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Topological magnetic solitons, such as skyrmions, exhibit intriguing particle-like properties that make
them attractive for fundamental research and practical applications. While many magnetic systems
can host skyrmions as statically stable configurations, chiral magnets stand out for their ability to
accommodate a wide diversity of skyrmions with arbitrary topological charges and varied
morphologies. Despite extensive investigation, a complete understanding of chiral magnetic
skyrmions has remained elusive. We present a classification of all chiral skyrmions, demonstrating
three classes based on their response to external magnetic field pulses: stationary, translating, and
rotating. We highlight the role of magnetic texture symmetry in this classification. Skyrmions with
varied dynamics offer avenues for exploring phenomena like skyrmion-skyrmion scattering that might

be crucial for future applications.

Skyrmions are well-localized in space, topologically nontrivial magnetic
textures, attractive for future information computing devices, from classical'
to neuromorphic’ and quantum’. Skyrmions were first predicted* and
experimentally observed™® in chiral magnets—a special type of materials
characterized by competing Heisenberg exchange and Dzyaloshinskii-
Moria interaction”® (DMI). The prominent examples of chiral magnets are
B20-type crystals, e.g., Fe; ,Co,Si*’, FeGe'"", MnSi*", and others
compounds”. Besides that, skyrmions were also observed in many other
magnetic crystals and heterostructures'.

The whole family of chiral magnets can be roughly divided into three-
dimensional (3D) and two-dimensional (2D) systems. Excluding apparent
phenomena unique to 3D systems, e.g., the skyrmion braiding effect'® or
stability of chiral bobbers'” and hopfion rings'®, many phenomena can occur
both in 2D and 3D systems. A prominent example of such phenomena is the
coexistence of skyrmions and antiskyrmions, which first was theoretically
predicted by 2D model"” and later were observed by means of Lorentz
transmission electron microscopy (TEM) in a thin film of FeGe™. As such,
the predictive capacity of the 2D model in chiral magnets provides a robust
framework for anticipating effects across both 2D and 3D systems.

In the micromagnetic framework, the total energy of a thin plate of an
isotropic chiral magnet can be written as follows:

E= /{A|Vn|2 + Dwp(n) — M B, - n} AldS, 1)

where n is the magnetization unit vector field, M is the saturation mag-
netization of the material, A and D are the exchange stiffness constant and
the DMI constant, respectively. Since we consider the 2D model, the
magnetization field n is assumed uniform across the film thickness, AL

The DMI term wp(n) is defined by combinations of Lifshitz invariants,
Agjk) = m;0xn; — m;0;n;. Without loss of generality, in our calculations, we
assume Bloch-type DMI where w(n) = A(Zj) + AY). However, the results
presented here are also valid for systems with Néel-type modulations® ** as
well as for crystals with D,4 or S, point group symmetry”**.

The last term in (1) is the Zeeman interaction with the external
magnetic field, which is assumed perpendicular to the plane of the
film, Bex; = Be,. In a more particular case, the Hamiltonian (1) can
also include the magnetocrystalline anisotropy and the demagnetiz-
ing field energy terms. These terms, however, do not change the
presented results qualitatively, so we exclude them in favor of the
simplicity. Moreover, we employ dimensionless units** of distances
given with respect to the equilibrium period of chiral modulations at
the ground state, L, = 4m.A/D. The strength of the external magnetic
field is given in units of the saturation field, B, = D*/(2M_.A). Here,
we neglect the demagnetizing field in (1), as in the limit of an
extended 2D plate with Al — 0, it can be treated as an effective easy-
plane anisotropy and a rescaled external magnetic field. However, in
Supplementary Note 1, we demonstrate the stability of various sky-
rmions considered in this work in the film of finite thickness and in
the presence of the demagnetizing fields (see Supplementary Fig. 1).
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Recently, a series of works”~ reported the discovery of a wide diversity
of magnetic skyrmions as statically stable solutions of the 2D model of chiral
magnet. In Fig. la, we provide representative examples of such solutions,
including skyrmion bags”** and skyrmions with chiral kinks”. So-called
tailed skyrmions, which were reported recently”, are not shown in Fig. 1a
but are also discussed in this study.

Until now, the dynamical properties of chiral magnetic skyrmions with
arbitrary topological charge have been discussed mainly in the context of
transnational motion induced by electric current”™. It was shown that
besides the topological charge,

Q= ﬁ/n . [an X ayn] ds, ?2)
which defines the skyrmion Hall effect, the rotational symmetry of sky-
rmions represents another important characteristic determining the
dynamics™. The order of rotational symmetry k, of a 2D localized magnetic
texture is defined as the number of times the texture is transformed into itself
when it undergoes a complete in-plane rotation. In other words, k; is the
maximum integer for which the following symmetry holds™:

n(r) = R(+¢)n(R(-¢)r), (€)

where R(¢) is the 3 x 3 rotation matrix about the z-axis by angle ¢ = 2n/k.
The sign + in Eq. (3) accounts for different types of DMI [see Ref. 36 for
details]. In the case of axially symmetric skyrmions, e.g., ordinary m-sky-
rmion and skyrmionium, one has k, = oo.

Here, we show that the whole family of 2D chiral magnetic skyrmions
can be categorized into three classes based on skyrmion’s topological index,
Q, and its order of rotational symmetry, ks [Fig. la]. Each class is char-
acterized by a particular dynamics in response to a short pulse of external
magnetic field. As we show below performing numerical simulations with
the Landau-Lifshitz-Gilbert (LLG) equation, some skyrmions exhibit
translational motion, some rotational motion and some skyrmions stay at
rest without motion.

Staying at rests
skyrmions

Results

External field pulse

It is well known that the motion of magnetic skyrmions can be induced by
various stimuli, e.g., by a gradient of the internal parameters (for instance,
A, D or M,) or by external parameters such as applied magnetic field”, or
temperature”. The translation motion of magnetic skyrmions also can be
induced by electrical current'”, spin waves", etc. Here we consider the
skyrmion dynamics induced by the short pulses of the perpendicular
external magnetic field, Bey(f) = By + 8B(t), where By is a constant magnetic
field, and 0B(f) < By < Bp is a small perturbation varying over time [Fig. 1b].
In the case of zero damping, & = 0, the whole energy of the pulse is trans-
ferred to the magnetic texture dynamics, which, depending on the skyrmion
type, can correspond to translational or rotational motion of the skyrmion
[Fig. 1b]. For 8B(t) < Bp, the translational or rotational velocity follows the
same time dependence as §B(f) [blue lines in Fig. 1b]. In this regime, the
skyrmion is set in motion at the rising edge of the pulse and returns to rest at
the falling edge of the pulse. Between the pulses, the skyrmion velocity
remains constant, justifying an adiabatic approximation where we consider
the steady-state velocity of a skyrmion in a static field.

In the case of finite damping, a >0, the behavior of the system will
depend on the ratio between the interval between the rising and falling edges
of pulses, At, and the relaxation time, t,, which in the first approximation is
inversely proportional to the damping parameter, t,~M(ya)~". For a short
interval between pulses, At < t,, when the system is not able to reach
relaxation, the velocity of the skyrmion might exhibit the sign flip for a short
period of time. As in the case of zero damping, the resulting distance, r,,
traveled by the skyrmion in this case, will still be non-zero [red lines in
Fig. 1b]. Thereby, two cases of @ = 0 and 0 < & < 1 are qualitatively identical.

On the contrary, in the case of At > t,, [green lines in Fig. 1b], the
skyrmion reaches relaxation between the pulses and returns to its initial
position after application of the second pulse. This scenario, which may
naturally take place in the system with high damping, leads to the vibration
of skyrmions—when the position of the skyrmion is changing in time, but
the average distance traveled by skyrmion equals zero, r; = 0. Note that all of
the above is valid not only for translation but also for the rotational
dynamics of skyrmions.

Rotating skyrmions

— O<oxl1
— O<asl

Moving skyrmions

Fig. 1 | Three fundamental classes of chiral magnetic skyrmions. a shows diverse
solutions of chiral magnetic solitons in 2D that can be decomposed into three classes
based on their response to a step-like pulse of the external magnetic field. The order
of the skyrmion rotation symmetry (k) and skyrmion topological charge Q uniquely
define the skyrmion dynamical class. Topologically trivial solutions with low sym-
metry, Q=0 and k, = 1, belong to the class of solitons moving with constant linear
velocity, v # 0. The high symmetry skyrmions with 1 < k < eo are the solitons rotating
about their geometrical center with constant angular velocity, w # 0. All other
skyrmions belong to the class of solitons, which exhibit the breathing mode only,

with v=0 and w = 0. The top-left zoom-in schematically illustrates the magnetic
vector field of a 77-skyrmion and explains the standard color code used throughout
the paper: white and black pixels represent magnetic moments aligned parallel and
antiparallel to the z-axis, respectively, while red, green, and blue indicate the azi-
muthal angle relative to the x-axis. b shows the magnetic field pulse §B(t) and the
dynamical response of the solitons: velocity (v, w) and collective coordinate r; as a
function of time. Dependencies v, w, r; on time are different for various dissipation
regimes: zero damping (blue), infinitesimally small damping (red), and strong
damping (green).
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The results presented in this work are based on the nondissipative
dynamics approach, which, as we have mentioned above, remain qualita-
tively equivalent to the case of small damping, 0 < @ < 1, and short pulses.
Numerical simulations of such skyrmion dynamics were performed in
Mumax* with Gilbert damping, a, set to zero. To ensure that the whole
energy of the pulse is transferred into skyrmion motion, we use pulses of a
smooth profile and very weak intensity, 6B = 0.01Bp. Otherwise, the field
pulse can excite combined vibrational translational motion modes, which
may even lead to skyrmion instability. In most cases, we succeed in
decoupling two types of excitations. However, in some cases, it has proved
impossible to completely avoid the coupling between translational and
vibrational modes. Such cases are discussed separately in the text.

Symmetry analysis

The skyrmion behavior observed in the numerical experiment and sum-
marized in Fig. 1 can be understood using the collective coordinate
approach. In the literature, this approach, based on the assumption of rigid
translation or rotation of magnetic solitons, is also known as the Thiele
approach®. For further convenience, we parametrize magnetization using
the spherical angles, n = (sin ® cos @, sin @ sin @, cos ®) and consider
translational and rotational motion of skyrmions separately.

In the case of translational motion induced by external field pulse, the
corresponding equation of motion can be written as ®(r, ) = ®(r — vt) and
O(r, t) = O(r — vt) where v = (v, V) is a slowly-varying in time velocity of
skyrmion. The velocity v should satisfy the Thiele equation™:

ez><v/ qdS =0, (4)

where g = (47)~" 0,09, — 8},@8)(@1) sin @ is the topological charge
density. It is worth emphasizing that the Thiele equation is derived from the
energy conservation law.

In the case of rotational motion, the dynamics of magnetic texture can
be described as D(x,y,t) = O(x,y") — wt and O(x,y,t) = O, y),
where w is the angular velocity and (x’, y’) are rotated coordinates:

x' = xcoswt — ysinwt, y = ycoswt + x sin wt. (5)

In this case, the Thiele equation can be written as*:

w/ qxdS =0, w/ qydS = 0. 6)

Interestingly, equations (4) and (6) can only yield non-trivial solutions
(v#0 or w # 0) when the corresponding integrals of ¢, gx, and gy are zero. In
the next sections, we provide the exact equations for these velocities by
considering an approach that goes beyond the Thiele approximation.
However, to distinguish magnetic skyrmions by their dynamics from the
very general perspective, it is enough to consider Egs. (4) and (6). In par-
ticular, assuming a skyrmion satisfies either Eq. (4) or Eq. (6), we can
categorize skyrmions into three types based on their rotational symmetry
order, k, and topological charge, Q.

Let us start with Eq. (6) for skyrmion rotation. The charge density q has
the same rotation symmetry as the corresponding magnetization field, and
can be written as a Fourier series in polar coordinates
(x,) = (pcos¢,psin¢g). It is easy to show that g~ acos(k,$)+
b sin(k,¢) and thus the necessary condition of zeroing integrals gx and gy in
(6) is ks > 1. Thereby, low-symmetry skyrmions with k=1 cannot rotate
with fixed angular velocity because, in this case, Eq. (6) has only one solu-
tion, w = 0. On the other hand, any high symmetry skyrmions with k;>2
possess the ability to rotate. The aforementioned criterion applies to sky-
rmions of any arbitrary topological charge, including topologically trivial
solitons. Finally, it is worth noting that in the case of axially symmetric
solutions, k, = oo, the angular velocity w, is ill-defined. The latter is easy to
understand since, for an axially symmetric soliton in a perpendicular field,

there are no orientational parameters, and all directions are equivalent.
Because of that, all axially symmetric skyrmions must be excluded from the
first class of solutions characterized by rotational motion.

Now let us consider the second class of solutions for skyrmions, which
satisfies Eq. (4) for translational motion. It is evident that to make the
integral in (4) equal to zero, the skyrmion must be topologically trivial,
Q = 0. On the other hand, the solutions with Q = 0 formally satisfy the above
criteria for rotating skyrmions when they have a high symmetry. The only
solutions, which do not overlap with the first class are the topologically
trivial Q = 0, skyrmions with single-fold symmetry, k; = 1. In the next sec-
tion, we provide more rigorous arguments in favor of this statement.

The third class is composed of all the other skyrmions that do not
satisfy the criteria for the first and second classes. All axially symmetric
solutions belong to this class irrespective of the topological charge. Besides
that, all low-symmetry skyrmions with k=1 and nonzero topological
charges, Q # 0, also belong to the third class. In agreement with the above,
the numerical simulations show that the magnetic field pulses cannot induce
either rotation or translation of these skyrmions. Magnetic field pulses excite
only self-vibrating modes of such skyrmions, which can be effectively
suppressed by using smooth profile pulses [Supplementary Movie 1].

Skyrmion velocities

The classification of chiral skyrmions outlined in the previous section is
qualitative. The latter means that the exact values for the linear, v, and
angular, w, skyrmion velocities, do not follow from the Thiele equations (4),
(6). Deriving analytical expressions for velocities and their dependencies on
the model parameters, e.g., pulse intensity, 8B, requires going beyond the
Thiele approach. One way of doing that is to take into account the con-
servation of other quantities rather than energy conservation as in the
original Thiele approach. Earlier, Papanicolaou and Tomaras showed that
at zero damping, a linear momentum conservation law holds for moving
solitons and a angular momentum conservation law holds for rotating
solitons. In Supplementary Note 2, we derive the following equations for
translational skyrmion motion:

v.-p = —ymdB, 7)
and for skyrmion rotation:
w(l+ m) = —ymdB. 8)

In (7) and (8), y is the gyromagnetic ratio, m is remanent magnetization
along the z-axis, p is the skyrmion linear momentum, / is the skyrmion

angular momentum which can be written as follows™:

oD oo
p://,t(exa-i—ey@)ds, (9)

o0 9D
= [l

where y = (4m) 71 — cos ©) is magnon density. Since equations (7) and
(8) are linear with respect to velocities, they are straightforward to solve.
However, the calculation of the momentum integrals, p and [ in (9), (10)
(Supplementary Note 3), may present a challenge. Nevertheless, in some
simple cases discussed in the following section, p and I can be easily cal-
culated. Furthermore, one can demonstrate a connection between the
momenta p and [ and the topological charge density q [Supplemen-
tary Note 3].

One of the advantages of Egs. (7) and (8) is that contrary to the original
Thiele equation, they can describe the dynamics where the velocities are
allowed to change in time. The latter, however, is true for negligibly small
damping only. Moreover, it is important to emphasize that Eqgs. (7) and (8)
can be used only together with the above symmetry analysis and skyrmion
classification based on Thiele equations (4) and (6). The above statement

(10)
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can be illustrated as follows. Let us consider any axially symmetric skyrmion,
which, according to the symmetry analysis of Thiele equations and
numerical experiment, exhibits neither rotational (w = 0) nor translational
motion (v = 0). The formal nonzero solutions of (7) and (8), in this case, do
not have a physical meaning,

The dynamics of the most compact skyrmions

As follows from (7), (8), translational (v) and angular (w) velocities are
linearly proportional to the field pulse, §B. Proportionality coefficients
represent p and /, the values of which are not so obvious since the corre-
sponding integrals in (9), (10) depend on the details of the skyrmion
structure. As it was shown in Ref. 46, for skyrmions with simple cores, the
momenta p and [ can be calculated straightforwardly. By simple cores, we
assume that the regions with #n, = — 1 represent points. In the opposite case,
when the regions with n,= — 1 represent extended segments, e.g., closed
lines, arcs, etc., we say that the skyrmion has complex cores.

The most compact skyrmions characterized by the presence of only
simple cores are depicted in Fig. 2a-c. The m-skyrmion with Q=— 1
depicted in a belongs to the class of resting solitons, the chiral droplet” with
Q = 0in b belongs to moving solitons, and the antiskyrmion"’ with Q = linc
belongs to the class of rotating skyrmions. As follows from the magneti-
zation profiles, the 77-skyrmion, chiral droplet and antiskyrmion have one,
two, and three simple cores, respectively.

According to our classification, only the droplet and antiskyrmion can
demonstrate pulse-induced motion. In the numerical experiment, we esti-
mated the velocities of the chiral droplet and antiskyrmion for various pulse
strengths (Method). In Fig. 2d, e, we provide this data together with the
solutions of Egs. (7), (8) for comparison. We observe a good agreement for
small pulse amplitude. The snapshots of the droplet and antiskyrmion at
different times are depicted in f and g, respectively. For the chosen

parameters (Method), the droplet linear velocity is ~ 1.7m/s, and the
antiskyrmion angular velocity is ~ 70 MHz.

Dynamics of skyrmion bags, kinked and tailed skyrmions

To illustrate the validity of the above classification, we examined a large
variety of statically stable solutions that were predicted before” . For
instance, Fig. 3a—e show the set of topologically trivial skyrmions with
single-fold symmetry, k; = 1. Supplementary Movie 2 illustrates the
dynamics of skyrmions depicted in Fig. 3a-e and the droplet soliton after
applying the pulse. Comparison of the velocities allows us to deduce that the
37-skyrmion with chiral kink depicted in a has the highest speed, 2.01 m/s
among all other skyrmions. Note, that all textures depicted in Fig. 3 are
stabilized at slightly different applied fields, but their dynamics are induced
by the pulse of the same amplitude, JB.

Skyrmions a-d have a mirror symmetry (see Supplementary Fig. 2)
with respect to line x = y. The linear velocity of such skyrmions is always
pointing perpendicular to the mirror axis [Supplementary Note 3]. The
example of a solution with a lack of such mirror symmetry is given in e.

For the skyrmionium with a tail depicted in ¢, we observe the presence
of additional vibrations. We explain such vibration by the excitation of a
skyrmion breathing mode. In the case of other skyrmions, the presence of
such vibrations is much less prominent and can be thought of as a small
perturbation on top of the main type of dynamics. The excitation of these
modes can be suppressed by applying a smoother pulse shape. That means
that the transition from By, to By + B is more extended in time, similar to
what is indicated in Supplementary Movie 1. In the case of tailed skyrmions,
asmooth shape profile may not be sufficient, and one has to reduce the pulse
amplitude in addition.

Different high-symmetry rotating skyrmions are shown in Fig. 3fj.
The skyrmion bag in f and skyrmion with chiral kinks on the inner shell in i

a b s d Chiral droplet
0 e
S o- Theory
v -
- -  — | c— z 10
'ty — L
l g %
X 0.0—==
e
1.0 N 01 Antiskyrmion
c IG] .
205 = 0.08
g £ o
£ 0 o =071 S 006
) —n 2 0.04
©-0.5 n S
= y = 0.02
—n, =y _===
-1.0 c 0==
-1.0-0.5 0.0 0.5 -1.0 -0.5 0.0 0.5 -1.0 -0.5 0.0 0.5 < 0.0 0.2 0.4 0.6 0.8 1.0
X/Lp X/Lp x/Lp Pulse 6B/By ,%
f T t=0 " 2ns " 4ns " 6ns " 8ns ™ 10ns 12ns " 14ns
N 1 1 1 1 1 1 1
9 . t=0 ' 10ns " 20ns " 30ns " 40ns " sons " 60ns " 70ns

Fig. 2 | The most compact skyrmions of the three classes. a-c shows magnetic

textures of the 7-skyrmion, chiral droplet, and antiskyrmion stabilized at magnetic
field = 0.62. The magnetization components n(x) along the line y = 0 are shown
below. Hollow circles and squares denote the position of solitons' cores n, = n, = 0
and n, = — 1 with winding v =+ 1 and v = — 1, respectively, as provided in the top left

inset. d and e show the comparison between velocities obtained in simulations and
found analytically for the chiral droplet and antiskyrmion for the pulses of various
amplitude. Dynamics for those solitons excited by the pulse dB = 0.01Bp, can be seen
from f and g providing the system snapshots at different times. For the color code
used in panels a-c, f and g, we refer the reader to the top-left zoom-in in Fig. la.
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a b C d e
6B>0 v=2.01 m/s 6B<0 1.2 m/s 1.18 m/s 6B<0 1.0 m/s 6B>0 0.98 m/s
6B>0
y
l—»x h=0.7 h=0.66 h=0.62 h=0.7 h=0.74 0.74
f g h i i
Q=+1 w=0.32 GHz Q=+3 0.17 GHz Q=+4 0.18 GHz Q=-5 =0.4% Gz Q=0 0.08 GHz
k=2 k=3 k=2 k=5 k
0.67 0.65 0.65 0.67 0.625

Fig. 3 | Dynamics of moving and rotating skyrmions. a-e shows examples of
topologically trivial skyrmions (Q = 0) with k = 1. f-j show the magnetic skyrmions
with k; > 1. All states are stabilized at given magnetic fields, 4. Gray arrows show the

direction of the motion. The provided values of skyrmion velocities correspond to
the pulse |6B| = 0.01Bp,. For the color code used in panels a-j, we refer the reader to
the top-left zoom-in in Fig. la.

a b c
h=0.78 0.82 0.87 0.9 h=0.65 h=0.65
90 0 6
0.8 ‘
b/\l \ w‘
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S \
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0.93] 0.96 0.99 1.01

000 o
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Fig. 4 | Complex rotational dynamics of skyrmion bags. a shows angular velocity,
w, for a set of high-symmetry skyrmion bags stabilized at various magnetic fields
h = Bext/Bp. The field values indicated in each inset are chosen to achieve bags of
nearly same sizes. All inset images have identical sizes of 4Lp X 4Lp. b and ¢ show
nested skyrmion bags which exhibit more complex dynamics. In both cases, the
outer bag, which contains multiple chiral kinks, rotates counterclockwise with

angular velocity w,. The inner skyrmion bag either rotates clockwise with angular
velocity w; as in b or moves with linear velocity v; as in ¢. Due to the interaction with
the outer skyrmion bags, the inner skyrmion in ¢ exhibits back-and-forth motion.
For the color code used in panels a-c, we refer the reader to the top-left zoom-in
in Fig. 1a.

have the highest angular velocities, ~0.32 GHz. Skyrmion bags with chiral
kinks on the outer shell depicted in g and h rotate with almost twice smaller
angular velocity, w=0.17 GHz and 0.18 GHz, respectively. The sky-
rmionium with tails depicted on j has the lowest angular velocity. The
dynamics of rotated skyrmions is illustrated in Supplementary Movie 3.

From results provided in Fig. 3f—j we can deduce that skyrmion bags
are good candidates for the fastest-rotating skyrmions. We studied various
skyrmion bags with positive and negative topological charges to explore this
conjecture more systematically. We concluded that for achieving the
maximum w, skyrmion bags with negative Q are more efficient.

To keep all these skyrmion bags depicted in Fig. 4 approximately the
same size, one must apply different magnetic fields. The solutions can be
divided into two groups depending on the absence (open symbols) of the
presence (solid symbols) of the 7-skyrmion in the center of the bag.
Although this classification is somewhat arbitrary, the angular velocities of
skyrmion bags from these two groups are quite different. For the chosen

micromagnetic parameters, the skyrmion bag in ¢ has the highest angular
velocity w = 0.78 GHz. The rotation of skyrmion bags depicted in Fig. 4 is
illustrated in Supplementary Movie 4. It is worth noting that in these
simulations, we utilized high-order discretization schemes for numerical
calculation of spatial derivatives in the Hamiltonian (1) and effective field
terms in the LLG equation™.

The wide diversity of skyrmion bags of different sizes and symmetry
stabilized at identical conditions allows the study of complex dynamics
beyond ordinary rotational or translational motion. Such complex
dynamics can be observed, for instance, when one skyrmion bag is nested
inside another skyrmion bag of larger size, as depicted in Fig. 4b and c. The
size of the outer skyrmion bag can be controlled by the number of attached
chiral kinks, which tend to be equidistantly distributed with period ~ 1Lp
along the perimeter. The applied magnetic field pulse excites the rotational
motion of the outer high-symmetry skyrmion bag. When the inner sky-
rmion also has high-symmetry k; > 1, as in Fig. 4b, it also rotates. However,
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the rotation directions of the inner and outer skyrmion bags do not
necessarily coincide. Decreasing the diameter of the outer skyrmion bag,
such as by reducing the number of chiral kinks and allowing closer inter-
action between the inner and outer skyrmion bags, will affect their angular
velocities. Below the critical size of the outer skyrmion bag, the angular
velocity of the inner skyrmion can even change the sign, as illustrated in
Supplementary Movie 5.

If the inner skyrmion is topologically trivial and has ks = 1 as in Fig. 4c,
the applied magnetic field pulse will excite its translational motion. Since the
center of the outer skyrmion ring is fixed, at some point, the inner skyrmion
starts to interact with the outer skyrmion bag. As a result of elastic inter-
action between skyrmions, the linear velocity v; of the inner skyrmion
changes the direction, which leads to the back-and-forth motion of the inner
skyrmion bag. Supplementary Movie 6 illustrates the dynamics of skyrmion
bags depicted in Fig. 4b, c.

Skyrmion-skyrmion scattering

The different dynamical response of skyrmions to the magnetic field pulse
provides a unique opportunity to study skyrmion scattering process. To
illustrate this effect, in Fig. 5 we show the results of micromagnetic simu-
lations for chiral droplet and the 7z-skyrmion. We select chiral droplet and 7-
skyrmion as most compact solitons in the class of moving and resting
skyrmions, respectively. Thereby, n-skyrmion represents a target particle,
and the chiral droplet plays the role of a bullet particle.

In the absence of the 77-skyrmion, the trajectories of the chiral droplet
represent straight lines (see dashed lines in Fig. 5a). In our setup, this line is
parallel to the x-axis. We conducted a series of micromagnetic simulations
with different impact parameter. While the observed interaction shares
similarities with Rutherford’s scattering, the functional dependence of the
deflection angle on the impact parameter is distinctly different. In particular,
we found that deflection angle 8 can change its sign depending on the
impact parameter. Our estimation suggests that the critical distance, where
the deflection angles abruptly change sign, occurs at ~ 2Lp,. To elucidate this
deflection angle behavior, one must consider interparticle interaction
potentials like those discussed in Refs. 19,32 regarding skyrmion-
antiskyrmion interaction. However, an in-depth exploration of this topic
falls outside the scope of this work. Our primary objective here is to intro-
duce the external field pulse excitations as a promising approach for
investigating the scattering processes of chiral skyrmions.

Even more elaborate scattering processes occur when the target particle
is a soliton that can move. Supplementary Movie 7 illustrates the three most
representative cases of skyrmion scattering. An interesting effect occurs
when a topologically trivial skyrmionium is the target particle. According to
the above classification, the applied pulse cannot induce skyrmionium
motion, but interaction with the bullet particle can. This statement is in

agreement with Eq. (4). The direction of skyrmionium motion is primarily
defined by the impact parameter between the droplet and the target. The
linear momentum conservation law holds in this case. As seen in Supple-
mentary Movie 7, the speed of the chiral droplet decreases after partially
transferring its linear momentum to the skyrmionium.

Similar to the droplet’s scattering on the 7-skyrmion, the scattering on
a rotating skyrmion bag resembles the elastic scattering of particles. It is
intriguing that the dynamics of magnetic skyrmions, described by first-
order differential equations with respect to time, exhibit so many similarities
to the dynamics of Newtonian particles, which are described by second-
order differential equations with respect to time. On the other hand, there
are many differences. For instance, besides the aforementioned flip of the
scattering angle sign [Fig. 5], it is noticeable that the angular velocity of the
skyrmion bag does not change when it interacts with the chiral droplet (see
Supplementary Movie 7). These and other effects related to skyrmion-
skyrmion scattering require a separate study, which will be presented
elsewhere.

Conclusions

We have studied the magnetic field pulse-induced dynamics of 2D
chiral magnetic skyrmions. The observed phenomenon, however, is
not limited to chiral magnets and applies to all 2D magnetic systems
that support topological magnetic solitons irrespective of the
underlying Hamiltonian. Moreover, the presented results remain
valid for arbitrary external excitations that effectively act as a mag-
netic field pulse, e.g., laser pulses, in zero and weak damping regimes.
It is shown that, based on their symmetry and topological index, all
chiral skyrmions can be divided into three classes: breathing, moving,
and rotating skyrmions. We have demonstrated that high-symmetry
skyrmions can rotate with GHz-order frequency.

We have shown that skyrmion velocities can be calculated semi-
analytically using the derived equations, which are consistent with the
conservation laws of angular and linear momentum. Additionally, we
illustrate the complex dynamics of nested skyrmion bags. Finally, we
investigated skyrmion scattering on different targets and showed that, while
there are some similarities with Rutherford scattering, skyrmion-skyrmion
scattering is generally a much more complicated phenomenon.

Methods

Micromagnetic simulations

Micromagnetic simulations were performed in Mumax™. The standard
cuboid size in our simulations was 1 nm x 1 nm x 1 nm. The DMI constant
is set such that the equilibrium period of helical modulations equals L, =
41 A/D = 64 nm. All simulations are performed assuming periodical
boundary conditions (PBC) in xy-plane. To increase the accuracy of the
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Fig. 5 | Pulse-induced skyrmion scattering. a shows the trajectories of the chiral
droplet (bullet particle) at different distances to the 77-skyrmion (target particle). For
the distance of 2Lp,, we show the chiral droplet at two distinct points on its trajectory
to illustrate its rotation during scattering. Such an interaction process is

Distance to the target(Lp)

characterized by the scattering angle, § € [ —180°, 180°]. b shows the dependency of
the angle j3 for different distances between bullet and target. The discontinuity in this
dependency corresponds to a distance of 1.97Lp. For the color code used in panel
a, we refer the reader to the top-left zoom-in in Fig. la.

Communications Physics | (2025)8:26


www.nature.com/commsphys

https://doi.org/10.1038/s42005-024-01913-1

Article

micromagnetic simulations, in some cases, we employed a fourth-order
finite difference scheme in the calculation of the energy and effective field
terms”**. For details on implementing the finite difference scheme,
see Supplementary Software file 1.

The dynamics discussed in the main text have been excited by pulses of
the external magnetic field applied perpendicular to the magnetic film, §B(?),
defined as follows

(11)

3B(t) = A (1 __Ltep(-ty) ) ,

1+ exp(v(t — ty))

with amplitude A = 0.01Bp, time scaling factor v =1 GHz and time offset,
to = 10 ns. It is worth noting that we use a single step-like field function.

Estimation of velocities from micromagnetic simulations

To estimate the linear velocity of skyrmion, we trace its position,
(%5 y,)> using the following formula optimized for the simulations
with PBC™:

"Ny sin(27x/L, ) dx

X, = &arctan J Y sin(27x/ L) +I L, (12)
ST 2nm J Ny cos(2mx/L,)dx
L, J N sin <2ny/Ly> dy

y, = ——arctan + lyLy., (13)
2 J N cos <2ﬂy/Ly) dy

where Ny =N, (y) = [(1 —n,)dx and N, =N (x) = [(1 —n,)dy.
The integer numbers [, and [, account for crossing the domain boundary in
the x and y directions, respectively. The sign (+) indicates the positive or
negative direction of skyrmion motion along the corresponding axis.
Knowing the skyrmion’s position at any moment in time, the estimation of
its velocity is straightforward.

For calculation of the angular velocity, w, we first determine the
number k; for each soliton and then perform the Fourier transformations in
polar coordinates:

foz"(l — cos O(r, ¢, 1)) cos(k,p)rdrdg,
2T(1 — cos O(r, ¢, 1)) sin(k,p)rdrd.

mc(t)
my(t)

(14)

Both functions, m.(f), m(t) represent harmonic functions of period 1/w
which can be employed to find w accurately. Due to the fact that simulations
are done on the rectangular domain, integration in (14) can be done in
Cartesian coordinates. For this purpose, we rewrite trigonometric functions
as follows,

. 1 (k,—1)/2 " on Cone1 2m
sin(k,¢) = EZL J(—l) Cisﬂxks 2 1y2 +

n=0
1
cos(k,p) = r Zl‘i’o/zj

where Cg = al/bl(a — b)! is the binomial coefficient.

(15)
(_ 1)71 Ci::xksfhlyZn7
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