introduction to Plasma Physics (Springer, Boston, 1974).
 19. Paul, W. Electromagnetic traps for charged and neutral particles. Rev. Mod. Phys. 62, 531–540. https:// doi. org/ 10. 1103/ RevMo 

dPhys. 62. 531 (1990).
 20. Woo, S. et al. Current-driven dynamics and inhibition of the skyrmion hall effect of ferrimagnetic skyrmions in gdfeco films. Nat. 

Commun. 9, 959. https:// doi. org/ 10. 1038/ s41467- 018- 03378-7 (2018).
 21. Hirata, Y. et al. Vanishing skyrmion hall effect at the angular momentum compensation temperature of a ferrimagnet. Nat. Nano-

technol. 14, 232–236. https:// doi. org/ 10. 1038/ s41565- 018- 0345-2 (2019).
 22. Caretta, L. et al. Fast current-driven domain walls and small skyrmions in a compensated ferrimagnet. Nat. Nanotechnol. 13, 

1154–1160. https:// doi. org/ 10. 1038/ s41565- 018- 0255-3 (2018).
 23. Zhang, X., Zhou, Y. & Ezawa, M. Magnetic bilayer-skyrmions without skyrmion hall effect. Nat. Commun. 7, 10293. https:// doi. 

org/ 10. 1038/ ncomm s10293 (2016).
 24. Barker, J. & Tretiakov, O. A. Static and dynamical properties of antiferromagnetic skyrmions in the presence of applied current 

and temperature. Phys. Rev. Lett. 116, 147203. https:// doi. org/ 10. 1103/ PhysR evLett. 116. 147203 (2016).
 25. Dohi, T., DuttaGupta, S., Fukami, S. & Ohno, H. Formation and current-induced motion of synthetic antiferromagnetic skyrmion 

bubbles. Nat. Commun. 10, 5153. https:// doi. org/ 10. 1038/ s41467- 019- 13182-6 (2019).

Acknowledgements
We thank Prof. Shuji Ishihara, Dr. Hikaru Watanabe, Dr. Takuya Nomoto, Prof. Ryotaro Arita, and Prof. Masahito 
Mochizuki for useful discussions. This work was supported by JST FOREST Program, Grant Number JPMJ-
FR203H, by JSPS KAKENHI, Grant Numbers JP21H01794, JP22H05449, JP22H04464, JP21K18890, JP21J20969, 
and JP19H05600, and by Murata Science Foundation. Part of calculations were conducted using the FUJITSU 
Supercomputer PRIMEHPC FX1000 and FUJITSU Server PRIMERGY GX2570 (Wisteria/BDEC-01) at the 
Information Technology Center, The University of Tokyo. Y.M. is supported by Research Fellowships of Japan 
Society for the Promotion of Science for Young Scientists.

Author contributions
Y.M. conceived the project in discussion with T.Y. and Y.S. and carried out calculations. T.Y. and Y.S. coordinated 
the project. All authors reviewed and approved the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 29022-z.

https://doi.org/10.1126/science.1145799
https://doi.org/10.1126/science.1145799
https://doi.org/10.1126/science.1195709
https://doi.org/10.1038/ncomms1990
https://doi.org/10.1038/ncomms1990
https://doi.org/10.1038/nnano.2013.243
https://doi.org/10.1038/nnano.2013.243
https://doi.org/10.1103/PhysRevLett.111.067203
https://doi.org/10.1103/PhysRevLett.111.067203
https://doi.org/10.1038/ncomms9217
https://doi.org/10.1088/1361-6528/ac3f14
https://doi.org/10.1088/1361-6528/ac3f14
https://doi.org/10.1063/1.4932057
https://doi.org/10.1063/1.5000080
https://doi.org/10.1063/1.5000080
https://doi.org/10.1038/s41565-020-0661-1
https://doi.org/10.1038/s41565-020-0661-1
https://doi.org/10.1063/1.5013620
https://doi.org/10.1109/TMAG.2004.836740
https://doi.org/10.1109/TMAG.2004.836740
https://doi.org/10.1103/PhysRevLett.30.230
https://doi.org/10.1103/PhysRevLett.109.217201
https://doi.org/10.1038/nphys3234
https://doi.org/10.5334/jors.151
https://doi.org/10.1103/RevModPhys.62.531
https://doi.org/10.1103/RevModPhys.62.531
https://doi.org/10.1038/s41467-018-03378-7
https://doi.org/10.1038/s41565-018-0345-2
https://doi.org/10.1038/s41565-018-0255-3
https://doi.org/10.1038/ncomms10293
https://doi.org/10.1038/ncomms10293
https://doi.org/10.1103/PhysRevLett.116.147203
https://doi.org/10.1038/s41467-019-13182-6
https://doi.org/10.1038/s41598-023-29022-z
https://doi.org/10.1038/s41598-023-29022-z


9

Vol.:(0123456789)

Scientific Reports |         (2023) 13:1922  | https://doi.org/10.1038/s41598-023-29022-z

www.nature.com/scientificreports/

Correspondence and requests for materials should be addressed to Y.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Trapping and manipulating skyrmions in two-dimensional films by surface acoustic waves
	Model
	Results
	The case of one standing SAW in the x direction. 
	Skyrmion trap in two-dimensional film. 
	Driving skyrmion in straight lines. 
	Two-dimensional control of skyrmion and detouring defect. 

	Discussion
	References
	Acknowledgements


