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ABSTRACT:

Theoretical studies have predicted that interactions between magnetic skyrmions and
antiskyrmions give rise to various properties, such as unique arrangements, pair annihilation,
topological transformation, and rectilinear and trochoidal motions that do not appear in only
skyrmions or antiskyrmions. Recently, experimental studies have discovered that a Heusler
material with the anisotropic Dzyaloshinskii-Moriya interaction shows a coexisting phase at 268
K and in-plane magnetic field-induced topological transformation of elliptical skyrmions and
square-shaped antiskyrmions. Therefore, experimentally observed the coexisting phase and the
topological transformation could be promising for developing skyrmion-antiskyrmion-based
spintronics. However, such interactions and the detailed transformation mechanism remain
unrevealed and unclear, respectively. Using Lorentz transmission electron microscopy
experiments and micromagnetic simulations, we comprehensively study the properties in a
coexisting phase of skyrmions and antiskyrmions in a Heusler material, Mn 3Pt1.0Pdo.1Sn.
Control of dipolar interaction (the sample thickness) allows us to realize a room-temperature
coexisting phase. We find that the topological transformation occurs stochastically rather than
deterministically, which can be explained by considering the magnetic point group and the
direction of an in-plane magnetic field. We further observe isotropic long-range repulsive
interaction between skyrmions and antiskyrmions in contrast to conventional thought of the
relative-position- and helicity-dependent short-range pairwise interactions, and deformation of
skyrmions and antiskyrmions depending on the distance between them. Our simulations show
that the deformation exerts significant influence on the magnetic energies and the energy

landscape, contributing to the interaction. Our results provide insight into coexisting phases of



skyrmions and antiskyrmions and a guide for developing skyrmion-antiskyrmion-based

spintronics.

INTRODUCTION

Skyrmions have been ubiquitous in condensed matter, whereas antiskyrmions rarely exist
alone. In magnets, experiments have directly observed skyrmions and antiskyrmions as single
phases, respectively,' that offer appealing platforms to explore emergent electromagnetic fields
and related properties. Magnetic skyrmions and antiskyrmions are non-coplanar spin structures
with opposite topological charges.? Skyrmions are stabilized by Dzyaloshinskii-Moriya
interaction (DMI) originating from spatial inversion symmetry breaking of the systems such as

1,4-6

chiral magnets'*® with 7, O, Csy symmetries and asymmetric magnetic multilayers.” On the

other hand, antiskyrmions have been observed in Heusler materials, Mn-Pt(-Pd)-Sn,>®17 with Da4
symmetry (Figure 1a) and a schreibersite, Fe1 oNiooPdoP,'® with Ss symmetry. These

symmetries lead to anisotropic DMI.

Of particular interest are coexisting phases of magnetic skyrmions and antiskyrmions, where
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recent many theories have proposed a variety of fascinating properties owing to interactions

that do not appear in every single phase. Examples include skyrmion-antiskyrmion liquid,'’ a

rectangular lattice with alternating columns of skyrmions and antiskyrmions,?® phase

21,22

separation, current-induced pair annihilation that emits propagating spin wave,> topological

conversions by their collision,>?3-2*

and rectilinear and trochoidal motions of skyrmions and
antiskyrmions, respectively.?> Experimentally elucidating and understanding such underlying

interactions are thus a research challenge in condensed-matter physics. Materials with



anisotropic Dzyaloshinskii-Moriya interaction (DMI), such as a Heusler material and
schreibersite, could offer a unique opportunity for investigating interactions. Recent Lorentz
transmission electron microscopy (L-TEM) experiments have first discovered the coexisting
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phase at Tco ~268 K in a Heusler material'? and at room temperature in a schreibersite.'®

In the thin films of the Heusler material and schreibersite, other L-TEM experiments have
demonstrated a topological transformation between square-shaped antiskyrmions and elliptical
Bloch skyrmions with clockwise (CW) and anticlockwise (ACW) via the non-topological (NT)
bubbles by in-plane magnetic fields, as the following procedure.'"!* The sample tilt angle 0 is
defined as the angle of the incident electron beam (parallel to magnetic fields) away from the
tetragonal [001] crystal zone axis, and the rotation axis is the [100] direction. When the sample
tilts away from 6 = ~ 0° where square-shaped antiskyrmions are observed, an in-plane
component of the magnetic field induces bullet-shaped NT-bubbles with two Bloch lines, and
then back to 8 = ~ 0°, NT-bubbles convert to elliptical Bloch skyrmions with either CW or ACW
depending on the rotation axes. The discoveries of the coexisting phase and the topological
transformations could make materials with anisotropic DMI a platform for developing skyrmion-
antiskyrmion-based spintronics, such as a racetrack memory which is expected to have higher
reliability by the assignment of skyrmions and antiskyrmions to the information carriers
respectively, compared to skyrmion-based that.'*>> However, in such materials, the detailed
transformation mechanism and the skyrmion-antiskyrmion interaction governing the dynamic
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properties”“° remain unrevealed.

In this study, we have focused on the coexisting phases of skyrmions and antiskyrmions in the
thin film of a Heusler material, Mn; 3Pt1 oPdo.1Sn. We have used L-TEM experiments and

micromagnetic simulations to comprehensively characterize the properties of the coexisting



phase. As a result, we have realized a room-temperature (RT) coexisting phase, revealed the
transformation mechanism, and found new physical properties in the coexisting phase. We show
a room-temperature coexisting phase at the sample thickness of # ~100 nm, resulting from an
appropriate degree of competition between the DMI and dipolar interaction.'® In addition to
realizing the room-temperature coexisting phase, we find the stochastic topological
transformation between skyrmions and antiskyrmions through NT-bubbles, which can be
explained by considering the magnetic point group and the direction of an in-plane magnetic
field for the NT bubble. Furthermore, we experimentally observe signatures of isotropic long-
range repulsive interaction (force) between and among skyrmions and antiskyrmions
accompanied by their deformation depending on the distance between them. Micromagnetic
simulations support the experimental interpretation and suggest that the deformed skyrmions and
antiskyrmions significantly affect the energy behaviors and the energy landscape, contributing to

repulsive interaction.

RESULTS AND DISCUSSION

For our study, we synthesized a bulk polycrystalline sample of tetragonal inverse Heusler
material Mn 3Pt1.0Pdo.1Sn. An alloy ingot was prepared from high-purity Mn (99.99 wt.%), Pt
(99.95 wt.%), Pd (99.95 wt.%) and Sn (99.99 wt.%) via Ar arc melting. The ingot was
subsequently sealed in an evacuated silica tube and annealed at 1073 K for a week, followed by
water quenching.? The thin films for the L-TEM observations were thinned by mechanical
cutting and then argon ion milling method and by focused ion beam technique. We used the

Fresnel method as an L-TEM to observe the magnetic structures. The acceleration voltage of L-



TEM is operated at 200 kV and the electron current density is about 25.0 pA/cm? when electron
beam is focused. A magnetic field was applied parallel to the incident electron beam by
controlling the objective-lens current. We used L-TEM to estimate the Curie temperature (7¢) as
the temperature that the contrast arising from the magnetic orders disappears as increased the
temperature. We recorded the values of the temperature indication to create the phase diagrams,
where the sample temperatures were measured with a thermocouple away from observed
regions. The electron irradiation generally causes a slight increase in temperature at the observed
region. In other words, the temperature values of the observed regions are considered to be about
10 K higher than those of the temperature indication. In L-TEM experiments, we got the
magnetic states 3 minutes after the displayed temperatures reached the target ones, indicating
that our data are under stationary state. In addition, we used the electron beam with the large
diameter, 1.e., low dose electron to suppress an increase in temperature as much as possible. We
used electron energy-loss spectroscopy (EELS) to measure the sample thickness, which has an

error of = 20 nm.

Room-temperature coexisting phases are an important step for realizing the skyrmion-
antiskyrmion-based spintronics. The previous study on the schreibersite'® should be useful in
realizing the room-temperature coexisting phase in the Heusler materials. The authors have
demonstrated that dipolar interaction whose strength varies depending on the sample thickness
favors pure Bloch skyrmions, while the anisotropic DMI favors antiskyrmions including Néel
components,'® resulting in a room-temperature coexisting phase. Based on this knowledge, the
Heusler materials could also enable us to realize the room-temperature coexisting phase by
controlling the sample thickness. Figures 1b,c show the temperature-magnetic field phase

diagrams of Mnj 3Pt1 oPdo.1Sn for the sample thickness of # ~150 nm and ~100 nm, respectively.



We have performed the experiments in the same way as in the previous study on

Mn; 4Pto9Pdo1Sn.!! The coexisting phases appear at the boundary between the low-temperature
skyrmion phase and the high-temperature antiskyrmion phase, and the Curie temperature is 7c
~370 K, which are qualitatively and quantitatively the same as those in Mnj 4PtooPdo 1Sn,!!
respectively. Our phase diagrams with different sample thicknesses allow us to compare the
effect of dipolar interaction on skyrmions and antiskyrmions. At # ~150 nm, the coexisting phase
appears over the range ATco =260 K ~ 280 K (Figure 1b), while, at  ~100 nm, ATco =290 K ~
330 K (Figure 1c). Similar trends were observed in the case of Fe1 9Nio.oPdo2P.!® In other words,
as the sample thickness reduces from ¢ ~150 nm to # ~100 nm, dipolar interaction enhances the
stability of Bloch skyrmions, resulting in which the low-temperature skyrmion phase extends
towards high temperatures at the expense of the high-temperature antiskyrmion phase. As a
result, the room-temperature coexisting phase appears in our sample with # ~100 nm, as shown in
the L-TEM image of Figure 1d. There are many bubbles in the upper region where bend contours
(strong dark contrasts) appear. Bend contours satisfy the local Bragg condition due to sample
bend, indicating that the in-plane magnetic field is insufficient for changing from NT-bubbles to
skyrmions or antiskyrmions.!! Incidentally, the difference in Tco between our sample

(Mnj 3Pt10Pdo.1Sn) and Mn 4Pto.9Pdo.1Sn, even though they are the same ¢ ~100 nm, is attributed
to the difference in the DMI strength (D). In Heusler materials, the helical period of 4 is
proportional to A/D at a zero magnetic field,'® where 4 is the exchange stiffness constant
proportional to 7c. The L-TEM experiments show 4 =200 £ 5 nm in our sample (Supporting
Information (SI) Figure S2), while A = 140 + 15 nm in Mn 4PtooPdo.1Sn,'! suggesting that the D
of our sample is smaller than that of Mni 4Pto9Pdo.1Sn. The decrease in the D leads to the

decrease in the temperature region of the antiskyrmion phase towards high temperatures.'® As a



result, the Tco of our sample is higher than that of Mni 4Pto9Pdo.1Sn. The difference in the D may

result from that in chemical composition, in the same as B20-type chiral magnets.*’

Although the previous studies!'®*°

and our results have demonstrated that dipolar interaction
favors Bloch component of the spin textures, the microscopic mechanism has been not yet clear.
In general, in the case of in-plane magnetized thin films, it is well known that Néel rotational
mode at domain walls are energetically lower than Bloch rotational mode due to dipolar
interaction. Because the former and latter have the components of in-plane and out-of-plane
rotational magnetic moments. However, in the case of out-of-plane magnetized thin films (in our
sample), Néel rotational mode is energetically equivalent to Bloch one irrespective of dipolar
interaction, which cannot explain our result and the previous experimental'® and simulation

results.? Therefore, understanding the microscopic mechanism of the dipolar interaction effect is

a future issue.

We have confirmed topological transformations between antiskyrmions and skyrmions via NT-
bubbles with Bloch lines in the room-temperature coexisting phase of our sample,
Mn1 3Pt 0Pdo.1Sn, consistent with the previous studies.!!""!® Note that the transformations occur
stochastically rather than deterministically. All of the following L-TEM experiments were
performed at the direction of magnetic field parallel to the incident electron beam. We define the
tilt angle as @ = 0° as the incident electron beam is parallel to the [001] direction and set that the
rotation axes are in the [100] directions (Figure 2a). A slight small sample tilt generates an in-
plane magnetic field. When an in-plane magnetic field is antiparallel to the magnetization
component of two Bloch lines in an NT-bubble, the transformations occur stochastically. In other
words, this slight angle of 8 =~ 0° is opposite in sign to & = 15° for the creation of NT-bubbles.

We refer to this in-plane magnetic field as “the negative in-plane magnetic field”. Figure 2b-f



show a series of L-TEM images at room temperature, ¢ ~ 100 nm, and 380 mT. These images
show the reversible transformations. Here we obtained these L-TEM images by the following
procedures. We tilted the sample to = +15° to form the NT-bubble (Figure 2c,e) and turn back
to 6 =-2.1° ~-2.3° to form the skyrmion (Figure 2d) or the antiskyrmion (Figure 2f) by the
negative in-plane magnetic fields and then to § =—0.6° ~—0.8°. The last procedure that is a
change from 6 =-2.1° ~-2.3° to # = —0.6° ~ —0.8° was to avoid local diffraction contrasts, the
so-called bend contours where the Bragg condition is locally satisfied due to the sample bend,
that partially cover observed local regions. We have repeated these procedures to obtain NT
bubbles, square-shaped antiskyrmions, and ACW elliptical skyrmions. Note that, in Figure 2b-f,
although we have extracted and included only the transformations with different topologies,

those occur stochastically in reality.

The stochastic reversible transformations occur accompanied by magnetic symmetry breaking
and restoration. Figure 2g displays three-dimensional magnetic point groups that the spin
structures have in the order of higher symmetry from the top. Antiskyrmions, skyrmions, and
NT-bubbles have magnetic point groups of —4°2’m, 2°2°2, and 2’, respectively. NT-bubbles, the
intermediate states, have the lowest symmetry. Symmetry restoration occurs at the
transformation from NT-bubbles to skyrmions (Figure 2c to d) by restoring a symmetry element

of 2’, and from NT-bubbles to antiskyrmions (Figure 2¢ to f) by restoring that of —4’, 2°, and m.

The stochastic reversible transformations result from stochastically creating two Bloch lines
into NT-bubble or vanishing two Bloch lines of NT-bubble by the negative in-plane magnetic
field. The negative in-plane magnetic field is antiparallel to the net in-plane magnetic component
of two Bloch lines in NT-bubbles, which induces symmetry restorations from NT-bubble to the

skyrmion or the antiskyrmion. Figure 2h shows a schematic of the transformation from NT-



bubble (the left) with two Bloch lines (the small blue arrows) to other spin structures (the right
column) by a negative in-plane magnetic field (the large red arrow denoted by Bin). In the
experiment, we slightly tilt the sample to § =-2.1° ~ -2.3° (Figure 2b,d,f) to induce the negative
in-plane magnetic fields. When the negative in-plane magnetic field stochastically creates
additional two Bloch lines (the small red arrows) of which the net in-plane component is parallel
to the negative in-plane magnetic field, the antiskyrmion with four Bloch lines in NT-bubble is
formed (the yellow arrow in Figure 2f and the top of the right column in Figure 2h). On the other
hand, when stochastically vanishing the original two Bloch lines opposite to Bin, the skyrmion
without any Bloch lines is formed (the yellow arrow in Figure 2d and the second of the right
column in Figure 2h). When the creation and annihilation of Bloch lines simultaneously occur by
Bin, NT-bubble changes into another NT-bubble (the black arrows in Figure 2d and the third of
the right column in Figure 2h). In the other case, NT-bubble remains unchanged (the white arrow
in Figure 2f and the bottom of the right column in Figure 2h). In spintronics, the realization of
deterministic transformation between skyrmions and antiskyrmions requires local electrical

control, of which the establishment is a future challenge.

Fundamental understanding to explore application possibilities of skyrmion-antiskyrmion-
based spintronics requires knowledge of the interaction underlying the dynamics in the
coexisting phase. In addition, it would be interesting in various physics fields to see whether
short-range pairwise interactions between skyrmions and antiskyrmions are universal or
not.>»1%2%23 Here, to elucidate interactions, we have annihilated single spin textures by local
heating as theoretically proposed®! with a focused electron beam in a region where skyrmions
and antiskyrmions coexist and then measured the displacements of the remaining spin textures

driven by the interaction. Beforehand, we have confirmed the annihilation of single spin textures
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by irradiating a focused electron beam with a diameter of » ~200 nm in 2 minutes. Besides, we
have confirmed that the thermal current (magnon current) generated by local heating does not

affect the spin textures at least 700 nm away from the local heating position (SI Figure S3).

We observe signatures of isotropic long-range repulsive interactions between skyrmions and
antiskyrmions. We refer to the skyrmions, antiskyrmions, and NT-bubbles collectively as
particles in this paragraph. Figure 3a,b show the particle distributions before and after the
annihilation of a single spin texture by the focused electron beam with » ~200 nm in 1.5 minutes,
respectively. Around the right region in Figure 3a, we had repeatedly annihilated the particles
before acquiring this image, resulting in the interparticle distance of 400-550 nm. After exposing
a single particle (NT-bubble) within the dotted yellow circle in Figure 3a, we confirmed the
annihilation of the particle and the redistribution and displacements of the remaining particles
overcoming the pinning force as shown in Figure 3b. These color arrows indicate the direction
and magnitude of the particle displacements from the initial particle positions before local
heating. Most of the remaining particles show the displacements toward the location of the
annihilated particle, and its magnitude is larger for particles closer to its location. It is worth
noting that the particles located at more than 860 nm from the heated position (the dotted open
circle) show significant displacements. The magnon current does not affect these particles, which
means that the driving force acting on these particles is the interaction. Figure 3¢ shows a
cartoon of particle behaviors in the presence of a repulsive interparticle interaction before (top
row) and after (bottom row) the annihilation of the rightest particle, consistent with the observed
behavior. These results can also explain the L-TEM image of Figure 1d, where the distance (d)
between the centers of skyrmions and antiskyrmions is almost retained at d ~335 nm. Besides,

the fact that most of the remaining particles show displacement towards the location of the
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annihilated particle regardless of their particle types suggests that the interparticle interaction is
isotropic. We have also observed similar behaviors in the case of CW skyrmions (SI Figure S4).
It summarizes all the observed behaviors as that the interaction is probably isotropic long-range

repulsive one independent of the shapes and the skyrmion helicities.

While the inevitable presence of NT-bubbles and random distribution of skyrmions and
antiskyrmions in the experiments hamper clear identification of the interaction, our
micromagnetic simulations support the interpretation of the experimental results. We used a
simulation model with two particles of a ACW (CW) skyrmion and an antiskyrmion aligned in
the [100] and [110] directions. These arrangements investigated here cover every possibility
considering shape and skyrmion helicities (SI Figure S5). To ensure that the simulations under
periodic boundary conditions do not affect the two particles, we determined the sample size to be
2560x2560%100 nm? (SI Figure S6). Figure 3d shows energy as a function of the skyrmion-
antiskyrmion distance of d at Bc1/Bo where B.1 is the magnetic field where the skyrmion and
antiskyrmion have the same energy, and By is the normalization constant of magnetic fields. We
find that the energy of every two-particle model increases and decreases as the skyrmion and the
antiskyrmion approach and move apart from each other, respectively. Figure 3e shows
conservative force converted from energy according to a previous study,?® where the positive and
negative values indicate repulsive and attractive. Every two-particle model always shows
repulsive force, independent of relative position and skyrmion helicities. The repulsive force
increases with decreasing d, while approaches asymptotically to zero far enough away at least d
= 500 nm as shown in the inset of Figure 3e that is an enlarged view with differentiation. These
features are consistent with the interpretation of the experimental results. Besides, the experiment

and simulation results show that the interaction of skyrmion-skyrmion and antiskyrmion-
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antiskyrmion is also isotropic long-range repulsive (SI Figure S7). The former is consistent with
circular skyrmions showing a long-range repulsive interparticle interaction within the

t.26

background ferromagnetic (FM) state in a B20-type chiral magnet.”® Our result is a stark contrast

to relative-position- and helicity-dependent short-range pairwise interactions between skyrmions

3,19,20,23,32,33

and antiskyrmions simulated by 2D models for various magnetic systems, and

3438 and point out that short-range pairwise interaction is not universal. A recent

others,
computational study shows a stark difference in the trajectory of current-driven motion between
skyrmions and antiskyrmions, resulting in a nonlinear regime and a complete breakdown of the
single-particle picture.?® Therefore, the nonlinear dynamic properties in the presence of
repulsively interacting skyrmions and antiskyrmions may lead to the development of new

spintronics devices for neuromorphic computing operating at the edge of chaos.***

In addition to the displacement, we found the deformation of elliptical skyrmions and square-
shaped antiskyrmions depending on d. A representative example is shown in Figure 3f,g where
we took the L-TEM images of a CW skyrmion and an antiskyrmion before and after annihilating
a single spin texture with d ~460 nm and d ~360 nm, respectively, at a region of the sample with
less bending. The elliptical skyrmion shows a subtle length change of the long axis (also see
Figure 3h), while the antiskyrmion shows shape distortion (also see Figure 31). Micromagnetic
simulations support these experimental results. Figure 3j displays magnetization distribution
maps, which show the change in the size and shape of the skyrmion and antiskyrmion depending

ond.

Interestingly, our simulations show that the deformation of topological particles (skyrmions
and antiskyrmions) exerts a significant influence on the change of the demagnetizing (E4) and

Zeeman energy (E,) and the energy landscape. Here we compare the deformable to undeformable
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topological particles and show a pair of the ACW skyrmion and antiskyrmion aligned along the
[100] direction as a representative example. Figure 4a,b are the undeformable and deformable
cases, respectively, which show the change of the magnetic energies from the reference distance
of d = 1280 nm for the system with decreasing d. In the simulations for the undeformable case,
we magnetically relaxed the system at each distance while fixing only the skyrmion and
antiskyrmion structures identical with their isolated states of d = 1280 nm. The deformation
brings a large increase in the E4, whereas a large decrease in the £, (Figure 4b), by comparison
with the undeformable case (Figure 4a). In addition, the energy landscape in the deformable case
is quite distinct from that in the undeformable case. With decreasing d, the undeformable
topological particles show a negligible change in energy, while the background FM shows an
increase (Figure 4c¢). On the other hand, the deformed skyrmion shows a significant increase in
energy with decreasing d (Figure 4d) mainly due to the £, and uniaxial anisotropy energy (SI
Figure S8), indicating that the deformed skyrmion becomes energetically unstable. The FM
shows a small decrease in energy. The deformed antiskyrmion shows a slight increase and then
decrease. It is to be noted that, in the other arrangements and pairs, one or both of the two
deformed topological particles show a significant increase in energy (SI Figure S9-S19). Many
theoretical and experimental studies have shown the deformations of skyrmions so far, such as in

25,41-43 5

in a skyrmion structural transition,***

motion by spin torque, and caused by external and
internal fields.**>* Therefore, our findings that the deformation of the topological particles exerts
a significant influence on the magnetic energies and energy landscape could also provide new

insights into other properties associated with the deformation.?>*!-54

In terms of topological stability, it seems odd that the topological particles would deform

despite being energetically unstable. Therefore, we have investigated the individual magnetic
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energy behaviors and found that the E4 of the deformed topological particles has a common
feature without any exception in all arrangements and pairs (in 10 different combinations).
Figure 4e,f show the Eq4 of the skyrmion and antiskyrmion with decreasing d, respectively. The
orange and purple lines indicate the undeformable and deformable cases, respectively. The
undeformable skyrmion and antiskyrmion show little change, whereas the deformable ones show
a drop in the Eq with decreasing d, remarkably below d ~500 nm. The Eq reduction may be
intrinsic to inhibit destabilizing the topological spin structures. The only exception is a pair of the
antiskyrmions aligned along the [100] direction, where the magnetic energy behaviors are
different from the other, except the E4 reduction and deformation of the antiskyrmions. This
difference may originate from the unique magnetic structure of antiskyrmions, which connect
smoothly with the demagnetizing fields coming from other antiskyrmions, confirmed by L-TEM
(SI Figure S20). The total energy in the system for the deformable case is higher than that for the
undeformable case (Figure 4g) in some cases, implying that the £q reduction of the skyrmion and
antiskyrmion is the first and foremost priority. Consequently, the deformation contributes to the

repulsive force (Figure 4h).

Conclusion

In summary, we have unveiled a new type of skyrmion-antiskyrmion interaction in the Heusler
material and the influences and cause of deformed skyrmions and antiskyrmions. Our study may
provide new insights into the unresolved properties resulting from interacting skyrmions and
antiskyrmions in condensed matter and other properties of deformed skyrmions in chiral magnets

and multilayers.?>**!>% Further, our results may conduce to opening a new subject as the
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nonlinear current response properties> in the presence of repulsively interacting skyrmions and
antiskyrmions and may offer a guide for developing skyrmion-antiskyrmion-based spintronic

devices.’**0

Methods

We used a GPU-accelerated micromagnetic simulation program, MuMax>,>> where we
programed anisotropic DMI and performed the simulations using a micromagnetic model by the
ferromagnetic (FM) exchange, uniaxial anisotropy, anisotropic DMI,**!!"13 Zeeman, and
demagnetizing energies, with a size of 2560x2560x100 nm? on a 512x512x20 mesh under
periodic boundary conditions for the x-y planes. We used an anisotropic DMI inherent in Dag
symmetry for the entire calculation area.>®!!"1> Magnetic structures were simulated by fully
energy minimization using a conjugate gradient method. To calculate the demagnetizing field of
the thin film, we used MuMax? build-in function "SetPBC(10,10,0)", that is, the demagnetizing

t.55

field generated by 440 copies of the simulated area was taken into account.’> The material

parameters are the same as in ref. (11).
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Figure 1. Phase diagrams and L-TEM image of a coexisting phase. (a) Crystal structure of Mn-Pt-
Pd-Sn tetragonal inverse Heusler compounds. The colors represent the distinguished Wyckoff
positions of space group /-42m in D>q symmetry: magenta: Mn2b, yellow: Mn4d, blue: Mn8c, light
gray: Pt (Pd), dark gray: Sn. (b),(c) Temperature-magnetic field phase diagrams for # ~150 nm (b)
and ¢ ~100 nm (c). The sample thickness has an error of + 20 nm. Phases labeled with the (I)-(VIII)
indicate helical (I), the coexistence of helical and NT-bubbles (II), NT-bubbles (III), skyrmions
(IV), antiskyrmions (V), isolated skyrmions (VI), isolated antiskyrmions (VII), and
ferromagnetism (VIII). The (I)-(III) phases were obtained at a constant tilt angle of & = 15°, while
the (IV)-(VIII) phases at constant & ~0°. Coexisting phases are in the temperature regions between
the low-temperature skyrmion phase (IV and VI) and the high-temperature antiskyrmion phase (V
and VII). Open circles in the phase diagrams are the points observed by L-TEM. In the phase
diagrams (b),(c), temperature error arising from electron irradiation is about +10 K from the open
circle points. (d) An L-TEM image of the room-temperature coexisting phase at 400 mT and ¢
~100 nm. We stamped skyrmions (Sk) and antiskyrmions (aSk) by the blue ellipses and red squares,
respectively, and unstamped NT bubbles.
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Figure 2. Stochastic reversible topological transformations between elliptical skyrmions and
square-shaped antiskyrmions via NT-bubbles. (a) Schematic illustration of the sample tilt. We
define the tilt angle as & = 0° when the incident electron beam is parallel to the [001] direction
describe the angle as € when tilted with the [100] or [010] direction as the rotation axis. In our
sample, the rotation axes in the [100] and [010] directions were to form the ACW and CW
skyrmions, respectively. (b) L-TEM image at exactly 8 = 0°. The magnetic contrasts are obscure
by a pitch-black contrast due to the diffraction contrast. (c)-(g) A series of under-focused L-TEM
images of a stochastic reversible transformation between antiskyrmions and skyrmions. The
rotation axis is in the [100] direction. We obtained these images by repeatedly tilting to 8 = 15°
and turning back to 8 = ~ 0°. The tilt angles when we obtained the L-TEM image are described
below each image. The yellow arrows are distinct spin textures showing the antiskyrmion in (c),(g),
skyrmion in (e), and NT-bubble in (d),(f). The black and white arrows represent the changed and
unchanged NT-bubbles, respectively. (h) Three-dimensional magnetic point groups for
antiskyrmions, skyrmions, and NT-bubbles in order of higher symmetry from the top. (i)
Schematics of the mechanism of the stochastic transformations from the NT-bubble (the left) to
the other spin structures (the right column) by the negative in-plane magnetic fields. The right
column shows the antiskyrmion, skyrmion, changed NT-bubble, and unchanged NT-bubble, from
top to bottom. The large red arrow represents the direction of negative in-plane magnetic fields
(Bin). The small red and blue arrows represent Bloch lines of which the net magnetization
component is parallel and antiparallel to Bin, respectively.
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Figure 3. Particle displacements. (a),(b) Distributions of the particles (skyrmions, antiskyrmions,
and NT-bubbles) before (a) and after (b) annihilating an NT-bubble by electron irradiation in 1.5
minutes. The red-dotted yellow (a) and black-dotted open (b) circles are the location before and
after local heating. In (b), the color arrows indicate the direction and magnitude of the particle
displacements from their initial positions in (a). The cells are eye guides for the scale 500 x 500
nm. (¢) Schematic of particle displacements in a horizontal row with repulsion. Particles are at
regular intervals before (upper) and after (lower) the annihilation of the rightmost particle. (d)
Energy changes with decreasing d in the systems with the ACW (CW) skyrmion-antiskyrmion at
Bc1/By. In the legends, “Sk” and “aSk” represent the skyrmion and antiskyrmion, and the numbers
in parentheses represent the crystal orientations along which the two particles align. (e)
Conservative force as the gradient of the energy in (d). Inset: A partial enlargement view that
differentiates (e). (f),(g) L-TEM images of a CW skyrmion and an antiskyrmion at d ~460 nm (f)
and ~360 nm (g) that were obtained before and after annihilating a single spin texture located
outside of the images, respectively. (h),(i) Enlarged images of the skyrmion and antiskyrmion in
(9),(g), respectively, The left and right sides display the images at d ~460 nm and ~360 nm,
respectively. The blue and yellow lines are eye guides to appreciate small changes. (j)
Magnetization distribution maps of the CW skyrmion and antiskyrmion for d = 800, 600, 400, and
280 nm from top to bottom.
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Figure 4. Simulated magnetic energy changes with decreasing d in the case where the antiskyrmion
and ACW skyrmion are aligned along the [100] direction. We compare the deformable to
undeformable cases. (a),(b) Changes of the demagnetizing (blue), Zeeman (green), exchange
including DMI (orange), and uniaxial anisotropy (yellow) energies for the undeformable (a) and
deformable (b) cases. (c),(d) Energy changes of the skyrmion (blue), antiskyrmion (red), and
background FM (gray) for the undeformable (¢) and deformable (d) cases. Figures (a),(b),(c),(d)
display the energy change from d = 1280 nm. Insets: Magnetization distribution maps for d = 1280
nm (upper) and 280 nm (lower). (e),(f) Demagnetizing energy change of the skyrmion (e) and
antiskyrmion (f). The orange and purple lines are the undeformable and deformable cases,
respectively. (g),(h) Total energy (g) and conservative force (h). The colored lines are the same
meanings in (e),(f). Insets: Enlarged views below d = 550 nm.
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I: Structural characterization
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Figure S1. Structural characterization at room temperature. (a) Powder X-ray diffraction (XRD) profile

at room temperature for Mn3PtioPdo.iSn. (b) FE-SEM image of bulk sample surface of
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Mn; 3Pt1.0Pdo.1Sn.

Mn Pt Pd Sn

1.30(1) 0.98(2) 0.09(1) 1.00(2)

Table S1. Chemical composition in the observed region determined by energy dispersive x-ray

spectroscopy (EDS).

II: Experimental and simulated helical spin structures

We observe the coexisting phase at room-temperature in Mnj 3Pt; oPdo.1Sn with £ ~ 100 nm
(Figure 1(c)(d)), while the previous studies reported the coexisting one at 7co = 268 K in
Mn 4PtooPdo.1Sn with ¢ ~ 100 nm. This difference is due to the difference in the magnitude of the
isotropic DMI constant (D) because, as the D decreases, the higher-temperature antiskyrmion phase
becomes unstable and the lower-temperature skyrmion phase becomes relatively stable, increasing
Tco as evidenced by Figure 1(b),(c). At a zero magnetic field, the period (1) of helical spin structure
is proportional to 4/D," where A is the exchange stiffness constant proportional to a Curie temperature
of Tc. The Curie temperatures of Mn; 3Pt1.0Pdo.1Sn and Mnj 4Pt 9Pdo.1Sn are almost the same (Figure
1(b),(c) and ref. (2)). In other words, the difference in the A reflects the difference in the D. Figure
S2(a) shows an L-TEM image in our sample with £ ~ 100 nm at a zero magnetic field. The helical
period is 4 = 200 + 5 nm that is shorter than A = 140 + 15 nm in Mn; 4Pto9Pdo1Sn.> We, therefore,
conclude that the D of our sample is smaller than that of Mn, 4Pto.oPdo.iSn.

We compare the helical period between the results of the L-TEM experiment (Figure S2(a)) and
the micromagnetic simulation with # = 100 nm (Figure S2(b)). The material parameters are the same
as in ref. (2). We also show a simulated L-TEM image (Figure S2(c)) based on the micromagnetic
simulations (Figure S2(b)), to facilitate comparison with the experimental L-TEM image (Figure
S2(a)). In Figure S2(b),(c), the simulated helical period is 4 = 196.9 nm, which is in close agreement
with 4 =200 = 5 nm confirmed by the experimental L-TEM result (Figure S2(a)].
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Figure S2. Experimental and simulated helical spin structures at a zero magnetic field. (a) An
experimental L-TEM image in Mni 3Pt1.0Pdo.1Sn with £ ~ 100 nm. The helical period is A = 200 = 5
nm. The dark line contrasts paralleled not to the stripe contrasts are the bend contours where Bragg
condition is locally satisfied due to sample bend. The dogleg pitch-black line contrast around the lower
middle is due to the sample defects. (b) Simulated stable magnetic structure using micromagnetic
simulations withz= 100 nm. The black and white colors represent downward and upward
perpendicular magnetization, respectively. (¢) Simulated L-TEM image based on (b). The simulated

helical period is A = 196.9 nm in (b),(c).

III : Annihilation of a spin texture by the local heating and the effect of magnon current

We confirmed the annihilation of a single antiskyrmion. A theory has proposed that local
heating enables annihilating a single spin texture.? In this study, we have used a focused electron beam
to apply local heating (Figure S3(a)). Figure S3(b),(c) show L-TEM images before and after the
annihilation of the single antiskyrmion, respectively. In Figure S2(b), the single antiskyrmion exists.
We have exposed the single antiskyrmion to the focused electron beam with a diameter of ~200 nm at
the yellow-shaded circle in Figure S3(b). We confirm that the antiskyrmion annihilates after electron
irradiation in 2 minutes, as shown in Figure S3(c).

Although demonstrating the annihilation of the single antiskyrmion by local heating, we cannot
ignore the effect of the thermal current (magnon current) caused by local heating on the spin structure.
Magnon current exerts on the drive of skyrmions and antiskyrmions.*’ Our purpose is to observe the
displacement of skyrmions and antiskyrmions only driven by the skyrmion-antiskyrmion interactions.
Therefore, it is necessary to determine the range of distances from the local heating position that
magnon current does not exert on the drive of skyrmions and antiskyrmions. In Figure S3(d), an
electron beam with » ~200 nm was focused at a distance of ~700 nm away from the antiskyrmion.
After local electron irradiation in 2 minutes, although the antiskyrmion slightly shifted away from the
local heating position (Figure S3(e)), the magnon current is insufficient to drive the antiskyrmion
under this experimental condition where the heat current density decays in inverse proportion to
distance. In other words, magnon current does not affect skyrmions and antiskyrmions at a distance of

more than at least 700 nm from the local heating position.
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(@

Focused electron beam

Figure S3. Demonstration of the annihilation of a single antiskyrmion by a focused electron beam and
the examination of the effect of the thermal (magnon) current on an antiskyrmion. (a) Schematic of
local heating with the focused electron beam. (b),(c) Experimental demonstration of the annihilation
of the antiskyrmion by local heating. The L-TEM images show the states before and after local electron
irradiation with a diameter of » ~ 200 nm (yellow-shaded circle) in 2 minutes, respectively. (d),(¢) The
examination of thermal (magnon) current effect on the antiskyrmion. The L-TEM images show the
states before and after local electron irradiation (» ~ 200 nm, yellow-shaded circle) in 2 minutes. The

worm-like contrast in the middle is a defect on the sample.

IV : Displacement of particles in the case of CW skyrmions

We have investigated the particle displacement in the presence of CW skyrmions in the same
way as ACW skyrmions (Figure 2(a),(b)). Figures S4(a),(b) show the particle distributions before and
after local heating by the focused electron beam with » ~200 nm in 1.5 minutes, respectively. The

particle displacement is similar to that in the presence of ACW skyrmions (Figure 2(a),(b)).

i

- <5nm 5-200 nm W= > 200 nm

Figure S4. Particle displacements in the presence of CW skyrmions. (a),(b) Distributions of the
particles (CW skyrmions, antiskyrmions, and NT-bubbles) before (a) and after (b) that a CW skyrmion
was annihilated by electron irradiation with a diameter of » ~200 nm in 1.5 minutes. The red-dotted
yellow (a) and black-dotted open (b) circles are the locations before and after local heating. In (b), the
color arrows indicate the direction and magnitude of the particle displacements from their initial

positions in (a). The cells are eye guides for the scale 500 x 500 nm.
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V: List of all possible combinations of two topological particles

In this study, we have used micromagnetic simulations to investigate the magnetic energy in
the presence of the two topological particles. All possible combinations are ten, listed in Table. S2.
The same-colored characters (magenta, yellow, cyan) indicate equivalent arrangements. We have

simulated every possible combination.

No. Topological particle 1 Topological particle 2 Aligned crystal direction Abbreviated notation
1 Antiskyrmion Anticlockwise Skyrmion [100] aSk-ACW_Sk [100]
1 Antiskyrmion Clockwise Skyrmion [010] aSk-CW_Sk [010]
2 Antiskyrmion Anticlockwise Skyrmion [110] aSk-ACW_Sk [110]
2 Antiskyrmion Clockwise Skyrmion [110] aSk-CW_Sk [110]
3 Antiskyrmion Clockwise Skyrmion [100] aSk-CW_Sk [100]
3 Antiskyrmion Anticlockwise Skyrmion [010] aSk-ACW_Sk [010]
4 Anticlockwise Skyrmion Anticlockwise Skyrmion [100] ACW_Sk-ACW_Sk [100]
5 Anticlockwise Skyrmion Anticlockwise Skyrmion [110] ACW_Sk-ACW_Sk [110]
6 Clockwise Skyrmion Anticlockwise Skyrmion [100] CW_Sk-ACW_Sk [100]
7 Clockwise Skyrmion Anticlockwise Skyrmion [110] CW_Sk-ACW_Sk [110]
8 Clockwise Skyrmion Clockwise Skyrmion [100] CW_Sk-CW_Sk [100]
9 Antiskyrmion Antiskyrmion [110] aSk-aSk [110]

10 | Antiskyrmion Antiskyrmion [100] aSk-aSk [100]

Table. S2. All possible combinations in the two-particle model. In the abbreviation notation, CW_Sk
and ACW_Sk denote the clockwise and counterclockwise skyrmions, respectively. aSk denotes the
antiskyrmion. The numbers in parentheses represent the crystal directions along which the two
particles are arranged. The purple-, yellow-, and blue-colored characters correspond to Figure S5 (the

same color is equivalent).

Figure S5 shows schematic arrangements of elliptical skyrmions with helicity degrees of
freedom (CW and ACW) and square-shaped antiskyrmions. We have investigated the three skyrmion-
antiskyrmion arrangements in the top row. Arrangements surrounded by the same color (magenta,
yellow, cyan) indicate equivalent arrangements, indicating that all the skyrmion-antiskyrmion

arrangements are covered only by the arrangements in the top row.
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aSk —ACW _Sk [100]
[010]

[100]

aSk — CW_Sk [110]

aSk — CW_Sk [010] aSk —ACW_Sk [010]
Figure S5. Schematic illustrations of arrangements of the two particles composed of elliptical
skyrmions with helicity degrees of freedom (CW and ACW) and square-shaped antiskyrmions.

Arrangements surrounded by the same color (magenta, yellow, cyan) indicate equivalent arrangements.

VI: Normalized magnetic field of the coexistence of the skyrmion and antiskyrmion

To perform micromagnetic simulation in the coexistence of skyrmions and antiskyrmions, we
calculated a magnetic field of B.1/Bo at which the skyrmion and antiskyrmion have the same energy
density. By, the normalization constant of a magnetic field, is defined as By = D*/2M;uA. Figure S6
shows subtracted energy density &s (blue) and e,k (red) as a function of the normalized magnetic field
B/Bo. &5 and &ask represent the energy densities that subtract the ferromagnetic energy density from the
skyrmion and antiskyrmion energy densities, respectively. We observe the intersection between the &k
and &, lines at Bc1/Bo = 13.283 at which point is that the skyrmion and antiskyrmion have the same

energy density. In this study, therefore, we performed the simulations using B.1/Bo = 13.283.
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Figure S6. Normalized magnetic field B/By dependence of subtracted energy density &sx (blue) and &ask
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(red). esk and eask represent the energy densities that subtract the ferromagnetic energy density from the
skyrmion and antiskyrmion energy densities, respectively. We define Bc1/Bo as the point of the

intersection between the &5k and eask lines. The B.1/Bo is 13.283.

VII: Antiskyrmion-antiskyrmion and skyrmion-skyrmion interactions

Our micromagnetic simulations show that the skyrmion-skyrmion and antiskyrmion-
antiskyrmion interactions are isotropic at B.1/Bo, where the skyrmion and the antiskyrmion have the
same energy density. Figures S7(a),(b) show energy density as a function of the skyrmion-skyrmion
and antiskyrmion-antiskyrmion distances, respectively. We simulated the three and two arrangements
for skyrmions and antiskyrmions, respectively, which covered every possibility considering the shape
and skyrmion helicities. Every result show that energy density increases as the skyrmion-skyrmion
and antiskyrmion-antiskyrmion distances decrease, indicating that the interactions are isotropic long-

range repulsive interactions at the coexisting phase similar to the skyrmion-antiskyrmion interaction.
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Figure S7. Antiskyrmion-antiskyrmion and skyrmion-skyrmion interactions. (a) Simulated energy
density as a function of the ACW (CW) skyrmion-skyrmion distance aligned in the [100] ([100]) and
[110] directions at Bci/Bo, using two-particle models. (b) Antiskyrmion-antiskyrmion distance
dependence of simulated energy density. The two antiskyrmions are aligned axially in the [100] and
[110] directions at Bci/Bo.

VIII: The other magnetic energy changes in aSk-ACW_Sk[100]

In Figure 4 in the main text, we show the magnetic energy changes with decreasing d in aSk-

ACW_Sk[100] as a representative example. Figure S8 shows the other magnetic energy changes in
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aSk-ACW_Sk[100]. The uniaxial anisotropy and Zeeman energies contribute to increasing the
deformed ACW skyrmion energy (Figure S8(b)), indicating that the magnetization component in the

+ z-direction (perpendicular to the plane) decreases with deformation.

(a) 20 (b) 20
Undeformable ACW_Sk Deformable ACW_Sk
16 16
= - Zeeman = - Zeeman
b 12 - Exchange including DMI W 12 - Exchange including DMI
< | Uniaxial anisotropy = L Uniaxial anisotropy
5 o0e 308
3 3
° °
w 04l w 04 :
0 [ gl ot 1
s " N s s L L L L L
(c) (d)
Undeformable aSk Deformable aSk
04r = Zeeman o4r = Zeeman
— - Exchange including DMI —~ - Exchange including DM
S S
502 Uniaxial anisotropy v o2f Uniaxial anisotropy
=} =)
] 8
o 0 °
° °
u i}
02 02F
L L L L L L L L L L
(e) o3 v (® os v
Background FM in undeformable case Background FM in deformable case
0~ Taassaee 0 eaegaee
= 08¢ = 05
1=} 1=}
= 10F Zor
> >
= - Zeeman 2 = Zeeman
E 51 -+ Exchange including DMI S 5 -+ Exchange including DMI
Uniaxial anisotropy Uniaxial anisotropy
20 20
.
25 . L s L s 25 L L . L L
200 400 600 800 1,000 1.200 200 400 600 800 1,000 1,200
d (nm) d (nm)

Figure S8. The other magnetic energy changes with decreasing d in aSk-ACW_Sk[100]. (a)-(f)
Changes of the Zeeman (green), exchange including DMI (orange), and uniaxial anisotropy (yellow)
energies for the undeformable (a) and deformable (b) ACW skyrmion, the undeformable (c) and
deformable (d) antiskyrmion, and the background FM in the undeformable (e) and deformable (f) case.
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IX: Deformation of topological particles
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Figure S9. Magnetization distribution maps where the two topological particles are aligned along the

[100] direction. All of the maps show the deformation of the topological particles.



(a) aSk-ACW_Sk [110] (b) CCW_Sk-ACW_Sk [110]
d=1780 nm

() CW_Sk-ACW_Sk[110] (d) aSk-aSk [110]
d=1780 nm

d=1780 nm

d=1780 nm

d=1250 nm d=1250 nm d=1240 nm d=1250 nm

Figure S10. Magnetization distribution maps where the two topological particles are aligned along the

[110] direction. All of the maps show the deformation of the topological particles.
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X: Magnetic energy changes in every combination other than aSk-ACW_Sk[100] and aSk-
aSk[100]
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Figure S11. Simulated magnetic energy changes with decreasing d in aSk-ACW_Sk[110] (No. 2 in
Table. S2). We compare the deformable to undeformable cases. (a),(b) Changes of the demagnetizing
(blue), Zeeman (green), exchange including DMI (orange), and uniaxial anisotropy (yellow) energies
for the undeformable (a) and deformable (b) cases. (c),(d) Energy changes of the skyrmion (blue),
antiskyrmion (red), and background FM (gray) for the undeformable (c) and deformable (d) cases.
Figures (a),(b),(c),(d) display the energy change from d = 1780 nm. (e),(f) Demagnetizing energy
change of the ACW skyrmion (e) and antiskyrmion (f). The orange and purple lines are the
undeformable and deformable cases, respectively. (g),(h) Total energy (g) and conservative force (h).
The colored lines are the same meanings in (e),(f). Insets: Enlarged views below d = 550 nm. (i)-(n)
Changes of the Zeeman (green), exchange including DMI (orange), and uniaxial anisotropy (yellow)
energies for the undeformable (i) and deformable (j) ACW skyrmion, the undeformable (k) and
deformable (1) antiskyrmion, and the background FM in the undeformable (m) and deformable (n)

case.
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Figure S12. Simulated magnetic energy changes with decreasing d in aSk-CW_Sk[100] (No. 3 in Table.
S2). We compare the deformable to undeformable cases. (a),(b) Changes of the demagnetizing (blue),
Zeeman (green), exchange including DMI (orange), and uniaxial anisotropy (yellow) energies for the
undeformable (a) and deformable (b) cases. (c),(d) Energy changes of the CW skyrmion (blue),
antiskyrmion (red), and background FM (gray) for the undeformable (c) and deformable (d) cases.
Figures (a),(b),(c),(d) display the energy change from d = 1780 nm. (e),(f) Demagnetizing energy
change of the CW skyrmion (e) and antiskyrmion (f). The orange and purple lines are the undeformable
and deformable cases, respectively. (g),(h) Total energy (g) and conservative force (h). The colored
lines are the same meanings in (e),(f). Insets: Enlarged views below d = 550 nm. (i)-(n) Changes of
the Zeeman (green), exchange including DMI (orange), and uniaxial anisotropy (yellow) energies for
the undeformable (i) and deformable (j) CW skyrmion, the undeformable (k) and deformable (1)

antiskyrmion, and the background FM in the undeformable (m) and deformable (n) case.
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Figure S13. Simulated magnetic energy changes with decreasing d in ACW_Sk-ACW_Sk[100] (No.
4 in Table. S2). We compare the deformable to undeformable cases. (a),(b) Changes of the
demagnetizing (blue), Zeeman (green), exchange including DMI (orange), and uniaxial anisotropy
(yellow) energies for the undeformable (a) and deformable (b) cases. (c),(d) Energy changes of the
ACW skyrmion (blue), and background FM (gray) for the undeformable (c) and deformable (d) cases.
The two ACW skyrmions show the same energy behavior so that we display the sum of the energies
of the two ACW skyrmions in (c),(d). Figures (a),(b),(c),(d) display the energy change from d = 1280
nm. (¢) Demagnetizing energy change of the ACW skyrmion. The orange and purple lines are the
undeformable and deformable cases, respectively. (f),(g) Total energy (f) and conservative force (g).
The colored lines are the same meanings in (¢). Insets: Enlarged views below d = 550 nm. (h)-(k)
Changes of the Zeeman (green), exchange including DMI (orange), and uniaxial anisotropy (yellow)
energies for the undeformable (h) and deformable (i) ACW skyrmion, and the background FM in the

undeformable (j) and deformable (k) case.
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Figure S14. Simulated magnetic energy changes with decreasing d in ACW_Sk-ACW_Sk[110] (No.
5 in Table. S2). We compare the deformable to undeformable cases. (a),(b) Changes of the
demagnetizing (blue), Zeeman (green), exchange including DMI (orange), and uniaxial anisotropy
(yellow) energies for the undeformable (a) and deformable (b) cases. (c),(d) Energy changes of the
two ACW skyrmions (blue), and background FM (gray) for the undeformable (c) and deformable (d)
cases. The two ACW skyrmions show the same energy behavior so that we display the sum of the
energies of the two ACW skyrmions in (c),(d). Figures (a),(b),(c),(d) display the energy change from
d = 1780 nm. (e) Demagnetizing energy change of the ACW skyrmion. The orange and purple lines
are the undeformable and deformable cases, respectively. (f),(g) Total energy (f) and conservative
force (g). The colored lines are the same meanings in (e). Insets: Enlarged views below d = 550 nm.
(h)-(k) Changes of the Zeeman (green), exchange including DMI (orange), and uniaxial anisotropy
(yellow) energies for the undeformable (h) and deformable (i) ACW skyrmion, and the background
FM in the undeformable (j) and deformable (k) case.
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Figure S15. Simulated magnetic energy changes with decreasing d in CW_Sk-ACW_Sk[100] (No. 6
in Table. S2). We compare the deformable to undeformable cases. (a),(b) Changes of the
demagnetizing (blue), Zeeman (green), exchange including DMI (orange), and uniaxial anisotropy
(yellow) energies for the undeformable (a) and deformable (b) cases. (c),(d) Energy changes of the
ACW skyrmion (blue), CW skyrmion (purple), and background FM (gray) for the undeformable (c)
and deformable (d) cases. Figures (a),(b),(c),(d) display the energy change from d = 1280 nm. (e),(f)
Demagnetizing energy change of the CW skyrmion (e) and ACW skyrmion (f). The orange and purple
lines are the undeformable and deformable cases, respectively. (g),(h) Total energy (g) and
conservative force (h). The colored lines are the same meanings in (e),(f). Insets: Enlarged views below
d =550 nm. (i)-(n) Changes of the Zeeman (green), exchange including DMI (orange), and uniaxial
anisotropy (yellow) energies for the undeformable (i) and deformable (j) CW skyrmion, the
undeformable (k) and deformable (1) ACW skyrmion, and the background FM in the undeformable

(m) and deformable (n) case.
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Figure S16. Simulated magnetic energy changes with decreasing d in CW_Sk-ACW_Sk[110] (No. 7
in Table. S2). We compare the deformable to undeformable cases. (a),(b) Changes of the
demagnetizing (blue), Zeeman (green), exchange including DMI (orange), and uniaxial anisotropy
(yellow) energies for the undeformable (a) and deformable (b) cases. (c),(d) Energy changes of the
ACW skyrmion + CW skyrmion (blue), and background FM (gray) for the undeformable (c) and
deformable (d) cases. The energy behaviors of the ACW skyrmion are in quantitative agreement with
those of the CW skyrmion so that we display the sum of the energies of the ACW skyrmion and CW
skyrmions in (c),(d). Figures (a),(b),(c),(d) display the energy change from 4 = 1780 nm. (e)
Demagnetizing energy change of the ACW (CW) skyrmion. The orange and purple lines are the
undeformable and deformable cases, respectively. (f),(g) Total energy (f) and conservative force (g).
The colored lines are the same meanings in (e). Insets: Enlarged views below d = 550 nm. (h)-(k)
Changes of the Zeeman (green), exchange including DMI (orange), and uniaxial anisotropy (yellow)
energies for the undeformable (h) and deformable (i) ACW (CW) skyrmion, and the background FM
in the undeformable (j) and deformable (k) case.



No.8. CW_Sk-CW_Sk [100]

@ (b) .5 (h) 4 (U
Undeformable eformable Undeformable CW_Sk Deformable CW_Sk
= Demagnelizing -+ Demagnetizin
20 oo gnetizing 10 oo gnetizing . .
= eeman = eeman = = Zesman = + Zeoman
2 s * Exchange including DMI g 15 * Exchange including DMI % - Exchange including DMI % - Exchange including DMI
< Uniaxia anisotropy =1 Uniaxial anisotropy T 4 Uniaxial anisotropy T 4 Uniaxial anisotropy
= = = =
3, 3, - 3 3
b5 b T 3
2 2 2 2 2 2
i i} I I
15 5
0 0 s
30 30
© )
Undeformable Deformable
10 1.0 CW_Sk x2
o Background FM o
© 05 CW_Sk x2 o 05
3 3
g 0 g °
2 2
I i}
05 05
Background FM
10 10
(e) 11} (k)
Backsround FM in undeformable case
45 0= 0
= 05 05
S = =
=4 S = Zeeman S
- e a0 N e .10 .
e - Undeformable CW_Sk ° Exchanlge mcl:mmg oM ° Exchan]ge mc\::dmg ol
< iniaxial anisotroj = niaxial anisotro
a7 - Deformable CW_Sk = 15 > > 15 ”
o - = =
I S 20 2 20
33 I I
25 25
Demagnetizing |
29 30 0
100 300 500 700 900 1,100 1,300 100 300 500 700 900 1100 1.300
) (@)
4 - d(nm) d (nm)
z
7.1185 7185 B 3
o
= 7.1195] 23 )
2 7.1205] 8 1
271195 5
=3 7121 L2 0
3 100 200 300 400 50 2 100 200 300 400 500
2 - Undeformable S 4 - Undeformable
1571205 e
= Deformable 2 - Deformable
2
5
g o

74215
5

00 300 500 700

d (nm)

900 1100 1300 100 300 500 700

d (nm)

Figure S17. Simulated magnetic energy changes with decreasing d in CW_Sk-CW_Sk[100] (No. 8 in

900 1,100 1300

Table. S2). We compare the deformable to undeformable cases. (a),(b) Changes of the demagnetizing
(blue), Zeeman (green), exchange including DMI (orange), and uniaxial anisotropy (yellow) energies
for the undeformable (a) and deformable (b) cases. (¢),(d) Energy changes of the two CW skyrmions
(purple), and background FM (gray) for the undeformable (c) and deformable (d) cases. The two CW
skyrmions show the same energy behavior so that we display the sum of the energies of the two CW
skyrmions in (c),(d). Figures (a),(b),(c),(d) display the energy change from d = 1280 nm. (e)
Demagnetizing energy change of the CW skyrmion. The orange and purple lines are the undeformable
and deformable cases, respectively. (f),(g) Total energy (f) and conservative force (g). The colored
lines are the same meanings in (e). Insets: Enlarged views below d = 500 nm. (h)-(k) Changes of the
Zeeman (green), exchange including DMI (orange), and uniaxial anisotropy (yellow) energies for the

undeformable (h) and deformable (i) CW skyrmion, and the background FM in the undeformable (j)

and deformable (k) case.
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Figure S18. Simulated magnetic energy changes with decreasing d in aSk-aSk[110] (No. 9 in Table.
S2). We compare the deformable to undeformable cases. (a),(b) Changes of the demagnetizing (blue),
Zeeman (green), exchange including DMI (orange), and uniaxial anisotropy (yellow) energies for the
undeformable (a) and deformable (b) cases. (c),(d) Energy changes of the two antiskyrmions (red),
and background FM (gray) for the undeformable (c) and deformable (d) cases. The two antiskyrmions
show the same energy behavior so that we display the sum of the energies of the two antiskyrmions in
(c),(d). Figures (a),(b),(c),(d) display the energy change from d = 1780 nm. (e) Demagnetizing energy
change of the antiskyrmion. The orange and purple lines are the undeformable and deformable cases,
respectively. (f),(g) Total energy (f) and conservative force (g). The colored lines are the same
meanings in (e). Insets: Enlarged views below d = 550 nm. (h)-(k) Changes of the Zeeman (green),
exchange including DMI (orange), and uniaxial anisotropy (yellow) energies for the undeformable (h)

and deformable (i) antiskyrmion, and the background FM in the undeformable (j) and deformable (k)

case.
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XI: Magnetic energy changes in aSk-aSk[100] and magnetic flux density map

The magnetic energy behaviors in aSk-aSk[100] is different from those of the other

combinations, as shown in Figure S19.
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Figure S19. Simulated magnetic energy changes with decreasing d in aSk-aSk[100] (No. 10 in Table.
S2). We compare the deformable to undeformable cases. (a),(b) Changes of the demagnetizing (blue),
Zeeman (green), exchange including DMI (orange), and uniaxial anisotropy (yellow) energies for the
undeformable (a) and deformable (b) cases. (c),(d) Energy changes of the two antiskyrmions (red),
and background FM (gray) for the undeformable (c) and deformable (d) cases. The two antiskyrmions
show the same energy behavior so that we display the sum of the energies of the two antiskyrmions in
(c),(d). Figures (a),(b),(c),(d) display the energy change from d = 1280 nm. (e¢) Demagnetizing energy
change of the antiskyrmion. The orange and purple lines are the undeformable and deformable cases,
respectively. (f),(g) Total energy (f) and conservative force (g). The colored lines are the same
meanings in (e). Insets: Enlarged views below d = 550 nm. (h)-(k) Changes of the Zeeman (green),
exchange including DMI (orange), and uniaxial anisotropy (yellow) energies for the undeformable (h)

and deformable (i) antiskyrmion, and the background FM in the undeformable (j) and deformable (k)
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case.

The transport of intensity equation (TIE) analysis using L-TEM images to visualize in-plane
magnetic flux density has been powerful in studying magnetic skyrmions.® However, magnetic flux
density outside a skyrmion generated by the skyrmion, which is the sum of demagnetization flux
density inside the thin film and leakage magnetic flux density outside the thin film, are so weak that
they have never been visualizable. The exception is an antiskyrmion where magnetic flux density can
be observed in its close vicinity?® due to its unique magnetic structure. We have visualized magnetic
flux density (demagnetizing fields) that smoothly connects the antiskyrmion spin structure situated
close to each other along with the <100> directions in a square antiskyrmion lattice, as shown in Figure
S20. Therefore, the difference in magnetic energy behaviors of aSk-aSk[100] from the other

combinations may originate from the unique magnetic structure of antiskyrmions.

(b) [

100 nm.

Figure S20. L-TEM image and corresponding in-plane magnetic flux density map of a square
antiskyrmion lattice. (a) An underfocused L-TEM image of the square antiskyrmion lattice. (b) In-
plane magnetic flux density map using the TIE analysis based on underfocused (a) and overfocused
L-TEM images. Closed white lines are the outlines of antiskyrmions. The colors and arrows indicate
the direction and magnitude of the magnetic flux density as referred to in the inset color wheel. The
map allows us to see the magnetic flux density outside the magnetizations of antiskyrmions, of which

a portion smoothly connects between antiskyrmions.
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