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Topology dependence of skyrmion
Seebeck and skyrmion Nernst
effect
Markus Weißenhofer* & Ulrich Nowak
We explore the dynamics of skyrmions with various topological charges induced by a temperature
gradient in an ultra-thin insulating magnetic film. Combining atomistic spin simulations and
analytical calculations we find a topology-dependent skyrmion Seebeck effect: while skyrmions and
antiskyrmions move to the hot regime, a topologically trivial localized spin structure moves to the cold
regime. We further reveal the emergence of a skyrmion Nernst effect, i.e. finite, topology-dependent
velocities transverse to the direction of the temperature gradient. These findings are in agreement
with accompanying simulations of skyrmionic motion induced by monochromatic magnon currents,
allowing us to demonstrate that the magnonic spin Seebeck effect is responsible for both, skyrmion
Seebeck and Nernst effect. Furthermore we employ scattering theory together with Thiele’s equation
to identify linear momentum transfer from the magnons to the skyrmion as the dominant contribution
and to demonstrate that the direction of motion depends on the topological magnon Hall effect and
the topological charge of the skyrmion.
Magnetic skyrmions are localized spin structures embedded in a homogeneous
 magnetic phase with nontrivial
topology1 that can be characterized by a topological charge, Q = −1/4π d2 r S · (∂x S × ∂y S), where S is a
smooth unit vector field pointing in the direction of the magnetic moment. Since the first detection of a skyrmion
lattice in MnSi2, skyrmions have been found experimentally in various other bulk systems3–8 and in thin films9–11.
The most widely considered mechanism for the stabilization of skyrmions is based on the Dzyaloshinsky-Moriya
interaction (DMI)12,13 which is present in systems with broken inversion s ymmetry1. Competing with isotropic
Heisenberg exchange, uniaxial anisotropy and Zeeman terms, which all favor collinear alignment of the spins,
this chiral interaction can give rise to metastable isolated skyrmionic spin structures. Another mechanism that
stabilizes skyrmions involves frustration of the Heisenberg exchange, i.e. the competition between ferro- and
antiferromagnetic interactions for different neighbors in the crystal, which leads to the formation of modulated spin s tructures14–19. Theoretical w
 orks20,21 demonstrated that the interplay between frustrated Heisenberg
exchange and DMI can lead to the formation of metastable isolated skyrmionic spin structures with various
topological charges ranging from −3 to 3 in ( Pt0.95Ir0.05)/Fe/Pd(111), which is the system investigated in this study.
In addition, a pronounced impact of topology on the current-driven22 as well as Brownian dynamics23 of these
skyrmionic spin structures was revealed. In the following, we will focus on the dynamics of these skyrmionic
spin structures induced by a temperature gradient.
The dynamics of magnetic solitons induced by temperature gradients were first examined for domain walls.
Both theoretical24–26 and experimental studies27,28 have revealed that ferromagnetic domain walls move towards
the hot end of the system, due to a combination of magnonic and entropic effects. In contrast, a recent experimental study found that skyrmions in a conducting ferromagnet propagate from the hot to the cold regime,
caused by the interplay of entropic forces, magnonic spin torques and thermal spin-orbit torques29. This is different in insulating systems, where thermal spin-orbit torques are missing and skyrmions were found to move
towards the hot regime, along with a small transverse velocity, both t heoretically30,31 and experimentally32. The
latter result was explained phenomenologically via the magnonic spin Seebeck effect33, which causes a thermal
magnon current traveling from the hot to the cold regime and exerting an effective force on the skyrmion34.
Here, we focus on insulating systems, neglecting the possible contributions of thermal electric currents. We
investigate the directional motion of skyrmionic spin structures with various topological charges induced by a
temperature gradient by means of atomistic spin simulations based on the stochastic Landau-Lifshitz-Gilbert
equation35. We reveal that skyrmionic spin structures move either towards the hot or the cold end, depending
on their topological charge, and reveal that the motion towards the hot end is of topological origin. We further
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Figure 1.  Topology dependence of the skyrmion Seebeck and skyrmion Nernst effect. (a) Equilibrium spin
configurations of skyrmionic spin structures in (Pt0.95/Ir0.05)/Fe/Pd(111) with topological charges as labeled.
The colors indicate the orientation of the spin vectors. (b) Averaged trajectories for the dynamics of skyrmionic
spin structures with different topological charges in a temperature gradient ∇T � −ex with α = 0.01. Arrows
indicate the direction of motion. (c) Velocities parallel and perpendicular to the direction of the temperature
gradient for skyrmionic spin structures with different topological charges.
demonstrate the emergence of a finite, topology-dependent velocitiy transverse to the direction of the temperature gradient. We summarize the observed longitudinal dynamics under the term skyrmion Seebeck effect and
the transverse motion under the term skyrmion Nernst effect, in analogy to the classical Seebeck and Nernst
effect36,37. Our findings for the dynamics of skyrmions in temperature gradients are well explained by accompanying simulations of the scattering of a monochromatic magnon current at the skyrmionic spin structure. Using
an analytical approach based on Thiele’s e quation38 and scattering theory we identify linear momentum transfer
as the dominant mechanism for the skyrmion Seebeck and Nernst effect.

Results

Skyrmion Seebeck and skyrmion Nernst effect.

We simulate a spin model for a ( Pt0.95Ir0.05)/Fe bilayer
on a Pd(111) surface, a model which can stabilize skyrmionic structures with different topological charges, focusing on skyrmions (Q = 1), antiskyrmions (Q = −1), second order antiskyrmions (Q = −2) and the topologically trivial chimera skyrmions (Q = 0), see Fig. 1a. Note that the topological charges of the spin configurations
in the spin model are evaluated using the discrete version of the formula for Q, see for example Ref.39. Skyrmions
with Q = ±3 and Q = 2 that have also been observed in this system21 were omitted in this study due to their
limited thermal stability. Since it is topologically trivial, the Q = 0 structure depicted in Fig. 1a is not actually a
skyrmion. As it consists of one half of a skyrmion and one half of an antiskyrmion, it has been, however, referred
to as chimera skyrmion20, inspired by greek mythology. Nonetheless, we use the term skyrmionic spin structures
to include all four types of structures investigated here. We also want to emphasize that the DMI present in the
system under consideration, (Pt0.95Ir0.05)/Fe/Pd(111), breaks the symmetry between skyrmions with positive and
negative topological charges, which is responsible for the drastic difference in stability between skyrmions with
Q = ±2, see also Ref.20, and which gives rise to the difference in shape and size, and consequently in the dynamics, between skyrmions with Q = ±1. Furthermore we want to note that a possible impact of the orientation
of the skyrmions induced by an anisotropic shape, as reported for example in Ref.40, is neglected here, as their
orientation is unchanged during their motion.
Figure 1b shows the averaged trajectories of skyrmionic spin structures driven by a temperature gradient
∇T � −ex . It is the key finding of this study. All skyrmionic spin structures start at (0, 0) and, as time progresses,
they drift away from their initial position. We find that, depending on the topological charge, they move in
completely different directions. The longitudinal motion, which will be referred to as skyrmion Seebeck effect
in analogy to the classical Seebeck e ffect36, depends on topology: while skyrmionic spin structures with finite
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topological charge are driven towards the high temperature region, the topologically trivial chimera skyrmion
drifts towards the low temperature region. Furthermore, we find that the velocity transverse to the direction
of the temperature gradient is nonzero for all types of skyrmions and that its sign depends on the topological
charge: while antiskyrmions move towards the bottom in Fig. 1b, the skyrmion and the chimera skyrmion move
towards the top. The occurrence of transverse velocities is quite similar to the skyrmion Hall effect where the
skyrmionic spin structures are driven by a spin-polarized electrical current22,41. Since here the transverse velocities are induced by a temperature gradient, we term this phenomenon skyrmion Nernst effect, in analogy to the
classical and spin Nernst e ffect37,42.
The surprising observation that skyrmionic spin structures move in different directions depending on their
topological charge was found to be independent of the Gilbert damping α. The velocities parallel and perpendicular to the direction of the temperature gradient, v� = v · (−ex ) and v⊥ = v · (−ey ), for all skyrmionic spin
structures under investigation are displayed versus α in Fig. 1c, revealing an inverse proportionality for all
velocities. This is in contrast to an earlier work on this t opic30, where an inverse proportionality was reported
solely for the longitudinal velocity. We further find that the velocities of the chimera skyrmion are much larger
as compared to skyrmions and antiskyrmions. Together with the fact that chimera skyrmions are more easily
deformed, which gives rise to inertial effects, these peculiar dynamics are responsible for its initially nonlinear
trajectory depicted in Fig. 1b, in contrast to the other skyrmionic structures. Note that the chimera skyrmion
only reaches a regime of rigid body motion with constant velocity after having left the section shown in Fig. 1b
and, as a consequence, its skyrmion Nernst angle is smaller than it appears in this figure , cf. Fig. 2a.

Magnon‑skyrmion scattering. This variety of dynamics of different skyrmionic spin structures in a temperature gradient is not captured by earlier works on this topic30,31,43,44. Specifically, the fact that the topologically
trivial chimera skyrmion moves towards the cold regime, in connection with a finite transverse velocity, has not
been captured so far. We will now demonstrate that all these peculiar features of the skyrmion Seebeck and the
skyrmion Nernst effect as reported above can be explained by linear momentum transfer of an effective magnon
current34 – due to the magnonic spin Seebeck effect24,33 – to the skyrmionic spin structures. Firstly, we show by
means of spin model simulations that monochromatic magnon currents drive the skyrmionic spin structures
in the same directions as a temperature gradient and, secondly, we employ scattering theory in connection with
Thiele’s equation to identify linear momentum conservation as the relevant driving mechanism.
Magnon-skyrmion scattering
 can be studied in simulations by imposing forced oscillations of frequency ω
and a fixed amplitude Ã = Sx2 + Sy2 ≈ 2.5 × 10−2 on the spins along the edge of the system. This produces
magnons with wave vector k(ω) that propagate perpendicular to this edge. Upon encountering the skyrmionic
spin structures, the magnons are scattered and the skyrmion starts to move with a velocity v . The direction antiparallel to the wave vector k of the incident magnon and the skyrmion velocity v enclose an angle, which will be
referred to as skyrmion Nernst angle θ . Figure 2a depicts the skyrmion Nernst angle for the skyrmion, the
antiskyrmions and the chimera skyrmion as a function of the absolute value of the wave vector k of the monochromatic magnon current. The results is compared to the skyrmion Nernst angle obtained for the temperature
gradient motion at different values of |∇T|. Note, that since the thermal magnon current induced by a temperature gradient travels from the hot to the cold e nd33, the skyrmion Nernst angle in a temperature gradient has to
be defined as the angle between the skyrmion velocity and ∇T , in order to ensure consistency. Open symbols in
Fig. 2a correspond to the values obtained from the simulations and the dotted lines are the semi-analytic predictions based on scattering theory that will be discussed later on.
Figure 2a shows that the values for the skyrmion Nernst angles of magnon and temperature gradient driven
motion are in the same range, indicating that they are of common origin. The magnon current induced by a
temperature gradient is a superposition of monochromatic magnon currents which are weighed by their respective occupation numbers (classically ω/kB T ) and group velocities. For finite damping, one also needs to take
into account the finite propagation lengths of the magnon modes. This was done for example in a recent study
of ferrimagnetic domain wall motion in a temperature g radient45. Albeit we do not follow this procedure here,
we are nonetheless convinced that the results obtained for the magnon driven motion at hand provide sufficient
evidence that magnon scattering dictates the directions of the motion of skyrmionic spin structures in a temperature gradient as well, because these are in qualitative agreement regarding the motion towards either the
hot or the cold region or the skyrmion Nernst angle.
We will now proceed by demonstrating that linear momentum conservation is the relevant mechanism for
the skyrmion Seebeck and Nernst effect. For that purpose, we employ spin wave scattering theory together with
a rigid body approach for the skyrmion dynamics based on Thiele’s e quation38, Ge⊥ × v +
 αDv = F, with the
gyrocoupling G = −4πµs Q/(a2 γ ) and the trace of the dissipation tensor D = µs /(2a2 γ ) (∂x S)2 + (∂y S)2 d2 r
and µs , γ and a being the magnetic spin moment, the absolute value of the gyromagnetic ratio and the lattice
constant. Due to the complexity of the skyrmionic spin structures, an incoming magnon current is not only
deflected in a single direction. The fraction of the magnon current that is scattered in a certain direction is
given by the differential cross section ∂σ/∂χ, χ being the scattering angle. By assuming elastic scattering and
that the skyrmionic spin structure has a much larger mass than the magnon, the effective momentum transfer
force resulting from a monochromatic magnon current with k = (k, 0)T is given by (see Supplemental Material
for the derivation)
 




∂ω 2π
∂ω σ�
1 − cos χ ∂σ
F = |A|2 k
= |A|2 k
dχ
(1)
− sin χ
∂k 0
∂χ
∂k σ⊥
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Figure 2.  Skyrmionic spin structures driven by monochromatic magnon currents. (a) Skyrmion Nernst
angle θ versus absolute value of the wave vector k of the monochromatic magnon current and strength of
the temperature gradient |∇T| for skyrmionic spin structures with different topological charges at α = 0.01.
Open symbols correspond to the simulated values and dotted lines are the predictions from Eq. (3) based on
the differential cross sections. Note, that due to the lack of topological protection the chimera skyrmion gets
destroyed more easily by a finite temperature as compared to the other skyrmions and it was found to be stable
only at the lowest value for the temperature gradient that we simulated. (b) Illustration of magnons scattering
at an antiskyrmion. The magnons are emitted from the left with momentum pin and, after being scattered, leave
the system with pout, giving rise to the force Fmag via Eq. (1). For finite Q and small α, Thiele’s Eq. (2) predicts
that the velocity v is perpendicular to the force. For the antiskyrmion, the direction of the velocity can hence
be obtained by a clockwise rotation of Fmag . (c) Differential cross sections as a function of spatial coordinates
x, y obtained from simulation data for ω = 8.56 × 1013 s−1 and α = 0.01. The color coding has a cutoff value of
∂σ/∂χ = 3.2nm for the sake of visibility, because our method of calculating the differential cross section (see
Supplemental Material) yields very large values in the vicinity of the skyrmion core, where it is not applicable
anyway. (d) Differential cross sections as a function of the scattering angle χ obtained from simulation data
for α = 0.01. They are obtained by selecting all values of ∂σ/∂χ within an annulus of width 10a with an outer
diameter of 40a.

where A is the amplitude of the spin wave, σ� /σ⊥ is the longitudinal/perpendicular cross section and ∂ω/∂k is
the group velocity. For a quadratic dispersion relation, ω ∼ k2, the above formula (1) coincides with what was
derived via a Lagrangian approach in an earlier study46. The effective momentum transfer force is determined
by angular integrals over the differential cross section, weighted by 1 − cos χ and sin χ. This indicates that no
momentum is transferred for forward scattering (χ = 0) of the magnon. Furthermore, the component of F perpendicular to the wave vector is only finite for skew scattering, i.e. if the differential cross section is asymmetric
with respect to χ. Supplementing Eq. (1) to the Thiele equation yields
 
∂ω σ�
Ge⊥ × v + αDv = |A|2 k
(2)
∂k σ⊥
and the skyrmion Nernst angle can be calculated from this expression via
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θ = arctan
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σ�
σ⊥



(3)

The dynamics described by Eqs. (1), (2) and (3) are summarized in Fig. 2b: an incoming magnon is scattered
at the core of the skyrmionic spin structure and transfers the momentum pin − pout , giving rise to an effective
force Fmag . For a structure with finite Q, the second term (dissipation) in the Thiele Eq. (2) is usually much
smaller than the first term (gyrocoupling) and thus the force is approximately perpendicular to the velocity.
Depending on the sign of the topological charge, the direction of the velocity is obtained by either a clockwise or
counterclockwise rotation by π/2. For the chimera skyrmion the gyrocoupling is zero and the force is henceforth
parallel to the velocity.
The differential cross sections obtained from the simulations (for details on how to obtain them, see Supplemental Material) are shown in Fig. 2c as a function of spatial coordinates x, y and in Fig. 2d as a function of the
scattering angle χ. Multiple peaks in the differential cross section can be observed for all types of skyrmionic spin
structures. The occurrence of multiple peaks, or rainbow scattering, is in agreement with analytical predictions
for the Q = 1 skyrmion46. We furthermore find a pronounced asymmetry with respect to forward scattering for
skyrmionic spin structures with finite Q, giving rise to the so-called topological magnon Hall effect47, where the
magnons are predominantly deflected to negative χ for skyrmions and to positive χ for antiskyrmions. For the
chimera skyrmion we find three peaks: the forward scattering peak and one peak each for positive and negative
χ, respectively. We ascribe this to the fact that the chimera skyrmion consists of one region with positive topological charge and one region with negative topological charge: from a comparison with the differential cross
sections obtained for skyrmions and antiskyrmions, we conclude that these regions lead to the peaks at negative
and positive χ. The asymmetry of the peaks in the differential cross section is a result of the symmetry-breaking
between regions with positive and negative topological charges due to the DMI.
The resulting skyrmion dynamics can be understood from the differential cross sections using Eqs. (1) and (2).
For the antiskyrmions the situation is as sketched in Fig. 2b. The scattering of the magnons to positive χ results
in a force with negative transverse component. For small alpha it is v sk/ask ⊥ Fmag and, taking into account the
sign of the topological charge, one obtains the direction of the force by rotation by π/2 in clockwise direction,
giving rise to a longitudinal velocity that is opposite to the direction of the magnon current and a positive skyrmion Nernst angle. For the skyrmion, the situation is the opposite. Magnons are mainly scattered to negative χ,
the resulting force thus has a positive transverse component and the velocity is obtained via counter-clockwise
rotation by π/2. This again results in a longitudinal motion anti-parallel to the direction of the incident magnon,
but with a negative skyrmion Nernst angle. The situation for the chimera skyrmion is a little different. Since it
has zero topological charge, the gyrocoupling term in Thiele’s equation vanishes and we get v chim = F/(αD), so
the velocity is in the same direction as the force. The two peaks of the differential cross section at positive and
negative χ both lead to positive longitudinal forces, but the transversal forces have opposite sign. Since there
is a slight asymmetry in the peaks, the individual contributions do not completely cancel each other and the
transversal force attains a finite value. This explains why the chimera skyrmion has a small transverse velocity
and, equivalently, why its skyrmion Nernst angle is not exactly ±π
Finally, we come back to Fig. 2a. By virtue of Eq. (3), the skyrmion Nernst angle can be predicted solely
from the differential cross sections (dotted lines). These predictions agree well with the simulation results (open
symbols) and, hence, we identify linear momentum transfer of the magnon current to the skyrmionic spin structures—the basic assumption in the derivation of Eq. (1)—as the dominant contribution to the magnon driven
skyrmion motion. These findings also imply that magnon scattering is the main contribution to the dynamics in a
temperature gradient and, consequently, we conclude that the skyrmion Nernst angle depends on two aspects: the
position of the scattering peaks of the thermal magnon current, i.e. the topological magnon Hall effect induced
by the magnonic spin Seebeck effect, and the topological charge of the skyrmionic spin structure.

Conclusion

In this article, we examined the dynamics of skyrmionic spin structures with a variety of topological charges
driven either by a temperature gradient or monochromatic magnon currents by means of spin model calculations based on the stochastic Landau-Lifshitz-Gilbert equation. In a temperature gradient we found skyrmionic
spin structures moving in different directions, depending on their topological charge: while skyrmions with
finite Q move towards the hot region, the topologically trivial chimera skyrmion drifts towards the cold region.
Furthermore, the velocity perpendicular to the direction of the temperature gradient is nonzero for all types
of skyrmions and its sign depends on the topological charge. We summarize the longitudinal and transverse
dynamics under the terms skyrmion Seebeck effect and skyrmion Nernst effect, respectively.
Our findings are well explained by simulations of magnon-skyrmion scattering and a semi-analytic approach
based on Thiele’s equation and spin wave scattering. We find that a monochromatic magnon current gives
quantitatively similar results for the skyrmion Nernst angle as a temperature gradient and we identify linear
momentum transfer as the dominant mechanism.
Our results reveal two pathways to experimentally determine the topological properties of localized spin
structures. A temperature gradient could be used to sort them via their topological properties since localized
structures with vanishing, positive and negative topological charge move in completely different directions.
Moreover, the topology dependence of the skew scattering gives rise to the topological magnon Hall effect,
which could be exploited to determine the topological properties via measuring the transverse component of
a magnon current.
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Methods

Atomistic spin model. We model a (Pt0.95Ir0.05)/Fe bilayer on a Pd(111) surface considering only the magnetic Fe moments. Our atomistic spin model is based on a spin Hamiltonian,


1
H=
Si Jij Sj +
Si KSi −
µs Si · B,
(4)
2
i�=j

i

i

for normalized magnetic moments Si . Ab initio v alues48,49 were used for the tensorial exchange coefficients Jij
(which model Heisenberg-exchange, Dzyaloshinsky-Moriya interaction and two-site anisotropy), the on-site
anisotropy tensor K and the magnetic spin moment µs. The external magnetic field B is applied perpendicularly
to the surface and has a fixed value of B⊥ = 0.5T throughout the study. The ground state of the system is a spin
spiral state which, upon application of a field of B⊥  0.21T, transforms into a collinear state20. Skyrmionic spin
structures with various topological charges Q can then occur as metastable excitations. So far, skyrmionic spin
structures with topological charges ranging from −3 to 3 have been identified21.
The time evolution of the spins is calculated by the means of the stochastic Landau-Lifshitz-Gilbert equation
of motion35,

∂Si
γ
Si × (Hi + αSi × Hi )
=−
∂t
(1 + α 2 )µs

(5)

where α is the Gilbert damping parameter and γ is the absolute value of the gyromagnetic ratio. The effective
field Hi = −∂H/∂Si + ζi contains both the deterministic field resulting from the spin Hamiltonian (4) and
the stochastic field ζi which is characterized by �ζi (t)� = 0 and �ζi (t)ζjT (t ′ )� = 2αµs kB Ti 1δij δ(t − t ′ )/γ with kB
being the Boltzmann constant. Note, that – since we are interested in temperature gradients – the temperature
is position dependent, which is indicated by the index i.
The numerical integration of the stochastic Landau-Lifshitz-Gilbert equation is performed via a GPU-based
implementation of the Heun a lgorithm35. We simulate with a fixed timestep t = 1.4 × 10−15 s and open boundary conditions. Unless stated otherwise, the temperature gradient is assumed to be in x-direction and has a fixed
value of ∂T/∂x = 0.01K/a , with a = 2.751 × 10−10 m being the lattice constant, such that the local temperature
is given by Ti = (∂T/∂x)xi . Since the system we simulate consists of 256 × 128 unit cells, the temperature difference between the hot and cold end of the system is then approximately 3K . As thermal skyrmion dynamics
are stochastic, we perform multiple simulations (between eight and 50) for a given set of parameters and average
over the resulting trajectories.
To study the magnon driven motion of skyrmionic spin structures, we simulate at zero
temperature and excite
Sx2 + Sy2 ≈ 2.5 × 10−2
Ã
=
ω
monochromatic magnons via forced oscillations
of
frequency
with
fixed
amplitude

edge
edge
edge
2
along one edge of the system, i.e. Sz = 1 − Ã , Sx = Ã cos ωt and Sy = Ã sin ωt .
Received: 13 December 2021; Accepted: 28 March 2022

References

1. Bogdanov, A. & Hubert, A. Thermodynamically stable magnetic vortex states in magnetic crystals. J. Magn. Magn. Mater. 138,
255–269. https://doi.org/10.1016/0304-8853(94)90046-9 (1994).
2. Mühlbauer, S. et al. Skyrmion lattice in a chiral magnet. Science 323, 915–919. https://doi.org/10.1126/science.1166767 (2009).
3. Yu, X. Z. et al. Real-space observation of a two-dimensional skyrmion crystal. Nature 465, 901 (2010).
4. Wilhelm, H. et al. Precursor phenomena at the magnetic ordering of the cubic helimagnet fege. Phys. Rev. Lett. 107, 127203. https://
doi.org/10.1103/PhysRevLett.107.127203 (2011).
5. Münzer, W. et al. Skyrmion lattice in the doped semiconductor Fe 1−x Co x Si . Phys. Rev. B 81, 041203. https://doi.org/10.1103/
PhysRevB.81.041203 (2010).
6. Adams, T. et al. Long-wavelength helimagnetic order and skyrmion lattice phase in Cu2 OSeO3. Phys. Rev. Lett. 108, 237204. https://
doi.org/10.1103/PhysRevLett.108.237204 (2012).
7. Kézsmárki, I. et al. Néel-type skyrmion lattice with confined orientation in the polar magnetic semiconductor GaV 4 S 8 . Nat. Mater.
14, 1116 (2015).
8. Tokunaga, Y. et al. A new class of chiral materials hosting magnetic skyrmions beyond room temperature. Nat. Commun. 6, 7638
(2015).
9. Romming, N. et al. Writing and deleting single magnetic skyrmions. Science 341, 636–639. https://doi.org/10.1126/science.12405
73 (2013).
10. Hsu, P.-J. et al. Electric-field-driven switching of individual magnetic skyrmions. Nat. Nanotechnol. 12, 123 (2016).
11. Moreau-Luchaire, C. et al. Additive interfacial chiral interaction in multilayers for stabilization of small individual skyrmions at
room temperature. Nat. Nanotechnol. 11, 444 (2016).
12. Dzyaloshinsky, I. A thermodynamic theory of weak ferromagnetism of antiferromagnetics. J. Phys. Chem. Solids 4, 241–255. https://
doi.org/10.1016/0022-3697(58)90076-3 (1958).
13. Moriya, T. New mechanism of anisotropic superexchange interaction. Phys. Rev. Lett. 4, 228–230. https://doi.org/10.1103/PhysR
evLett.4.228 (1960).
14. Okubo, T., Chung, S. & Kawamura, H. Multiple-q states and the skyrmion lattice of the triangular-lattice heisenberg antiferromagnet
under magnetic fields. Phys. Rev. Lett. 108, 017206. https://doi.org/10.1103/PhysRevLett.108.017206 (2012).
15. Leonov, A. O. & Mostovoy, M. Multiply periodic states and isolated skyrmions in an anisotropic frustrated magnet. Nat. Commun.
6, 8275. https://doi.org/10.1038/ncomms9275 (2015).
16. Kharkov, Y. A., Sushkov, O. P. & Mostovoy, M. Bound states of skyrmions and merons near the lifshitz point. Phys. Rev. Lett. 119,
207201. https://doi.org/10.1103/PhysRevLett.119.207201 (2017).
17. von Malottki, S., Dupé, B., Bessarab, P. F., Delin, A. & Heinze, S. Enhanced skyrmion stability due to exchange frustration. Sci.
Rep. 7, 12299. https://doi.org/10.1038/s41598-017-12525-x (2017).

Scientific Reports |
Vol:.(1234567890)

(2022) 12:6801 |

https://doi.org/10.1038/s41598-022-10550-z

6

www.nature.com/scientificreports/
18. Yuan, H. Y., Gomonay, O. & Kläui, M. Skyrmions and multisublattice helical states in a frustrated chiral magnet. Phys. Rev. B 96,
134415. https://doi.org/10.1103/PhysRevB.96.134415 (2017).
19. Mutter, T. T. J., Leonov, A. O. & Inoue, K. Skyrmion instabilities and distorted spiral states in a frustrated chiral magnet. Phys. Rev.
B 100, 060407. https://doi.org/10.1103/PhysRevB.100.060407 (2019).
20. Rózsa, L. et al. Formation and stability of metastable skyrmionic spin structures with various topologies in an ultrathin film. Phys.
Rev. B 95, 094423. https://doi.org/10.1103/PhysRevB.95.094423 (2017).
21. Rózsa, L., Weißenhofer, M. & Nowak, U. Spin waves in skyrmionic structures with various topological charges. J. Phys. Condens.
Matter 33, 054001. https://doi.org/10.1088/1361-648x/abc404 (2020).
22. Weißenhofer, M. & Nowak, U. Orientation-dependent current-induced motion of skyrmions with various topologies. Phys. Rev.
B 99, 224430. https://doi.org/10.1103/PhysRevB.99.224430 (2019).
23. Weißenhofer, M. & Nowak, U. Diffusion of skyrmions: the role of topology and anisotropy. New J. Phys. 22, 103059. https://doi.
org/10.1088/1367-2630/abc1c9 (2020).
24. Hinzke, D. & Nowak, U. Domain wall motion by the magnonic spin seebeck effect. Phys. Rev. Lett. 107, 027205. https://doi.org/
10.1103/PhysRevLett.107.027205 (2011).
25. Yan, P., Wang, X. S. & Wang, X. R. All-magnonic spin-transfer torque and domain wall propagation. Phys. Rev. Lett. 107, 177207.
https://doi.org/10.1103/PhysRevLett.107.177207 (2011).
26. Schlickeiser, F., Ritzmann, U., Hinzke, D. & Nowak, U. Role of entropy in domain wall motion in thermal gradients. Phys. Rev.
Lett. 113, 097201. https://doi.org/10.1103/PhysRevLett.113.097201 (2014).
27. Jiang, W. et al. Direct imaging of thermally driven domain wall motion in magnetic insulators. Phys. Rev. Lett. 110, 177202. https://
doi.org/10.1103/PhysRevLett.110.177202 (2013).
28. Quessab, Y. et al. Helicity-dependent all-optical domain wall motion in ferromagnetic thin films. Phys. Rev. B 97, 054419. https://
doi.org/10.1103/PhysRevB.97.054419 (2018).
29. Wang, Z. et al. Thermal generation, manipulation and thermoelectric detection of skyrmions. Nat. Electr. 3, 672–679. https://doi.
org/10.1038/s41928-020-00489-2 (2020).
30. Kong, L. & Zang, J. Dynamics of an insulating skyrmion under a temperature gradient. Phys. Rev. Lett. 111, 067203. https://doi.
org/10.1103/PhysRevLett.111.067203 (2013).
31. Lin, S.-Z., Batista, C. D., Reichhardt, C. & Saxena, A. ac current generation in chiral magnetic insulators and skyrmion motion
induced by the spin seebeck effect. Phys. Rev. Lett. 112, 187203. https://doi.org/10.1103/PhysRevLett.112.187203 (2014).
32. Yu, X. et al. Real-space observations of 60-nm skyrmion dynamics in an insulating magnet under low heat flow. Nat. Commun.
12, 5079. https://doi.org/10.1038/s41467-021-25291-2 (2021).
33. Uchida, K. et al. Spin seebeck insulator. Nat. Mater. 9, 894–897. https://doi.org/10.1038/nmat2856 (2010).
34. Iwasaki, J., Beekman, A. J. & Nagaosa, N. Theory of magnon-skyrmion scattering in chiral magnets. Phys. Rev. B 89, 064412. https://
doi.org/10.1103/PhysRevB.89.064412 (2014).
35. Nowak, U. Classical Spin Models (J. Wiley, New York, 2007).
36. Seebeck, T. J. Über die magnetische Polarisation der Metalle und Erze durch Temperaturdifferenz. Ann. Phys. 82, 253–286. https://
doi.org/10.1002/andp.18260820302 (1826).
37. Ettingshausen, A. & Nernst, W. Über das Auftreten electromotorischer Kräfte in Metallplatten, welche von einem Wärmestrome
durchflossen werden und sich im magnetischen Felde befinden. Ann. Phys. 265, 343–347. https://doi.org/10.1002/andp.18862
651010 (1886).
38. Thiele, A. A. Steady-state motion of magnetic domains. Phys. Rev. Lett. 30, 230–233. https://doi.org/10.1103/PhysRevLett.30.230
(1973).
39. Schick, D., Weißenhofer, M., Rózsa, L. & Nowak, U. Skyrmions as quasiparticles: free energy and entropy. Phys. Rev. Bhttps://doi.
org/10.1103/PhysRevB.103.214417 (2021).
40. Huang, S. et al. Stabilization and current-induced motion of antiskyrmion in the presence of anisotropic dzyaloshinskii-moriya
interaction. Phys. Rev. B 96, 144412. https://doi.org/10.1103/PhysRevB.96.144412 (2017).
41. Nagaosa, N. & Tokura, Y. Topological properties and dynamics of magnetic skyrmions. Nat. Nanotechnol. 8, 899 (2013).
42. Meyer, S. et al. Observation of the spin nernst effect. Nat. Mater. 16, 977–981. https://doi.org/10.1038/nmat4964 (2017).
43. Kovalev, A. A. Skyrmionic spin seebeck effect via dissipative thermomagnonic torques. Phys. Rev. B 89, 241101. https://doi.org/
10.1103/PhysRevB.89.241101 (2014).
44. Kim, S. K. & Tserkovnyak, Y. Landau-lifshitz theory of thermomagnonic torque. Phys. Rev. B 92, 020410. https://doi.org/10.1103/
PhysRevB.92.020410 (2015).
45. Donges, A. et al. Unveiling domain wall dynamics of ferrimagnets in thermal magnon currents: Competition of angular momentum
transfer and entropic torque. Phys. Rev. Res. 2, 013293. https://doi.org/10.1103/PhysRevResearch.2.013293 (2020).
46. Schütte, C. & Garst, M. Magnon-skyrmion scattering in chiral magnets. Phys. Rev. B 90, 094423. https://doi.org/10.1103/PhysR
evB.90.094423 (2014).
47. Mochizuki, M. et al. Thermally driven ratchet motion of a skyrmion microcrystal and topological magnon hall effect. Nat. Mater.
13, 241–246. https://doi.org/10.1038/nmat3862 (2014).
48. Rózsa, L. et al. Skyrmions with attractive interactions in an ultrathin magnetic film. Phys. Rev. Lett. 117, 157205. https://doi.org/
10.1103/PhysRevLett.117.157205 (2016).
49. Zázvorka, J. et al. Thermal skyrmion diffusion used in a reshuffler device. Nat. Nanotechnol. 14, 658–661. https://doi.org/10.1038/
s41565-019-0436-8 (2019).

Acknowledgements

The authors thank Levente Rózsa for fruitful discussions. This work was financially supported by the Deutsche
Forschungsgemeinschaft (DFG, German Research Foundation) through Project No. 403502522 and the SFB 1432.

Author contributions

M.W. conceived the project, performed the simulations, derived the momentum transfer force and analyzed
the data. U.N. supervised the project. All authors discussed the results and the implications and reviewed the
manuscript.

Funding

Open Access funding enabled and organized by Projekt DEAL.

Competing interests

The authors declare no competing interests.

Scientific Reports |

(2022) 12:6801 |

https://doi.org/10.1038/s41598-022-10550-z

7
Vol.:(0123456789)

www.nature.com/scientificreports/

Additional information

Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-022-10550-z.
Correspondence and requests for materials should be addressed to M.W.
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://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2022

Scientific Reports |
Vol:.(1234567890)

(2022) 12:6801 |

https://doi.org/10.1038/s41598-022-10550-z

8

