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Exponential Temperature Effects on Skyrmion-Skyrmion Interaction
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Understanding the dynamic behaviors of magnetic skyrmions has great potential in the application of
spintronics. This is especially the case for the interaction between two skyrmions. In the literature, the
attractive and repulsive skyrmion-skyrmion interactions are demonstrated as strongly related to the dis-
tance of two skyrmions and external magnetic fields. However, as a natural property, the temperature
effect on skyrmion-skyrmion interactions is unclear, which lacks understanding from thermodynamics,
and accordingly its driving force equation is absent. Here, we employ a temperature-related phase-field
simulation and demonstrate that the skyrmion-skyrmion interaction is dramatically changed by tempera-
ture (e.g., a temperature change of only a few kelvins results in an eightfold higher interaction), which can
lead to critical temperature behavior of skyrmion phase. Detailed analysis shows the interaction potential
decreases exponentially with an increase of temperature, and this pronounced temperature dependence
originates from the temperature-related skyrmion structure. Then, an equation is proposed to describe the
skyrmion interaction at finite temperatures. Therefore, this study provides a deeper understanding of the
skyrmion kinetic behavior and explores the temperature control of skyrmion interactions coupled with
other sources of interaction, which is a guidance for future study of skyrmions and their applications.
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I. INTRODUCTION

A magnetic skyrmion, a local swirl configuration
of magnetizations [1,2], is mainly stabilized by the
Dzyaloshinskii-Moriya interaction (DMI) [3,4] that comes
from a lack of inversion symmetry of magnetic systems
and contributes chiral domain walls. Due to its topolog-
ically stable structure [5], a skyrmion is regarded as a
quasiparticle with topological charge [6,7] Q = ±1 that
is defined as Q = (1/4π) ∫ M · (∂M/∂x × ∂M/∂y)dxdy,
where M is magnetization. Therefore, skyrmions become
promising data carriers in future memory devices [8,9]
due to their unique particle characters. Examples of such
characters are skyrmion-skyrmion interactions [10–17],
dynamic motions driven by spin currents [18–21] or gra-
dient fields (such as temperature [22–24], magnetic [25],
and strain fields [26–28]), and the skyrmion Hall effect
[29] during motions. Especially, the skyrmion-skyrmion
interaction is a fundamental behavior between isolated
skyrmions and essential for the understanding of related
applications. The skyrmion interaction is demonstrated
as strongly related to the distance d between two iso-
lated skyrmions. When d is pushed under a critical value,
skyrmions show an attractive interaction, in which two
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skyrmions merge to one skyrmion [14,16]. When d is
larger than the critical value, the repulsive interaction is
dominant [10,11], in which two skyrmions repel each other
to further increase d until stable. In fact, the attractive inter-
action is weak in thin films [13], and usually suppressed
by the repulsive interaction [17]. Therefore, the repulsive
skyrmion-skyrmion interaction becomes the main interest.
In experiments, magnetic-field-dependent skyrmion inter-
action is observed in FeGe nanostripes [15]. In theory,
the interaction potential U is proposed to quantificationally
evaluate the repulsive force of isolated skyrmions [30,31],
and the interaction potential U is demonstrated to decrease
exponentially with the distance of skyrmions d [13,14].
Accordingly, the equation of the particle model is pro-
posed in exponential form as U(d) ∝ exp(−d/λ), where
λ ∝ 1/

√|H | is a parameter related to the external magnetic
field [14].

Nevertheless, as a natural property, the temperature
effect on skyrmion-skyrmion interaction is still unclear.
However, temperature is demonstrated to play an impor-
tant role in skyrmion behaviors. For example, the stabil-
ity of skyrmions is temperature dependent [32,33], and
the inner structures of skyrmions are different at differ-
ent temperatures (especially near the Curie temperature, at
which there is the precursor effect [1,34–37] that makes
magnetizations become “soft” then easy to change), and
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temperature even provides a driving force to skyrmion
dynamic motions [22–24]. Therefore, the temperature
effect is non-negligible on skyrmion interaction and is the
motivation of this work.

By following previous theoretical works, we use inter-
action potential U as an index to show the intensity
of skyrmion-skyrmion interaction. Therefore, the unified
Landau theory that explicitly includes the temperature
effect inside the free-energy functional is suitable for the
scenario. Here, we study the skyrmion-skyrmion interac-
tion at finite temperatures by a temperature-related phase-
field simulation based on Ginzburg-Landau theory [38].
Our simulation shows that the temperature can affect the
magnetization magnitude and inner structure of skyrmions,
and then influence the skyrmion-skyrmion interaction
potential U. The energy analysis shows that the interac-
tion potential U decreases exponentially with an increase
of temperature. Based on that, we propose an equation to
describe the temperature-related skyrmion-skyrmion inter-
action. Therefore, our study provides the thermodynamic
mechanism and a particle model equation for skyrmion
interaction at finite temperatures.

II. PHASE-FIELD MODELING

A temperature-included phase-field simulation
[22,39,40] is employed here to study the magnetic system.
The temporal evolution of magnetization M is generally
described by the Landau-Lifshitz-Gilbert (LLG) equation
as [41–43]

∂M
∂t

= −γ M × Heff + α

Ms
M × ∂M

∂t
, (1)

where Heff = (−1/μ0)(δF/δM) is the effective magnetic
field, γ is the gyromagnetic ratio, and α is the Gilbert
damping. Based on the Ginzburg-Landau theory, the driv-
ing force of the magnetization behaviors is described by
the thermodynamic total free energy F = ∫

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

The specific free-energy density in a ferromagnetic
(FM) system can be written as

f = fLandau + fexch + fDM + fmag + felas, (2)

where fLandau, fexch, fDM, fmag, and felas are the Landau,
exchange, DMI, magnetostatic, and elastic energy den-
sities, respectively. Especially, the temperature effect on
magnetization is introduced by the Landau energy density
[1,38], which can be expressed as

fLandau = a(T − Tc)M2 + bM4, (3)

where a and b are the Landau energy coefficients, T is
temperature, and Tc is the Curie temperature. The Landau

energy explicitly includes temperature-related magnetiza-
tion change, which can further influence other energies
such as exchange and DMI energies. Then, the exchange
energy density can be expressed as

fexch = A(M 2
1,1 + M 2

1,2 + M 2
1,3 + M 2

2,1 + M 2
2,2 + M 2

2,3

+ M 2
3,1 + M 2

3,2 + M 2
3,3), (4)

where A is the exchange energy coefficient and Mi,j =
∂Mi/∂xj denotes the derivative of magnetization Mi with
respect to xj . The bulk-type DMI energy density is written
as

fDM = D(M1M3,2 − M1M2,3 + M2M1,3 − M2M3,1

+ M3M2,1 − M3M1,2), (5)

where D is the DMI constant. The magnetostatic energy
density is expressed as

fmag = −μ0

2
(H 2

1 + H 2
2 + H 2

3 ) − μ0(H1M1

+ H2M2 + H3M3), (6)

where Hi represent the magnetic field intensity in the
material and μ0 is the vacuum permeability. The elastic
energy density including pure elastic energy density and
magnetostrictive energy density can be written as

felas = 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),

(7)

where C11, C12, and C44 are the elastic constants, λ100 and
λ111 are the magnetostrictive coefficients, and Ms is the
saturated magnetization.

With the overdamped assumption [44–47], the form of
the governing Eq. (1) can be changed as

1
L

∂M
∂t

= − δF
δM

, (8)

where L = γ Ms/αμ0 is the kinetic coefficient of magne-
tization evolutions. In addition to the LLG equation, the
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mechanical equilibrium equation

∂σij

∂xj
= ∂

∂xj

(
∂f
∂εij

)

= 0 (9)

and Maxwell’s equation

∂Bi

∂xi
= ∂

∂xi

(

− ∂f
∂Hi

)

= 0 (10)

need to be satisfied for the stresses σij and magnetic induc-
tion Bi in ferromagnetic materials, where xi and xj are three
coordinates (i, j = 1 − 3). Although there is no external
mechanical load in this work, the strain can be induced by
the magnetostrictive effect. Therefore, the elastic energy
and mechanical equilibrium equation are included in the
calculation model. A nonlinear finite element method is
employed to solve the above governing Eqs. (8)–(10). Hu
and Wang [48] demonstrated the validity of the Landau
energy model for a spin texture like skyrmions. Wang and
Wang [40] included the Landau energy in the phase-field
model, and calculated static temperature phase diagrams
of skyrmions, which are consistent with the experimental
phase diagrams [32,33]. Wang et al. [22] also reproduced
dynamic skyrmion thermal motion observed in experi-
ment [24] by phase-field simulation, which verifies the
reliability of the method used in this work.

The material system of this study is a ferromagnetic
MnSi thin film of 200, 100, and 5 nm in length, width,
and thickness directions, which are set along the x, y, and z
directions of Cartesian coordinates, respectively. The ori-
gin of the coordinates is located at the center of the thin
film, and material parameters of MnSi used for calculations
are shown in the Appendix.

III. RESULTS AND DISCUSSION

A. The temperature-related skyrmion-skyrmion
interaction

In the ferromagnetic thin film, isolated skyrmions are
stable under an appropriate out-of-plane magnetic field.
In experiments, a magnetic force microscope tip [49] can
further provide a local out-of-plane magnetic field and
then induce the emergence of an individual skyrmion and
control its position. Following this concept, we apply a
local out-of-plane magnetic field to create two isolated
skyrmions, and force them close to each other at a short
distance like in Fig. 1. The global out-of-plane mag-
netic field Hz = −3 × 105 A/m. The distance between two
skyrmions d is defined as the distance between their cen-
ters. The skyrmion center and diameter are determined
based on the magnetization profile, which follows previ-
ous publications [50,51]. When d is small, two skyrmions
have large repulsive interaction. After removing the initial-
izing local magnetic fields, the two skyrmions repel each

FIG. 1. Schematic of two isolated skyrmions at a short dis-
tance apart in MnSi thin film. The distance of the two skyrmions
d is defined as the distance between their centers.

other, and the distance between them increases until they
are far enough apart such that the repulsive interaction of
them becomes nearly zero.

From the viewpoint of thermodynamics, the stable state
has the lowest free energy as a ground state, while the
initial state with two close skyrmions has higher system
energy. During the repulsion of skyrmions, the system
energy is decreasing until the ground state. Therefore,
the extra energy caused by the short distance between
skyrmions is defined as the interaction potential U, which
can quantitively evaluate the repulsive force of iso-
lated skyrmions [30,31]. In this work, we set two ini-
tial skyrmions with a short distance between them and
then track the energy change of the system during the
relaxation of the two skyrmions, until the system energy
does not change as a ground-state energy of the sys-
tem. Then, by subtracting the ground-state energy from
the system energy, the interaction potential U caused
by skyrmion-skyrmion interaction is obtained. Based on
that, we calculate the interaction potential U for different
skyrmion distance d, and compare the results at differ-
ent system temperatures in Fig. 2. The result shows that
two close skyrmions have large repulsive interaction, and
the interaction potential becomes zero when the skyrmion
distance d becomes large. The marked decrease of U
with an increase of d follows an exponential relation-
ship U(d) ∝ exp(−d/λ), which is consistent with previous
reports [13,14]. Further, the temperature has a great influ-
ence on the skyrmion-skyrmion interactions. Generally,
at the same skyrmion distance d, the higher the tem-
perature, the smaller the skyrmion interaction. When we
focus on the d = 20-nm cases, the interaction potential
U at 15, 17.5, and 20 K is 10.78 × 10−22, 4.2 × 10−22,
and 1.35 × 10−22 J, respectively. The interaction potential
increases by around 8 times when temperature drops by
only 5 K, which indicates that the temperature is a quite
significant factor for the skyrmion-skyrmion interaction.
Although this result only shows the change of interaction
between two skyrmions, it may have implications for a
number of effects such as skyrmion ordering [52], melting,
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FIG. 2. The interaction potential U for different skyrmion dis-
tance d, and comparison at different system temperatures. The
prompt decrease of U with an increase of d follows an exponen-
tial relationship, U(d) ∝ exp(−d/λ), and at the same skyrmion
distance d, the higher the temperature, the smaller the skyrmion
interaction.

pinning [53], and motions [54–57] in skyrmion systems in
general. For example, a previous study demonstrated that
a decreased particle-particle interaction (such as vortex
interaction [58] or skyrmion interaction [59]) will increase
the pinning effect. Intriguingly, a recent experiment [60]
found that the critical depinning current of skyrmions
rapidly grows with increasing temperature, which also in
turn supports our conclusion, i.e., skyrmion interaction
decreases rapidly with an increase of temperature.

B. The mechanism of the temperature-related
interaction potential

To reveal the mechanism of the temperature effect on
skyrmion-skyrmion interaction, the thermodynamic expla-
nation of skyrmion-skyrmion interaction is discussed first.
The system energy density of the thin film with two
skyrmions at 15 K is shown in Fig. 3. In Fig. 3(b), the
homogeneous blue area is the uniform FM state, in which
all magnetizations are parallel to the −z direction of the
external field. The core area of the skyrmion state has
higher energy density than FM state, which suppresses
the nucleation of skyrmions. Therefore, only two prein-
duced isolated skyrmions exist at the background FM state.
Nevertheless, the peripheral area of isolated skyrmions
(colored in light blue) has lower energy density than
background FM state, which protects the stability of two
preinduced skyrmions. Then, when two skyrmions are
close at a short distance d = 20 nm as in Fig. 3(a), the
skyrmion structures are overlapped and deformed. Espe-
cially, the peripheral lower-energy area is overlapped,
which increases the system energy. This increased part of
energy is the interaction potential U. The existence of U

(a)

(b)

FIG. 3. The system energy density of the thin film with
two skyrmions at 15 K. (a) Skyrmion distance d = 20 nm.
Two skyrmion structures are overlapped and asymmetric, which
yields interaction potential U. (b) Skyrmion distance d = 60 nm.
Two skyrmion structures are isolated and symmetric, for which
U is zero.

is the driving force of the repulsive effect of skyrmions.
The repulsive interaction becomes zero when the two
skyrmions are totally isolated and symmetric, for which
U is zero like in Fig. 3(b).

To further trace the origin of the interaction poten-
tial U, we discuss the separate U from the differ-
ent components of free energies. The components of
U are defined as U = ULandau + Uexch + UDM + Umag +
Uelas, where ULandau to Uelas are the interaction poten-
tials from the Landau, exchange, DMI, magnetostatic,
and elastic energies, respectively. As shown in Fig. 4,
the DMI potential energy UDM rapidly increases when
skyrmions are closer, which dominates the increase of
skyrmion interaction potential U. The effects of the other
free-energy components are opposite to or trivial com-
pared with the DMI energy. Therefore, the origin of the
skyrmion-skyrmion interaction is the DMI.

According to Eq. (5), the DMI energy is related to
the chiral distribution of magnetizations. In the FM state,
there is no chiral distribution of uniform magnetizations,
and therefore the DMI energy is zero. However, in the
skyrmion state, the chiral magnetization structure yields
negative DMI energy for further decreasing the system
energy. In Figs. 5(a) and 5(b), the DMI energy density
distributions are shown in color map and the skyrmion
structures are shown by white arrows. At a short distance
(d = 20 nm), two skyrmions are overlapped, which makes
the chiral magnetization area smaller than two isolated
skyrmions. Then, the smaller chiral magnetization area has
smaller decreased value of DMI energy, which results an
extra system energy (interaction potential). Figures 5(c)

044024-4



EXPONENTIAL TEMPERATURE EFFECTS ON SKYRMIONS... PHYS. REV. APPLIED 18, 044024 (2022)

FIG. 4. The separate U from the different components of free
energies. The components of U are defined as U = ULandau +
Uexch + UDM + Umag + Uelas, where ULandau to Uelas are the inter-
action potentials from the Landau, exchange, DMI, magne-
tostatic, and elastic energies, respectively. The origin of the
skyrmion-skyrmion interaction comes from the DMI.

and 5(d) show the detailed magnetization structure of the
overlapped and isolated skyrmions, respectively. The over-
lapped skyrmion indeed loses part of the chiral area then
becomes asymmetric, while the isolated skyrmion is intact

and symmetric. Therefore, not only the distance and diam-
eter of skyrmions, but also the symmetry of skyrmions is
an index to reflect the overlap level of two skyrmions. In
conclusion, we find that the interaction potential is from
the overlapped skyrmion structure inducing extra DMI
energy.

Based on this understanding, the mechanism of the tem-
perature effect of skyrmion-skyrmion interaction can be
explained by the skyrmion structures. Figure 6(a) shows
the magnetization distributions of two skyrmions at dif-
ferent temperatures (skyrmion distance d = 20 nm) and
Fig. 6(b) shows the detailed results of Fig. 6(a) for the
central axis (y = 0). Firstly, the average magnetization
magnitude is smaller at higher temperature (17.5 K) than
lower temperature (15 K). It directly decreases the value
of the system energy and interaction potential, even with
the same chiral magnetization structure. Secondly, the
skyrmion structure, especially the overlap level of two
skyrmions, is also changed by temperature. According to
the previous discussion, the overlap level of two skyrmions
is related to their distance, diameter, and asymmetry. Here,
the distance of skyrmions is the same (20 nm), but the
skyrmion diameter is changed by temperature. Our sim-
ulation shows that the skyrmion diameters at 15, 17.5, and
20 K are 6.834, 6.208, and 5.459 nm, respectively. There-
fore, the overlapped area of two skyrmions is decreased
due to the decrease of skyrmion diameter. Further, Fig. 6(b)
demonstrates that a skyrmion at higher temperature has

(a)

(b)

(c)

(d)

FIG. 5. The distribution of DMI energy density (by color map) and magnetization structures of two skyrmions (by white arrows).
(a) The results of short distance d = 20 nm and (b) the results of long distance d = 60 nm. The magnetization structure of (c) an
overlapped skyrmion and (d) an isolated skyrmion. The overlapped skyrmion has a smaller diameter and asymmetric structure, while
the isolated skyrmion has a larger diameter and symmetric structure.
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(a)

(b)

FIG. 6. (a) The magnetization distributions of two skyrmions
at different temperatures (with distance d = 20 nm). The areas
indicated by white dashes show the overlapped areas of two
interacting skyrmions. (b) The magnetization along the central
axis (y = 0) of two skyrmions at different temperatures (15 and
17.5 K).

smaller asymmetry. By comparing the magnetization of
both sides of a skyrmion (x = 0 and −20), we find the
differences of magnetization are 3.26% and 2.55% at 15
and 17.5 K, respectively. Therefore, a less asymmetric
skyrmion structure at higher temperature further decreases
the overlap area, thus decreasing the interaction poten-
tial. In other words, at higher temperature, both mag-
netization magnitude and overlapped area of skyrmions
are decreased [intuitively shown by white dashed areas
in Fig. 6(a)], which decreases the interaction potential
accordingly. This conclusion is consistent with the result in
Fig. 2, and provides the mechanism of temperature-related
skyrmion interaction from the viewpoint of thermody-
namic skyrmion structures.

It is worth mentioning that the magnetization mag-
nitude inside the overlapped area (where magnetization
configuration is noncollinear) is larger than the FM back-
ground. Because the DMI energy favors the noncollinear

magnetization structure, the magnetization magnitude in
this area is increased for further energy minimization. The
DMI provides the possibility for an increase of magne-
tization magnitude inside the chiral area of a skyrmion,
but the actual magnetization magnitude is the result of the
competition of several free energies such as from DMI
and exchange interaction. Such magnetization fluctuations
at finite temperatures are already proved in a previous
magnetic-domain-wall case [61].

C. The equation of the skyrmion interaction at finite
temperatures

Finally, we propose a particle model equation to
describe the temperature-related skyrmion-skyrmion inter-
action. In previous reports [13,14], although the distance-
related skyrmion-skyrmion interaction is contributed by
skyrmion inner structures, a particle model equation has
been proposed to describe the distance-related interac-
tion potential based on the exponential form as U(d) ∝
exp(−d/λ). The skyrmion is considered as a particle in
the equation, which does not show the specific structure
status, and the distance between two skyrmions d is the
only independent variable. To show the specific relation-
ship of interaction potential U and temperature T, the U(T)

curves are shown in Fig. 7(a). In this figure, the skyrmion
distance is 20 nm. At first, with an increase of temper-
ature, the interaction potential decreases sharply due to
the decrease of DMI energy. Then, two skyrmions vanish
when the temperature reaches 25 K; therefore, the interac-
tion potential becomes zero. In the case where skyrmion
distance is relatively large, with increased temperature,
the interaction may become zero at a critical tempera-
ture reached before the skyrmions vanish. But both cases
follow similar U(T) curve because U is very small near
both critical temperature and skyrmion vanishing tem-
perature. By comparing Fig. 7(a) with Fig. 4, we find a
similar relationship of U(T) and U(d), which indicates
that the relationship between skyrmion-skyrmion interac-
tion potential and temperature also follows the exponential
form just like interaction potential and distance. Math-
ematically, the relationship can be expressed as U(T) ∝
exp(−T/λ∗), where λ∗ is a material parameter. Besides,
the temperature T and the skyrmion distance d are demon-
strated to be two independent variables from the energy
analysis in the previous section. So, we propose a par-
ticle model of skyrmion-skyrmion interaction at finite
temperatures as

U(d, T) = ke−[(d/λ)+(T/λ∗)], (11)

where k is a material parameter. Then, the skyrmion-
skyrmion interactions in the MnSi thin film of this study
are an example to demonstrate the accuracy of Eq. (11).
Material parameters of Eq. (11) can be obtained by simu-
lation data. For example, λ is fitted by the data of different
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(a)

(b)

FIG. 7. (a) The U(T) curves, showing the relationship between
interaction potential and system temperature. (b) Comparison of
U(d, T) between the results of Eq. (11) (EQ) and phase-field sim-
ulations (SM), where the lines and square symbols represent the
results of the equation and phase-field simulations, respectively.

skyrmion distance d with a fixed temperature, and λ∗ is
fitted by different temperature T with same distance (the
value of fitting parameters are shown in the Appendix).
Figure 7(b) shows a comparison of the skyrmion-skyrmion
interaction potential U(d, T) between the results of Eq.
(11) and phase-field simulations, where the lines and
square symbols represent the results of the equation and
phase-field simulations, respectively. The results show
that Eq. (11) is very well consistent with the simulation
at different skyrmion distance d and system tempera-
ture T. Therefore, we successfully build a particle model
equation that describes the skyrmion-skyrmion interaction
at finite temperatures. Although it is derived from two
skyrmions, it may be extended to multiple skyrmion sys-
tems by summing all of the interaction potentials affecting
the ith skyrmion via the relationship Ui = Ui,1 + Ui,2 +
. . ., where Ui is the total interaction potential of the ith
skyrmion and Ui,j is the interaction potential between ith
and j th skyrmions. This relationship is widely employed in

particle models of skyrmion interactions [13] and particle
model simulations [58].

IV. CONCLUSION

In summary, we employ a phase-field simulation based
on Ginzburg-Landau theory to study the temperature effect
on skyrmion-skyrmion interaction. The repulsive inter-
action of skyrmions decreases sharply with an increase
of system temperature. Although we focus on the repul-
sive interaction here, the attractive interaction should also
be influenced by different temperatures. The overlap area
of two skyrmions is smaller at higher temperatures, and
therefore the annihilation distance of attractive skyrmion-
skyrmion interaction should decrease. Based on the simu-
lations, an exponential equation is proposed for describing
the repulsive driving force of skyrmion interaction with
temperature effect. Therefore, we improve the particle
model equation of skyrmion driving force with temper-
ature effect. Recently, the particle model of skyrmion
dynamic equation, i.e., Thiele equation [62,63], and the
related skyrmion simulations of the particle model [52–57]
have been well studied. The particle model can efficiently
and accurately describe a variety of skyrmion behaviors
such as their ordering [52], melting, pinning [53], and
motions [54–57]. Our Eq. (11) can be readily included in
the particle model equation and simulations for introduc-
ing the temperature-related driving force. Therefore, this
work is a great complement for skyrmion theory and sim-
ulations, which can predict rich skyrmion behaviors and
compare with experimental observations. Furthermore, a
recent report [13] indicated that the particle model of
skyrmion-skyrmion interaction is not only accurate for
skyrmions, but also suitable for any two repulsive, local-
ized magnetic objects (such as skyrmions, chiral domain
walls, and boundaries or defects of magnetic systems).
Therefore, we anticipate that our equation is a more general
form of the temperature-related interaction driving force in
magnetic systems, and it highlights an intriguing and rich
avenue for future research on magnetic dynamics.
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APPENDIX

The material parameters of MnSi are presented in
Table I. The fitting values of material parameters
of Eq. (11) of MnSi are k = 1.298 792 897 × 10−16 J,
λ = 3.730 378 483 nm, and λ∗ = 2.410 270 244 K.
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TABLE I. The material parameters of MnSi [39,40,48,64,65].

Landau energy coefficients Curie temperature
a0 6.44 × 10−7 J/A2 m K Tc 29.5 K
b 3.53 × 10−16 J m/A4

Exchange energy coefficient DMI constant
A 1.27 × 10−23 J m/A2 D 1.14 × 10−14 J/A2

Vacuum permeability Saturated magnetization
μ0 4π × 10−7 H/m Ms 1.63 × 105 A/m
Elastic constants Magnetostrictive coefficients
C11 2.83 × 1011 J/m3 λ100 3.04 × 10−6

C12 0.64 × 1011 J/m3 λ111 2.26 × 10−6

C44 1.17 × 1011 J/m3
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