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ABSTRACT
Skyrmion systems have been regarded as potential candidates for versatile energy-efficient information processing due to the
intrinsic topological properties. In emerging skyrmion-based reservoir computing concepts, history-dependent spin state evolution
constitutes a key physical ingredient, highlighting the importance of controllable collective dynamics in response to external
stimuli. Antiskyrmions, as antiparticles of skyrmions, are expected to offer additional configurational degrees of freedom and
enhanced thermal stability. However, experimental visualization of their field-dependent collective evolution remains scarce.
Here we report a continuous, field-history-dependent antiskyrmion transition from a triangular to square lattice, accompanied
by a sequence of intricate intermediate states in Mn1.4PtSn chiral magnet. Coordinated variations in antiskyrmion shape, size,
and position are directly demonstrated, thereby offering experimentally multiple accessible degrees of freedom under controlled
magnetic-field inputs. Systematic micromagnetic simulations reveal that the competition among Dzyaloshinskii–Moriya, dipolar,
and Zeeman interactions governs the sequential reconfiguration of local spin textures underlying the observed lattice evolution.
Our results provide a controllable and history-dependent antiskyrmion lattice platformwith rich intermediate configuration states
to explore multi-level information encoding and reservoir-computing applications.
1 Introduction

Skyrmion systems [1–3] with quasiparticle nature and topo-
logical features [4] have demonstrated potential capabilities in
racetrack memory [5–7], logic devices [8], and neuromorphic
computing applications [9, 10]. In particular, skyrmion-based
reservoir computing has emerged as highly efficient framework
that exploits the intrinsic nonlinearity, high-dimensionality, and
history-dependent dynamics of skyrmion ensembles [11–14]. In
© 2026 Wiley-VCH GmbH
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this scheme, complex spatial-temporal evolution of skyrmions
serves as a core physical reservoir that maps input stimuli
into a high-dimensional state, while task-specific information
is extracted through a trainable readout [13, 14]. Consequently,
complex pattern recognition and handwritten digit recognition
have been experimentally achieved by taking advantages of the
inherent dynamic skyrmion evolution within complex configura-
tions [13]. Task-adaptive control of skyrmion reservoir properties
via using spectra [15, 16] has been realized in chiral magnets
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Cu2OSeO3, Co8.5Zn8.5Mn3, and FeGe. These results highlight
the feasibility and energy efficiency of using skyrmion-based
domain evolution with high degrees of freedom in neuromorphic
computing.

Following this skyrmion reservoir computing framework [14],
antiskyrmions as topological counterparts of skyrmions in mate-
rials with anisotropic Dzyaloshinskii–Moriya interactions (DMI)
have been proposed as promising candidates to enrich such
computational paradigms owing to their additional configura-
tional degrees of freedom and enhanced thermal stability [3,
17, 18]. Previous studies on triangular antiskyrmion lattice and
configurationmanipulation in chiral magnetMn1.4Pt0.9Pd0.1Sn [3,
19–21] suggest the possibility of multi-level configuration states
with high thermal stability up to 375 K. However, the experimen-
tal insight into the collective evolution of antiskyrmions under
external stimuli, which constitutes a key physical prerequisite
for reservoir computing and multi-level information encoding,
remains limited.

In contrast to skyrmions with a single chirality of either
Bloch or Néel magnetization rotation, the antiskyrmion con-
figuration is composed of continuously alternating Bloch and
Néel-type domain wall segments, as shown in the schematic
(Figure 1a). Theoretically, no magnetic charge is generated
and less dipole energy is consumed for Bloch-type domain
walls in comparison with the Néel type, which provides an
additional degree of freedom for shape and size modula-
tion under external stimuli [22, 23]. Subsequent experiments
intermittently detected a square antiskyrmion lattice in this
identical magnetic material [24], yet the intrinsic correlation
between triangular and square antiskyrmion lattices, as well
as the nature of possible intermediate configurations, remains
unexplored.

The periodic organization of atoms and spin states into lattices
with defined symmetry plays a central role in determining
collective physical properties. Symmetric array of nano-magnets
in artificial spin ice with eight distinguished states via trans-
port measurements has demonstrated promising application
for multi-bit data storage and neuromorphic computing [25].
The ability to control intermediate configuration states through
nonlinear transformations is regarded critical for enhancing the
storage capacity and expanding the effective dimensions, which
underpins reservoir-computing frameworks. In chiral magnets,
topological skyrmion lattice transition has been demonstrated
in Co8Zn8Mn4 [26], MnSi [27], and Cu2OSeO3 [28] but only in
reciprocal space. However, the rich degrees of freedom intrinsic
to topological spin textures, such as variations in shape, size,
position, and collective dynamics have not been directly captured
in real space.

Lorentz transmission electron microscopy (L-TEM), with its
high spatial resolution and in situ external field tunability,
provides a powerful real-space approach to directly visualize
nanoscale magnetic configurations and their history-dependent
evolution. In this study, we directly observe the antiskyrmion
transition from triangular to square lattice with complex inter-
mediate evolution highly dependent on magnetic field history
in Mn1.4PtSn chiral magnet. Combined experimental results
and numerical micromagnetic simulations highlight the critical
2 of 10
contributions of energy competition among external magnetic
field, intrinsic anisotropic DMI, and dipolar interactions on
controlling the degrees of freedom during the lattice transition.
The visualization of continuous antiskyrmion lattice evolution
and high degrees of freedom establish an experimentally acces-
sible platform for exploring the collective antiskyrmion states
in multi-level information encoding and reservoir-computing
applications.

2 Results and Discussion

2.1 Generation and Characterization of
Antiskyrmion Lattice

We fabricate (001) plane thin plates of Mn1.4PtSn [3, 29, 30]
using focused ion beam (FIB) technique (Figure S1) to conduct
real space observation in L-TEM. The anisotropic Dzyaloshinskii-
Moriya (DM) vectors originate from intrinsic D2d crystal symme-
try (Figure S2), which determines the magnetic stripe domain
ground state with helical propagation wavevectors along [100]
and [010] axes, respectively at zero field. The antiskyrmion
lattice configuration is highly dependent on magnetic field
history, particularly on the contribution of in-plane magnetic
fields via tilting the sample plate (Note S1). Applying a mag-
netic field (380 mT) at a tilting angle of 20 degrees leads to
the generation of a triangular antiskyrmion lattice, in contrast
to isolated antiskyrmions without in-plane field manipulation,
which is consistent with previous experimental reports [3, 19].
The triangular lattice becomes slightly distorted once the angle is
tilted back to 0 (removing in-planemagnetic field). Subsequently,
as the magnetic field decreases, the antiskyrmion configuration
transition from triangular to square lattice (schematic illustration
in Figure 1b) is directly observed as shown in Figure 1c,e at room
temperature.

Two bright and dark contrast regions along respective vertical
and horizontal directions in L-TEM images (Figure 1c,e) originate
from alternating Bloch and Néel walls within a single anti-
skyrmion. Further micromagnetic simulations (Figure 1d,f) and
L-TEM image simulations (Figure 1g,i; Figure S3) based on the
material parameters ofMn1.4PtSn (Methods andNote S2) confirm
the consistent magnetization configuration of the antiskyrmion
lattice. It is demonstrated that the shape and size of individual
antiskyrmion change significantly during the transformation
from triangular to square lattice while in situ reducing the mag-
netic field from 380mT to zero. Corresponding schematic illustra-
tions (Figure 1h,j)manifestmultiple degrees of freedom including
size, shape and configuration arrangement,whereBloch andNéel
domainwall segments aremarkedwith blue and red color, respec-
tively. The individual antiskyrmion tends to have a larger size,
square shape and a larger Bloch to Néel domain wall ratio inside
the square lattice. The in-plane magnetization configuration of
antiskyrmion lattice is identified via using transport-of-intensity
equation (TIE) method [31] (Figure S4) based on L-TEM images
at under-focus and over-focus Fresnel modes (∆z = ± 500 µm),
consistent with previous studies [24]. By repeating the exper-
imental protocols, we conclude that the triangular-to-square
lattice transition can be effectively manipulated by magnetic
field.
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FIGURE 1 Real-space observation of antiskyrmion transition from triangular to square lattice within (001) plane of chiral magnet Mn1.4PtSn
at room temperature. (a) Schematic illustration of topological antiskyrmion magnetization texture with Nsk = 1. (b) Schematic of antiskyrmion lattice
transition. (c–f) L-TEM images acquired at a defocus value of 500 µm, showing the representative triangular (c) and square (e) antiskyrmion lattice under
perpendicularmagnetic fields of 380 and 0mT, respectively. Scale bar, 100 nm. The corresponding simulated in-planemagnetization distributions for the
triangular (d) and square (f) antiskyrmion lattice with color wheels in the insets indicating magnetization orientation. (g–j) Simulated Fresnel L-TEM
images of triangular (g) and square (i) antiskyrmion lattices at a defocus value of 500 µm, demonstrating the domain contrast of Bloch walls due to the
Lorentz force deflection of electrons. The schematic configurations of triangular (h) and square (j) antiskyrmion lattices, well illustrating the changes
in shape, size, and the ratio between Bloch and Néel wall segments. Red arrows for Néel-type magnetization along [110] and [11̄0] directions and blue
arrows for Bloch-type magnetization along [100] and [010] directions.
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2.2 Magnetic Field and Temperature
Dependency of Antiskyrmion Evolution

To better understand the dependency of the intermediate anti-
skyrmion evolution on magnetic field and temperature, we
record a series of L-TEM images at respectively 295 and
150 K while reducing magnetic field as shown in Figure 2.
Starting from the triangular lattice at 380 mT (Figure 2a),
the rearrangement of antiskyrmion in response to the mag-
netic field is directly observed. When the magnetic field
is reduced to 265 mT, the configuration change of individ-
ual antiskyrmions from circular to square shape is identi-
fied together with the lattice rearrangement (Figure 2e). It is
demonstrated that the intermediate transition including individ-
ual antiskyrmions and their lattice is gradual and continuous
Advanced Functional Materials, 2026
while decreasing the magnetic field as shown in Figure 2c-e
(Figure S5).

The decrease of magnetic field enables the peripheral magnetic
moment to rotate away from the magnetic field direction to
in-plane direction, resulting in enlargement of antiskyrmion
size. The square lattice appears densely packed (Figure 2f)
when the magnetic field is reduced to 247 mT and remains
robust at zero field (Figure 2h). Occasional appearance of helical
domains as localized topological defects inside the square lattice
enriches the domain states. We demonstrate that the magnetic
field-dependent lattice transition can be extended over a wide
temperature range down to 150 K (Figures 2i-l), below which
stripe domains substitute the lattice due to the spin reorien-
tation transition. It should be noted that circular and square
3 of 10
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FIGURE 2 Complex antiskyrmion lattice evolution at different magnetic fields and temperatures in (001) thin plate of Mn1.4PtSn.
(a–l) Representative under-focus L-TEM images showing continuous evolution from an antiskyrmion triangular to a densely packed square lattice
while decreasing magnetic fields at 295K (a–h) and 150K (i–l). The antiskyrmion triangular lattice (a) is generated from the ground-state helical stripe
domain at 380 mT. While decreasing the magnetic fields, the shape of antiskyrmions gradually transforms from circular to square, accompanied by an
increase in particle size and a decrease in nearest-neighbor antiskyrmion distance. When the magnetic field is completely removed, the square lattice
(h) remains stable. Scale bar, 100 nm.

T
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antiskyrmions share the same topological characteristics with
the total topological number essentially unchanged during the
transition.

2.3 Summary of Antiskymion Configuration
Change During Lattice Transition

The extracted topological lattice demonstrates the overall distri-
bution of the nearest neighbour elements and defects in these two
antiskyrmion lattices as shown in Figure 3a-d. The topological
defects in the form of helical domains are observed in the
square lattice, which are randomly induced during antiskyrmion
rearrangement as illustrated in simulations (Figure S6). The L-
EM images focusing on a single antiskyrmion clearly depict
the configuration evolution including shape, size and domain
contrast at different magnetic fields, indicating larger Bloch to
Néel domainwall ratio in square antiskyrmion (Figure 3e; Figures
S7 and S8). The statistical plots in Figure 3f,g summarize the
gradual increase in antiskyrmion size (Figure 3f) and decrease in
nearest-neighbor antiskyrmion distance (Figure 3g) as decreas-
4 of 10
ing the magnetic fields. We define the size of the magnetic
structure based on its spatial contrast extension along the [100]
crystallographic axis. To determine the effective boundary, the
image contrast is normalized, and the boundary is identified
as the position corresponding to 85% of the peak brightness.
Further quantification of the antiskyrmion lattice evolution via
using the radial distribution function (RDF) (Figure S9) confirms
the conclusion of direct L-TEM observations. The coordinated
trend seems qualitatively consistent with a smaller size for larger
distance but no exact quantitative relationship is confirmed so far.
Therefore, the changes in antiskyrmion size andnearest-neighbor
antiskyrmion distance provide independent degrees of freedom in
contrast to the fixed parameters within narrow temperature and
field windows in skyrmion helimagnets [1, 2, 4, 32].

The intricate interplay among external magnetic fields,
anisotropic DMI, and dipole-dipole interactions facilitates
controlling antiskyrmion configuration through external stimuli.
The applied magnetic field gradually drives the peripheral
magnetization of individual antiskyrmions along the field
direction, thereby shrinking and reducing the size, which is
Advanced Functional Materials, 2026
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FIGURE 3 Summary of configuration freedoms in response to externalmagnetic field and temperature during antiskyrmion lattice transformation.
(a, b) Real space L-TEM images showing triangular and square lattices at magnetic field of 380 and 0 mT. Scale bar, 200 nm. (c, d) Extracted topological
morphology from antiskyrmion lattices with six and four neighbors highlighted in red. Topological defects are marked in orange. (e) L-TEM images
and corresponding micromagnetic simulations focusing on a single antiskyrmion spin texture evolution from circular to square shape while decreasing
magnetic field at 295 K. Arrows and colors indicate the magnitude and direction of in-plane magnetization. The length of antiskyrmion boundary wall
marked with yellow, indicating increased Bloch to Néel domain wall ratio from circular to square shape transition. Scale bar, 50 nm. (f) Dependence
of antiskyrmion size on magnetic field with error bars showing the standard deviation. (g) Dependence of nearest-neighbor antiskyrmion distance on
magnetic field with critical transition point marked out. (h) Summarizedmagnetic phase diagram for antiskyrmion lattice transition showing significant
correlation with magnetic field and temperature.
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theoretically and experimentally consistent with skyrmion
evolution [33, 34]. The contribution of dipole–dipole interactions
to the antiskyrmion configuration varies with the magnitude
of input magnetic field. When the effect of magnetic field
is dominated, circular antiskyrmions tend to form. Once the
magnetic field decreases below a certain threshold, the expansion
of the total wall region becomes significant due to the increased
peripheral canted magnetization. At this stage, Bloch walls
are preferred over Néel walls in minimizing magnetic energy
loss, manifesting the contribution of dipole–dipole interactions.
Therefore, for larger-size antiskyrmions, the region of Bloch wall
expands along [100] and [010] directions, while the Néel wall
Advanced Functional Materials, 2026
contracts along [110] and [11̄0] directions, forming square-shape
antiskyrmions. Although the total domain wall length increases
from circular to square shape, the Bloch to Néel domain wall
ratio takes precedence in minimizing the energy of DMI and
dipole interactions.

Off-axis electron holography experiment is further conducted
at in-focus state. The corresponding antiskyrmion configuration
(Figure S8) confirms consistent distribution of Bloch and Néel
wall segments inside antiskyrmion. Interestingly, similar phe-
nomena have been observed in the topological helicon lattice
in liquid crystal systems, where shape deformation and lattice
5 of 10
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symmetry changes were manipulated by external electric field
[35]. The H-T phase diagram based on L-TEM measurements
(Figure 3h) summarizes the overall field-induced lattice transi-
tion over a broad temperature range (150–375 K), which provides
more convenient manipulation option in comparison with previ-
ously reported skyrmion lattice transitions at low temperatures
and following complex field-cooling processes (Table S1) [26–28].

2.4 Micromagnetic Simulations to Reveal
Complex Domain Evolution Mechanism

Micromagnetic simulations based on Landau–Lifshitz–Gilbert
(LLG) equation by using MuMax3 [36] software demonstrate the
dynamic origination of the antiskyrmion lattice transformation
under a magnetic field (details in Methods). The magnetization
distributionm(r) is determined by minimizing the magnetic free
energy 𝐸 = ∫ 𝜀 𝑑𝒓 with energy density ε(r) given by

𝐸 = ∫
𝑉𝑠

(
𝜀ex + 𝜀dmi + 𝜀anis + 𝜀Zeeman + 𝜀dipole

)
𝑑𝒓

where the first, second, third, fourth, and fifth terms correspond
to the energy density of exchange interaction, anisotropic DMI
interaction, uniaxial anisotropy, Zeeman, and dipole, respec-
tively. The real-space distribution of the local magnetic moments
m (Figure 4a-d), energy density ε (Figure 4e-h), and topological
charge density nsk (Figure 4i-l) are respectively calculated during
the antiskyrmion lattice transformation under different magnetic
fields. Antiskyrmions are initially generated in a triangular lattice
(Figure 4a) at a magnetic field of 350 mT, where Zeeman
energy determines the energy landscape in contrast to the minor
contribution of long-range dipolar interaction and isotropic
energy density for large spacing (Figure 4e). When decreasing
the magnetic field, the magnetic moments in peripheral anti-
skyrmions begin to rotate into the in-plane direction (Figure 3e),
enlarging the antiskyrmion size and facilitating the antiskyrmion
morphology transition from circular to square (Figure 4a-d). The
short-range anisotropic interactions become dominant in theses
deformed square antiskyrmion textures, leading to antiskyrmion
rearrangement. The divergence of Néel-type magnetization car-
ries magnetostatic charges ρmag ∝ ∇ ⋅ m at four corners of the
square configuration with opposite sign marked out along the
[110] and [11̄0] axes due to the opposite chirality of anisotropic
DMI.

The micromagnetic simulations clearly demonstrate the mag-
netostatic charge distribution and mutual force relationship in
the magnified magnetization distribution (Figure 4m; Figure
S10). The magnetostatic charges with opposite signs introduce
attractive forces for adjacent antiskyrmions along the [100]
and [010] axes (red arrows in Figure 4m), while the repulsive
forces dominate along the [110] and [11̄0] axes (blue arrows in
Figure 4m). Particularly, the increase in size and decrease in
nearest-neighbor antiskyrmion distance makes the short-range
anisotropic antiskyrmion interactions competitive with other
interactions, resulting in triangular to square lattice transition.
A perfect square lattice is obtained at about 170 mT, where
an anisotropic energy density distributes at the antiskyrmion-
antiskyrmion interface with slightly higher energy along [100]
and [010] axes than other directions as shown in the red box
6 of 10
area of Figure 4h. The local interactions between antiskyrmions
cause the steep spatial variation of themagneticmoments (Figure
S11) at the interface and disturb the ideal spin modulation
pitch, leading to a larger energy cost. Consequently, additional
topological charge density nsk accumulates near the interface
along [100] and [010] axis (red boxed area in Figure 4l) and
counter-vortices are induced between the original antiskyrmions
(blue boxed area in Figure 4l) with negative nsk, maintaining the
net total topological charge unchanged (Figure S11).

The individual energy (Figure 4n) for different interactions
during the antiskyrmion lattice transition are calculated while
varying the external magnetic field. It is demonstrated that the
anisotropic DMI energy and dipole energy (black and red lines
in Figure 4n) linearly decrease in comparison with significant
increase in Zeeman energy (blue lines in Figure 4n) during the
lattice transition with decreasing magnetic fields. This highlights
the key role of anisotropic DMI and dipole interactions in
competing with the external magnetic field to stabilize different
antiskyrmion configurations and lattice structures, which is
consistent with experimental results. The anisotropic DMI and
dipolar interactions are critical for stabilizing square lattices
of antiskyrmions in contrast to the dominant contribution of
magnetocrystalline [37] and exchange anisotropy [38] for that of
skyrmion lattices.

Understanding the microscopic mechanisms and critical inter-
actions among topological units is essential for establishing
well-defined and robust configuration states for exploring versa-
tile spintronic applications. Previous studies on skyrmion-based
systems have demonstrated that their collective dynamics can be
electrically probed through multiple established readout chan-
nels [13, 14]. Building on this foundation, the intermediate states
during antiskyrmion lattice evolution are, in principle, compat-
ible with existing electrical detection schemes for skyrmions
including magnetoresistance [39, 40], topological Hall signals
[4], alternating-current susceptibility [41], and spin-wave spec-
troscopy [14], thereby defining feasible experimental routes for
future information process. To clarify this connection at a concep-
tual level, a schematic illustration is provided in Figure S12,which
outlines how the complex, field-history-dependent intermediate
states of antiskyrmion lattices can be mapped onto a generic
reservoir-computing framework.

3 Conclusions

By conveniently manipulating the external magnetic field in
L-TEM, we have directly observed the intermediate evolution
of the antiskyrmion lattice transition from triangular to square
in chiral magnet Mn1.4PtSn. The individual topological anti-
skyrmion particles exhibit significant field-induced configuration
changes in shape, size and position to compose different lat-
tices. Micromagnetic simulations further verify the antiskyrmion
lattice transition together with complex intermediate evolution,
providing microscopic insight into the competing interactions
that govern antiskyrmion stability and collective reorganization
behaviour. The ability to control the freedom of topological
units during lattice transition provides a rich platform for
exploring high-efficient and multi-level information processing
alternatives.
Advanced Functional Materials, 2026
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FIGURE 4 Micromagnetic simulations to reveal the dynamic evolution and mechanism of field-induced antiskyrmion lattice transition.
(a–d) Local magnetization intensity (m) distribution of antiskyrmions lattice while decreasing the magnetic field. The direction of in-plane (mxy)
magnetization is indexed by color wheel and the magnetization intensity along z-axis (mz) is represented by white (+mz) and black (−mz) regions.
(e–l) Corresponding contour plots of the energy density ε (e–h) and topological charge density nsk (i–l). The non-uniform arrangement of magnetic
moments accumulates additional topological charge nsk (the red dashed box in l) near the interface leaving negative nsk generated in the intermediate
region (the blue dashed box in l) to maintain the net total topological charge. (m) Spatial distribution of magnetostatic charges based on simulated
magnetization, indicating short-range anisotropic interactions between antiskyrmions. Purple and green represent opposite magnetostatic charges ∇m.
Consequently, the attractive forces (Fa) marked with red arrows and repulsive forces (Fr) with blue arrows are introduced at different directions. (n)
Dependency of different magnetic energy on magnetic fields, where Eex, EZeeman, Edmi, Eanis, Edipolar represent exchange interaction energy, Zeeman
energy, anisotropic DMI interaction energy, uniaxial anisotropy energy, and dipolar energy, respectively.

Advanced Functional Materials, 2026 7 of 10
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4 Methods

4.1 Preparation of Mn1.4PtSn Single Crystals

The Mn1.4PtSn single crystal was synthesized using the flux
growth method [29, 30] with Sn as a fluxing agent in a box
furnace (KEJING KSL-1700X). High-purity Mn (99.999%) and
Pt (99.999%) metals were combined in a molar ratio of 3:1,
with a total mass of 0.75 g, and mixed with approximately
10 g of Sn. The mixture was placed into an alumina crucible,
which was then sealed within a quartz tube under an argon
pressure of 0.2 bar. The sealed quartz tube was heated in a
box furnace at 1323 K for 24 h to ensure compositional homo-
geneity. Subsequently, the temperature was rapidly reduced to
923 K, followed by a slow cooling process at a rate of 0.5 K/h
down to 723 K, where it was maintained for 48 h to promote
better crystallization. Finally, the excess flux was removed via
centrifugation.

4.2 Fabrication of Mn1.4PtSn Thin Plates

Mn1.4PtSn thin plate with a thickness of approximately 125 nm
was fabricated from bulk crystals for real-space L-TEM obser-
vation by using the lift-out method in a focused ion beam
microscope (Zeiss 550 FIB), which includes a gas injection system
and a micromanipulator (MM3A, Kleindiek). A cuboid with
dimensions of 4 µm in length and 3 µm in width was cut from
a Mn1.4PtSn single crystal in a Ga+ ion contained dual beam
system of FIB operating at an accelerated voltage of 30 keV.
PtCx was used as an adhesive to attach the separated cuboid to
the micromanipulator for subsequent mounting onto a copper
grid. Under the observation of the TEM electron beam in the
[001] direction, the cuboid was thinned to a thickness of approxi-
mately 125 nm. The selected-area electron diffraction (SAED) was
employed to ascertain the crystalline orientation of the (001) thin
plate.

4.3 L-TEMMeasurements

For the L-TEM measurements, the real space magnetic domain
imaging was carried out using Lorentz Fresnel method in a
JEOL L-TEM (JEOL2100F). This instrument operates at an
acceleration voltage of 200 kV and enables in situ observation
of the magnetic structure of the sample by leveraging the
intrinsic interaction between incident electrons and the in-
plane magnetic induction [42]. The L-TEM images obtained
during the experiment were recorded by a charge-coupled device
(CCD) camera. Based on multiple experimental observations, a
defocus value of 500 µm was selected to acquire Lorentz TEM
images in order to optimize the magnetic domain contrast for
a sample thickness of approximately 125 nm. By adjusting the
objective lens current, an external magnetic field is applied
perpendicular to the sample plate and parallel to the incident
electron beam. An in-plane component of the magnetic field
was applied by tilting the thin plate away from the [001] axis
utilizing a dual-tilt holder that permits a maximum tilt angle
of up to ±30◦. A Gatan dual-tilt liquid nitrogen sample holder
was used to alter the sample temperature between 150 and
380K.
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4.4 Micromagnetic Simulations

For the micromagnetic simulation of the antiskyrmion lattice
transition dynamics, we incorporated an anisotropic DMI and
improved the numerical precision by customizing the code on
the basis of the well-established GPU-accelerated MuMax3 [36]
framework, which is grounded in the Landau–Lifshitz–Gilbert
(LLG) equation. The energy functional is given by:

𝐸 = ∫
𝑉𝑠

(
𝜀ex + 𝜀dmi + 𝜀anis + 𝜀Zeeman + 𝜀dipolar

)
𝑑𝒓 (1)

where the energy density includes exchange interaction εex
= Aex ((∂xm)2 + (∂ym)2 + (∂zm)2), anisotropic DMI inter-
action 𝜀dmi = 𝐷dmi (𝑚𝑧

𝜕𝑚x

𝜕𝑥
−𝑚𝑥

𝜕𝑚𝑧

𝜕𝑥
−𝑚𝑧

𝜕𝑚y

𝜕𝑦
+𝑚𝑦

𝜕𝑚z

𝜕𝑦
), uniaxial

anisotropy εanis = − Ku(u ⋅ m)2, Zeeman εZeeman = −
μ0MsHext ⋅ m with the external magnetic field Hext and vacuum
permeability μ0, dipolar 𝜀dipolar = − 1

2
𝜇0𝑀s𝑯DI ⋅ 𝒎 with the dipo-

lar field HDI. Also, m = m(r) is a unit-vector field defining the
direction ofmagnetizationM = m(r)Ms. Furthermore,Aex,Ddmi,
Ku,Ms, are the exchange interaction, anisotropicDMI interaction,
uniaxial anisotropy, saturation magnetization, respectively. In
the simulation, we employed experimentally evaluated magnetic
parameters based on previously reported [30] results at 𝑇 = 300
K (Figure S13). The material parameters include the exchange
interaction Aex = 9.58×10−12 J m−1, the uniaxial anisotropy
Ku = 1.25 × 105 J m−3 oriented along the [001] crystallographic
axis, and the saturation magnetization Ms = 6.37 × 105 A m−1

is incorporated, as detailed in Note S2. The anisotropic DMI
is treated as a perturbation parameter, and simulations are
conducted with varying DMI values of 2, 4, 6 and 8×10−4 J m−2,
respectively. The configuration obtained at Ddmi = 8×10−4 J m−2

exhibited the best agreement with experimental observations of
the antiskyrmion lattice transition under varyingmagnetic fields.
The system size for the simulation is set to be 600 nm × 600 nm ×
600 nm and discretized into a 200 × 200 × 20 cube with periodic
boundary conditions in the x–y plane. To simulate the presence of
impurities, a uniaxial anisotropy Ku = 2× 105 J m−3 is introduced
at randomly chosen sites, with an impurity density of 0.12%.

4.5 Simulation of L-TEM Images

We simulated L-TEM images for magnetic textures by calculating
the corresponding magnetic phase shifts of the incident electrons
[43]. The electron beam’s wave function, under the phase-object
approximation, is expressed as:

Ψ0 (𝑥, 𝑦) ∝ exp (𝑖𝜙 (𝑥, 𝑦)) (2)

where φ(x, y) denotes the magnetic phase shift.

The magnetic phase variation of incident electrons arises from
their interaction with the in-plane magnetizations of the magnet.
The magnetic sample acts as a phase modulator for the incident
electron wave, the magnetic phase variation can be calculated
using:

𝜙 (𝑥, 𝑦) = 2𝜋𝑒

ℎ ∫
+∞

−∞
𝐴𝑧 (𝑥, 𝑦, 𝑧) 𝑑𝑧 (3)
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In this expression, Az(x,y, z) represents the z-component of the
magnetic vector potential, where z aligns with the direction of the
incident electron beam, e denotes the elementary unit of charge,
and h is Planck’s constant. The spin configurations were derived
from the output of micromagnetic simulations. The magnetic
phase shift was computed using a self-customized Python code.

Within the context of the Fresnel L-TEM mode of operation, the
electron beam’s wave function at the detector plane is given by:

Ψ▵𝑧 (𝑥, 𝑦) ∝ ∫ ∫ 𝑑𝑥′𝑑𝑦′Ψ0 (𝑥, 𝑦) 𝐾 (𝑥 − 𝑥′, 𝑦 − 𝑦′) (4)

Here, the kernel K(ξ, η) function follows 𝐾 (𝜉, 𝜂) =
exp(

𝑖𝜋

𝜆Δ𝑧
(𝜉2 + 𝜂2)), where λ represents the relativistic electron

wavelength, defined as: 𝜆 = ℎ𝑐√
(𝑒𝑈)

2+2𝑒𝑈𝑚𝑒𝑐2
. In this equation, U is

the accelerating voltage constant,me is the electron rest mass, Δz
is the defocus value, and c is the speed of light. In the simulation,
we use parameters including an acceleration voltageU of 200 kV,
sample thickness t of 100 nm, and defocus value Δz of ±500 µm
are used in simulation. All the aberrations of the microscope
are set to zero. The intensity of the L-TEM image is obtained by
performing an inverse Fourier transform based on:

𝐼 (𝑥, 𝑦) ∝ |Ψ▵𝑧 (𝑥, 𝑦)|2 (5)

Thus, we simulate the L-TEM images of magnetic domains
accordingly, as shown in Figure S3.
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