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Engineering the kinetic motion of magnetic skyrmions shows great potential in spintronics. Particularly,
as a natural property, temperature plays a significant role in the dynamics of skyrmions. For instance,
the nonlinear and the rectilinear motions of skyrmions driven by spin-transfer torque and local energy
imbalance in temperature gradients, respectively, have been explored. Although existing studies have
already implied the multiphysics field-controlled property of skyrmion thermal motion, the investiga-
tion of mechanically controlled skyrmion motions in temperature gradients is absent, and the kinematic
equation is unclear. Here, we employ a phase-field model to simulate the effect of mechanical strain on
skyrmion motion in a temperature gradient, and demonstrate that the strain-induced anisotropic deforma-
tion of skyrmions increases the driving force and accelerates their motion. To model the mechanical effect,
we propose a kinematic equation for describing the relationship between skyrmion velocity and multi-
physics field variables. Lastly, the potential application of the mechanically controlled skyrmion thermal
motion is demonstrated via tip indentation simulations. This work provides the thermodynamic mecha-
nism and kinematic equation for mechanically accelerated skyrmion thermal motions, which is expected
to be a guidance for future research on skyrmion dynamics and application of functional devices.
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I. INTRODUCTION

A skyrmion is well known as a nanoscale local helical
spin structure with topological stability, which is mainly
derived from the Dzyaloshinskii-Moriya interaction (DMI)
[1–4]. Due to their nanoscale nature [4], topological pro-
tection [5,6], thermodynamics stability [3], and transport
[7,8], skyrmions have great potential for the future appli-
cation of spintronics, like data memory [9], high-frequency
signal generator [10], logical gate [11], or microwave
diode [12]. Most of them are based on the transport feature
of skyrmions. Therefore, for skyrmion movement, sev-
eral physical tools are introduced for providing the driving
force, such as electric current [13–20], mechanical loads
[21–24], temperature [25–34], electric fields [35], and
magnetic fields [36–43]. Particularly, as a natural property,
temperature plays a significant role in skyrmion dynamics.
In the literature, Kong and Zang [32] and Lin et al. [31]
demonstrated that temperature-gradient-induced magnon
current makes skyrmions move from cold to hot regions
by a spin-transfer torque. Zazvorka et al. [28] observed a

*wang.yu.51p@st.kyoto-u.ac.jp

random thermal motion of skyrmions in fluctuating tem-
perature fields. Wang et al. [44] demonstrated the rectilin-
ear movement of an individual skyrmion in a temperature
gradient, and found the velocity of the moving skyrmion
is related to its shape. Specifically, an elliptical skyrmion,
which is elongated in the temperature gradient direction,
has higher velocity in the temperature gradient than a cir-
cular one. Gungordu et al. [45] also demonstrated that
a skyrmion with deformation has variable velocity under
temperature-induced magnon. Therefore, based on this,
controlling the shape of a skyrmion is a promising way
to control its thermal motion. As for the skyrmion shape,
mechanical load, like strain, has been widely reported
to have a great influence on skyrmion deformation. For
instance, due to the magnetostrictive effect [46], Shibata
et al. [47] observed the large anisotropic deformation of
skyrmions in strained crystals, and Shi et al. [48] sim-
ulated different shapes of skyrmions in different uniaxial
strain loads. Therefore, strain is regarded as a feasible way
to control skyrmion thermal motion by manipulating the
skyrmion shape.

Although the shape effect of skyrmion thermal motion
and strain-induced skyrmion deformations have been
explored separately, the study of mechanical control of
thermal motion of an individual skyrmion is absent,
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and the kinematic equation including the strain effect in
skyrmion thermal motion is unclear.

In this study, we employ a temperature- and mechanical-
related phase-field simulation based on the Ginzburg-
Landau theory to predict the acceleration of skyrmion
motion in temperature gradients by uniaxial tensile strain.
We find that the strain-induced anisotropic deformation of
a skyrmion intensifies the local imbalance of free-energy
distributions, which increases the driving force of the mov-
ing skyrmion. Based on that, we propose a kinematic
equation to describe the relationship between skyrmion
velocity and field variables, such as local temperature,
temperature gradient, and strain. Finally, we introduce the
local strain load that can control the trajectory of the mov-
ing skyrmion as one of the potential applications. There-
fore, this study provides a thermodynamic discussion for
mechanically controlled skyrmion motion in a temperature
gradient, and derives a kinematic equation for it, which
provides practical guidance for skyrmion dynamics and
further motivates future works on spintronics applications.

II. PHASE-FIELD SIMULATION MODELING

In order to study the mechanical (strain) effect on
skyrmion thermal motion from the viewpoint of thermo-
dynamics, temperature- and mechanical-related real-space
phase-field simulation [44,49] is employed to simulate
the evolution of magnetization in ferromagnetics. In gen-
eral, the dynamics of magnetization M is described by the
Landau–Lifshitz–Gilbert (LLG) equation as

∂M
∂t

= −γ M × Heff + α

Ms
M × ∂M

∂t
, (1)

where Heff = (−1/μ0)(δF/δM) is the effective magnetic
field, α is the Gilbert damping, γ is the gyromagnetic ratio,
Ms is the saturated magnetization, and F = ∫

fdV is the
total free energy, in which f is the free-energy density.

The total free-energy density in the ferromagnetic sys-
tem is

f = a(T − Tc)M2 + bM4 + A(∇M)2 + DM · (∇ × M)

− μ0

2
H2 − μ0H · M + felastic(ε, M), (2.1)

where a and b are the Landau energy coefficients, T is tem-
perature, Tc is the Curie temperature, A is the exchange
energy coefficient, D is the DMI constant, and μ0 is
the vacuum permeability. Here felastic(ε, M) is the elastic

energy density, which includes pure elastic and magne-
tostrictive energy densities as

felastic(ε, M) = 1
2

C11(ε
2
11 + ε2

22 + ε2
33) + C12(ε11ε22

+ ε11ε33 + ε33ε22) + 2C44(ε
2
12 + ε2

13 + ε2
23)

− 3λ100

2M 2
s

(C11 − C12)(ε11M 2
1 + ε22M 2

2

+ ε33M 2
3 ) − 6λ111

M 2
s

C44(ε12M1M2

+ ε23M3M2 + ε13M1M3), ) (2.2)

where C11, C12, and C44 are the elastic constants and λ100
and λ111 are the magnetostrictive coefficients. This is a
classical magnetoelastic coupling term, which successfully
describes the strain-related deformation, phase transition,
and switching of skyrmions [48,50]. The detail of all free-
energy densities is presented in the Supplemental Material
[51].

By the overdamped assumption [52–56], the governing
Eq. (1) can be reduced to the form

1
L

∂M
∂t

= − δF
δM

, (3)

where L = γ Ms/αμ0 is the kinetic coefficient and
(δF/δMi) = (∂f /∂Mi) − (∂/∂xj )(∂f /∂Mi,j ), in which
i, j = 1, 2, 3, representing x, y, and z directions, respec-
tively. Both experimental observation [34] and previ-
ous simulation [44] demonstrated that the overdamped
assumption is applicable for describing skyrmion thermal
motion in temperature gradients. In addition to the LLG
equation, the mechanical equilibrium equation

∂σij

∂xj
= ∂

∂xj

(
∂f
∂εij

)

= 0 (4)

and Maxwell’s equation

∂Bi

∂xi
= ∂

∂xi

(

− ∂f
∂Hi

)

= 0 (5)

need to be satisfied for the stresses σij and magnetic
induction Bi in ferromagnetic materials. A nonlinear finite
element method is used to solve governing Eqs. (3)–(5).
The detail of the finite element method is presented in
the Supplemental Material [51]. Based on this phase-field
model, static skyrmion phase diagrams [49] and dynamic
skyrmion thermal diffusion [44] were successfully simu-
lated in previous studies, and all of these results are consis-
tent with experimental observations [34,57], which verifies
the reliability of this temperature- and mechanical-related
phase-field model.
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III. RESULTS AND DISCUSSION

A. Acceleration of rectilinear skyrmion thermal
motion by uniaxial strain

At first, to study the strain-controlled skyrmion motion
in a temperature gradient, the trajectories of moving
skyrmions are shown in Fig. 1(a), which shows motion
snapshots at different time steps of 0.7, 2.8, and 5.6 ns. The
specimen model of this work is a MnSi nanobar (material
parameters [44,58–60] of simulations are given in the Sup-
plemental Material [51]) with dimensions of 210, 100, and
5 nm in length, width, and thickness directions, respec-
tively. Cartesian coordinates are introduced for showing
the position in the specimen model. In detail, the upper
and lower edges are at y = 50 and −50 nm, and the left
and right edges are at x =−100 and 110 nm, respectively.
The width direction, i.e., y direction, of the specimen
has the periodic boundary condition, while other bound-
aries are free boundaries. When a perpendicular magnetic
field (Hz = −3.0 × 105 A/m) is applied, a stable skyrmion
exists at the left side of the specimen, which is the ini-
tial state of the following simulations. Based on that, we
apply an inhomogeneous temperature field to the speci-
men, in which the local temperature at the left edge is
20 K, and the temperature linearly decreases from the left
to right edge along the length direction, i.e., x direction,
with a constant temperature gradient ∇T = 0.04 K/nm. In
Fig. 1(a), under this temperature gradient (and uniaxial
strain εx = 0.5%), the initial stationary skyrmion moves
from the left hot side to the right cold side. By compar-
ing the results of specimens with and without strain, the
skyrmion with tensile strain in the direction of the temper-
ature gradient has higher velocity, and still has a straight
trajectory. Although it has been demonstrated that homo-
geneous strain cannot be the driving force of skyrmion
motions, the result here indicates that it can accelerate
the skyrmion thermal motion in temperature gradients. To
further study the strain-induced acceleration of moving

skyrmions in temperature gradients, different tensile strains
from 0.3% to 0.5% are applied to the specimen with tem-
perature gradient ∇T = 0.04 K/nm. Under different strain
loads, the skyrmion retains a straight trajectory from the
hot to cold side. In Fig. 1(b), the positions of the mov-
ing skyrmion in the x coordinate for different time steps
and strain loads are shown in detail. The result shows that
the skyrmion velocity increases with an increase of uniax-
ial strain along the temperature gradient direction, which
implies that a homogeneous mechanical load can control
the speed of the skyrmion thermal motion. Such acceler-
ated directional skyrmion motion is a great advantage for
the implementation of skyrmion-based memory because of
its controllable velocity and straight trajectory.

B. Mechanism of strain acceleration of skyrmion
thermal motion

We discuss the mechanism of strain acceleration of
skyrmion thermal motion in this section. In a previous
study, Wang et al. [44] demonstrated that the local energy
imbalance of the skyrmion is the driving force of skyrmion
thermal motion. Specifically, the temperature gradient and
the skyrmion shape can induce an asymmetry of local
free energy of the skyrmion, which can excite the motion
of it. Here, to compare the driving force of the moving
skyrmions of this work, the contour maps of Figs. 2(a)
and 2(b) show the local free energy of the skyrmion in a
temperature gradient (0.04 K/nm) without and with 0.5%
uniaxial strain, respectively. They show that the magnitude
of total energy density of the skyrmion with strain is higher
than that without strain due to the external load. However,
the applied homogeneous strain increases the free energy
uniformly, hence does not contribute to the energy imbal-
ance of both sides of the skyrmion. According to the report
of Wang et al. [44], the energy imbalance mainly comes
from the inhomogeneous temperature field and skyrmion
shape. In Fig. 2, the skyrmions with and without strain are

(a) (b)

FIG. 1. (a) The diffusions of an individual skyrmion from left to right side in a constant temperature gradient (0.04 K/nm) without
and with a uniaxial strain εx = 0.5%. (b) The position of the moving skyrmion in the x coordinate for different time steps and strain
loads.
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(a) (b) (c)

FIG. 2. Contour maps of the local free energy of a skyrmion in a temperature gradient (0.04 K/nm) without strain load (a) and with
0.5% uniaxial strain (b). (c) The magnetization distribution of skyrmions with or without strain in a temperature gradient (0.04 K/nm).

in the same temperature field (local temperature is 16 K
and temperature gradient is 0.04 K/nm), so the main differ-
ence of energy imbalance between them comes from their
shape. To show their shapes, Fig. 2(c) displays the mag-
netization distribution of the skyrmions of Figs. 2(a) and
2(b), and the result confirms that the skyrmion structure is
elongated by the tensile strain. The strain-elongated ellip-
tical skyrmion occupies more area along the temperature
gradient direction, and therefore has a higher asymmetry
of free energy of both sides of the skyrmion, leading to a
higher driving force.

This section thus demonstrates that the strain-induced
skyrmion deformation increases the asymmetry of the
local free energy, which increases the driving force of

the skyrmion thermal motion and thus accelerates the
skyrmion.

C. Kinematic equation of moving skyrmions in
temperature gradients with uniaxial strain load

Next, a kinematic equation is proposed for describing
the mechanically influenced thermal motion of skyrmions.
In the literature, a kinematic equation is proposed for
asymmetric skyrmion motion under temperature-induced
magnon [45,61]. In this work, the driving force of
skyrmion thermal motion is from the imbalance of energy
and the structure of the skyrmions. In a previous study

(a) (b)

(c) (d)

FIG. 3. (a) The relationship between skyrmion shape Kr and local temperature T when applied strain and temperature gradient are
both zero. The relationship between skyrmion shape Kr and temperature gradient T when local temperature is 12 K (b), when local
temperature is 15 K (c), and when local temperature is 18 K (d). The black squares are data points, and the red lines are quadratic
fitting curves.
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(a) (b) (c)

FIG. 4. The relationship between skyrmion shape Kr and uniaxial strain ε when there is no temperature gradient for 12 K (a), 14 K
(b), and 18 K (c). The black squares are data points, and the red lines are linear fitting lines.

[44], a kinematic equation was proposed for the imbal-
anced structure-induced skyrmion thermal motion, which
is dependent on the temperature gradient, local tempera-
ture, and skyrmion shape as

vsk = f (Kr)∇T(c1T + c2), (6)

where vsk is the velocity of skyrmion thermal motion, ∇T
is the temperature gradient, T is the local temperature,
c1 and c2 are material coefficients, and Kr = Rx/Ry , in
which Rx and Ry are the skyrmion diameters in x and y
directions. Therefore, Kr can describe the skyrmion shape
(Kr = 1 when the skyrmion is circular). The specific form
of f (Kr) = c3Kr + c4 can amend the skyrmion shape effect
on skyrmion thermal motion, where c3 and c4 are material
coefficients. Therefore, Eq. (6) can be written as

vsk = (c3Kr + c4)∇T(c1T + c2). (7)

Based on the previous conclusion, we demonstrate that the
skyrmion shape Kr is determined by field variables like
temperature gradient ∇T, local temperature T, and strain
ε, and the mechanical effect on skyrmion thermal motion
is only included via the strain-controlled skyrmion shape.

Therefore, to complete the kinematic Eq. (7), the specific
form of skyrmion shape Kr(T, ∇T, ε) is investigated next.
At first, we only consider the effect of temperature. As
shown in Fig. 3(a), when strain ε = 0 and temperature
gradient ∇T = 0, Kr is always equal to 1.0 at different
temperatures, which means the skyrmion shape remains
circular if there is no temperature gradient and applied
strain. Figures 3(b)–3(d) show the relationship between
skyrmion shape Kr and temperature gradient for different
local temperatures without applied strain. According to the
results, Kr and temperature gradient exhibit a quadratic
relationship no matter the local temperature.

Based on these features, the skyrmion shape without
applied strain Kr(T, ∇T, ε = 0) can be described by field
variables as

Kr(T, ∇T, ε = 0) = α(T) · ∇T2 + 1, (8)

where α(T) is a function of temperature T. According to
Eq. (8), when temperature gradient ∇T = 0, Kr equals 1.0,
and when local temperature is a constant, Kr and tem-
perature gradient show a quadratic relationship, which is
consistent with the features revealed in Fig. 3. Then, based
on phase-field simulations, the specific form of α(T) can be

(a) (b)

FIG. 5. (a) The results of skyrmion shape Kr obtained from both Eq. (11) and phase-field simulations. (b) The results of skyrmion
velocity vsk obtained from both kinematic Eq. (12) and phase-field simulations. The enlarged inset shows the detail of the overlapped
area. In both panels, solid lines and crossed squares represent the results from equation and phase-field simulation, respectively.
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(a) (b)

FIG. 6. (a) The trajectory of a moving skyrmion is changed by a local out-of-plane pull strain load. (b) The trajectory of a moving
skyrmion in different local out-of-plane strain loads. The red triangle shows the loading point (0, 6).

expressed by an empirical function: α(T) = c5Tc6 , where
c5 and c6 are material coefficients. Therefore, Eq. (8) can
be written as

Kr(T, ∇T, ε = 0) = c5Tc6 · ∇T2 + 1. (9)

Then, we include the uniaxial strain effect on the skyrmion
shape Kr(T, ∇T, ε). Considering the temperature gradient
and the strain have an independent effect on skyrmion
shape, the strain effect on skyrmion shape can thus be
expressed with an additional term as

Kr(T, ∇T, ε) = c5Tc6 · ∇T2 + 1 + g(ε), (10)

where ε is uniaxial strain (ε > 0) and g(ε) is a function for
the effect of strain on skyrmion shape. To find the specific
form of g(ε), the relationship between skyrmion shape Kr
and uniaxial strain ε is shown in Fig. 4. To only consider
the strain effect, the temperature gradient is set as 0 here.
Then, the result shows that Kr increases with strain linearly
for different constant temperatures (and when strain equals
0, Kr always equals 1). Therefore, g(ε) can be expressed
in the form of g(ε) = β(T) · ε. Similarly, β(T) can be
expressed as a power function: β(T) = c7Tc8 + c9, where
c7, c8, and c9 are material coefficients. Therefore, Eq. (10)
can be written as

Kr(T, ∇T, ε) = c5Tc6 · ∇T2 + (c7Tc8 + c9) · ε + 1, (11)

which shows the specific relationship between skyrmion
shape and physical fields.

To check the accuracy of Eq. (11), Fig. 5(a) shows the
results of the skyrmion shape Kr that come from both Eq.
(11) and phase-field simulation. As expected, the result of
Eq. (11) is well consistent with the simulation. The largest
error is only around 1.5%. Substituting the Kr term of Eq.
(7) by Eq. (11), the kinematic equation of the mechanically

controlled skyrmion thermal motion is written as

vsk(T, ∇T, ε) = ∇T(c1T + c2)[c3(c5Tc6 · ∇T2

+ (c7Tc8 + c9) · ε + 1) + c4], (12)

where c1 to c9 are material coefficients. They are obtained
from nine data points of phase-field simulations (the details
of c1 to c9 are given in the Appendix). To check the accu-
racy, Fig. 5(b) shows the results of the skyrmion velocity
vsk, obtained from both kinematic Eq. (12) and phase-field
simulations. In this figure, the result of Eq. (12) is well
consistent with the simulation at different temperature gra-
dients, local temperatures, and strain loads. Therefore, we
have successfully built a kinematic equation that describes
mechanically controlled skyrmion thermal motion in terms
of field variables (like local temperature, temperature gra-
dient, and uniaxial strain). Although the one-dimensional
equation cannot cover all possible situations, it reveals
the thermodynamic mechanism of mechanically controlled
skyrmion thermal motion from an energy analysis, which
is a start point for the further construction of system-
atic and sophisticated kinematic equations. Therefore, it
is a theoretical guidance for future research of skyrmion
dynamics.

D. Potential application of mechanically controlled
skyrmion thermal motion

According to the kinematic Eq. (12), the strain load can
control the dynamic behavior of skyrmions in a temper-
ature gradient. Although only homogeneous strain is dis-
cussed in the previous sections, an inhomogeneous strain
field is expected to generate more complex energy imbal-
ance, then leading to the novel dynamic behavior of mov-
ing skyrmions. As shown in Fig. 6(a), a local out-of-plane
pull strain of 1% is applied at the position (0, 6), which
generates a relatively complex strain (gradient) field at this
local area. When skyrmion moves near this area, the com-
plex strain field can even change its trajectory. Figure 6(b)
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shows the trajectory of the moving skyrmion for different
local strain loads. The result shows the moving skyrmion
can be attracted by local out-of-plane press strain and be
repelled by pull strain, which indicates that the strain gradi-
ent field has a more complex effect on skyrmion dynamics,
and mechanically controlled skyrmion thermal motion has
enormous potential in the application of spintronic devices
such as racetrack memory, due to controllable velocity and
trajectory.

IV. CONCLUSION

In conclusion, we show the acceleration of rectilin-
ear skyrmion thermal motion in temperature gradients
by uniaxial strain. The strain-induced skyrmion defor-
mation increases the energy asymmetry of the skyrmion,
which intensifies the driving force of skyrmion ther-
mal motion. Further, we propose a kinematic equation
for describing mechanically controlled skyrmion motion
under temperature gradients by field variables. Finally,
the potential application of memory devices is proposed.
This study shows a simulation method for temperature-
and mechanical-related skyrmion behaviors, and pro-
poses a thermodynamic discussion and kinematic equation
about mechanically controlled skyrmion thermal motion.
Our results may inspire future study of field-controlled
skyrmion thermal motion and moving skyrmions in multi-
physics fields (like electromagnetic fields, strain gradients,
and waves). Therefore, we expect this study to be a theo-
retical support for skyrmion dynamics and skyrmion-based
spintronics.
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APPENDIX

The values of material coefficients c1 to c9 of
empirical kinematic Eq. (12) for a MnSi nanobar
are as follows: c1 = −0.138125, c2 = 3.940625 K, c3 =
1.603768212 × 10−6 K−2 m2 s−1, c4 = −1.318207861 ×
10−6 K−2 m2 s−1, c5 = 5.50817 × 10−13 K3.3675 m2, c6 =
−5.3675, c7 = 1.31341 × 107 K5.38372, c8 = −5.38372,
and c9 = 2.52849.
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