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Topological charge plays a significant role in a range of physical systems. In
particular, observations of real-space topological objects in magnetic mate-
rials have been largely limited to skyrmions — states with a unitary topological
charge. Recently, more exotic states with varying topology, such as antiskyr-
mions, merons, or bimerons and 3D states such as skyrmion strings, chiral
bobbers, and hopfions, have been experimentally reported. Along these lines,
the realization of states with higher-order topology has the potential to open
new avenues of research in topological magnetism and its spintronic applica-
tions. Here, real-space imaging of such spin textures, including skyrmion,
skyrmionium, skyrmion bag, and skyrmion sack states, observed in exfoli-
ated flakes of the van der Waals magnet Fe;_,GeTe, (FGT) is reported. These
composite skyrmions may emerge from seeded, loop-like states condensed
into the stripe domain structure, demonstrating the possibility to realize spin
textures with arbitrary integer topological charge within exfoliated flakes of
2D magnets. The general nature of the formation mechanism motivates the
search for composite skyrmion states in both well-known and new magnetic
materials, which may yet reveal an even richer spectrum of higher-order

topological objects.

1. Introduction

In his original works, Tony Skyrme sought to provide an alter-
native theory of atomic nuclei, envisaging nucleons as solitonic

excitations in a pion field,! forming topo-
logically invariant knot-like particles which
would later become known as skyrmions.
Nuclei with greater atomic number can be
modeled as composite states of multiple
skyrmions, which exhibit increasingly
higher integer topological charge.>3! From
homotopy theory, this topological charge,
or degree, Q can be defined as the number
of wrappings of a vector field n over a unit
a sphere — expressed mathematically,!
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States with the same Q can be smoothly
deformed into one another, while dis-
continuous operations are required to
transform between states with different
topological charge.

Topology has subsequently been discov-
ered to play a key role in a range of phys-
ical systems,1% and real-space skyrmion-
like topological objects have been observed
in Bose-Einstein condensates,! liquid crystals,”] bulk chiral
magnets,>® and magnetic thin films.213 In magnetic systems,
monochiral skyrmion states are typically stabilized by the pres-
ence of the Dzyaloshinskii-Moriya interaction (DMI) induced
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by the breaking of inversion symmetry.*™ These magnetic
skyrmions have received significant attention over the past
10 years due to their possible application in racetrack and neuro-
morphic spintronic devices.™ The majority of studies of mag-
netic systems have investigated 2D skyrmions with a unitary
topological charge, |Q] = 1, or related states with |Q] < 1,168
such as merons™! or antiskyrmions.2-22l In contrast, in liquid
crystal systems, states with |Q| > 1 have often been observed in
the form of hopfion, toron and skyrmion bag states.®2324 It is
only recently that more complex magnetic states have begun to
be discovered, such as skyrmionium,*>-?"l hopfion,!®! skyrmion
bundle?”! and skyrmion braid®? states. Theoretical and com-
putational studies have predicted that chiral magnetic systems
should be capable of hosting an essentially infinite number
of 2D composite skyrmion states, with arbitrary integer topo-
logical degree.?*31:32] However, a material capable of exhibiting
multiple objects with a diverse range of topological states, and
a method to induce their formation, has yet to be discovered.
The recent realization of few to monolayer exfoliated flakes
of 2D van der Waals (vdW) magnets has opened up a new class
of materials capable of hosting topological spin textures.?*34
Skyrmions with |Q] = 1 have since been reported in thin flakes
of Cr,Ge,Te,,1>>%% and the target of the present study, Fe;GeTe,
(FGT).’-*1 Currently, it is suggested that these skyrmions
are stabilized by a combination of the dipolar interaction and
DMI. Owing to their atomically well-defined surfaces, these
2D magnets can be smoothly stacked together,#! in contrast
to typical sputtered multilayers, which often suffer from inter-
layer mixing and pronounced roughness. The stacking of 2D
materials into vdW heterostructures enables the exploitation
of interlayer proximity effects to fine-tune the properties of the
magnetic layer,” ! allowing tailored magnetic states to be cre-
ated. Hence, the discovery of higher-order topological spin tex-
tures in these materials would hold great promise for utilizing
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complex spin textures in future spintronic devices. Indeed,
some prototype FGT devices have already been realized,
including spin valve and spin-orbit torque devices.**-3]

In this work, we report the observation of topological spin
textures beyond skyrmions, hosted in exfoliated flakes of the
2D magnet FGT.P*>] The associated magnetic phase diagram
reveals a wide range of applied magnetic field and tempera-
ture where varied topological configurations of composite skyr-
mions can coexist. Accompanying micromagnetic simulations
reproduce the seeding and emergence formation mechanism
realized by random thermal fluctuations close to the Curie tem-
perature, Tc. Our study of the transformations between objects
with different topological charge raises questions about the role
that topology plays in their stability.

2. Results

2.1. Composite Skyrmion Observation

We utilized scanning transmission X-ray microscopy (STXM) to
investigate the spin textures within two exfoliated Fe;_,GeTe,
flakes, with x = 0.03 and 0.27, thickness of 90 and 80 nm, and
Tc of 213 and 185 K, respectively.”® The Fe deficiency is known
to lower the T and uniaxial anisotropy in the material, driven
by vacancies on the Fe (1) lattice site.’>8 To facilitate the trans-
mission measurements, the FGT flakes were transferred to
X-ray transparent Si;N, membranes and capped with hexaboron
nitride (hBN) to prevent further oxidation (see Experimental
Section, Figure S1, Supporting Information). Micrographs of
a selection of magnetic objects observed in the FGT flakes are
shown in Figure la—d, alongside vector visualizations. To cat-
egorize these spin textures, we turn to recent theoretical frame-
works, 332l whereby the observed objects can be understood as

Figure 1. Real-space observations and visualizations of composite skyrmion states in the 2D magnet Fe; ,GeTe, (FGT). a—d) Scanning transmission
X-ray micrographs and schematic visualizations of composite skyrmion objects observed in the exfoliated FGT flakes, including skyrmion (a), skyr-
mionium (b), skyrmion bag (c), and skyrmion sack (d) states. In each case, the total topological charge Q is labeled. Images a-c are of the x = 0.27
flake, image d is of the x = 0.03 flake. The color map is proportional to the out-of-plane magnetization component, m,. The schematic illustrations are
mathematical constructions of the expected vector field demonstrating each spin configuration (details in Supporting Information).
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composite states of skyrmions and skyrmioniums. The overall
topological degree can be determined globally from Equation 1,
or by considering the number and orientation of the closed
magnetic domain walls which comprise each object.

An image of a single isolated skyrmion is shown in Figure 1a,
with Q = -1 and diameter =100 nm. Previous observations have
demonstrated FGT flakes with comparable thickness to ours
possess Néel-type domain walls, ! as indicated by the vector
visualization. To check the type of domain wall of the present
samples, we performed Lorentz transmission electron micros-
copy (LTEM) on a similar flake of the x = 0.27 composition (see
Experimental Section). The results of the tilting experiment,
where the magnetic domain contrast greatly increased at higher
tilt angles, demonstrated the present spin textures also appear
to exhibit Néel-type domain walls (Full LTEM data shown in
Figures S2 and S3, Supporting Information). Further analysis
of the domain wall profiles reveals a characteristic domain wall
width of =90 nm. (see Figure S4, Supporting Information.)

Figure 1b exhibits an example of a skyrmionium state(?6>%]
(corresponding LTEM images of skyrmionium states in
Figure S3, Supporting Information). These states have pre-
viously proved challenging to isolate, and have often been
observed in confined geometries where they have been termed
target skyrmions.®962 A skyrmionium can be considered as a
Q =1 skyrmion with a core parallel to the background mag-
netization, embedded within a larger skyrmion of the opposite
magnetization and Q = -1, and thus the total state exhibits a
global Q = 0. As a consequence of this, a skyrmionium does not
exhibit deflection due to the skyrmion Hall effect under cur-
rent-driven motion,”’] and they are therefore seen as an alterna-
tive to skyrmions as the storage element in racetrack memory
device concepts.

Figure 1c-d reveals more complex, topologically non-trivial
composite skyrmion states. The object presented in Figure 1c
has previously been termed diskyrmionium,*! as it is com-
posed of two skyrmionium states with a shared domain wall.
The state can be considered as two skyrmions of degree Q =1
embedded within a single skyrmion with Q = -1, and thus with
global Q = 1. This diskyrmionium is topologically equivalent to
a skyrmion bag with two central skyrmions, reported previously
in simulations.[?*3163] Magnetic skyrmion bag states have so far
only been experimentally observed within the bulk thickness of
skyrmion bundles in FeGe lamellae®’! — in contrast, the state
presented here should extend through the entire thickness of
the FGT flake. Since the spin textures are primarily dipolar-
stabilised we do not expect significant modulation of the
magnetization along the out-of-plane direction for any of the
observed states. Figure 1d depicts a Q = —2 composite state
known as a skyrmion sack, composed of two skyrmions within
an outer shell consisting of a skyrmionium, which has previ-
ously only been observed in simulations.3%:3264

2.2. Emergence from Seed States

The observed composite skyrmion states were realized by a spe-
cific magnetic field and temperature sample history: the FGT
flakes were heated above T, and cooled under zero applied
magnetic field (zero-field cooling, ZFC). This resulted in the
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formation of a complex domain structure, seeded with loop-like
states within the magnetic stripes. For example, X-ray micro-
graphs of the FGT flake measured at 135 K during a subse-
quent increase of the out-of-plane applied magnetic field are
shown in Figure 2a—c, revealing the formation of skyrmionium
states. In Figure 2d-f, we show a visualization of the magnetic
domain walls within the FGT flake, allowing the emergence
of the skyrmionium states to be visualized (see Experimental
section, S5, Supporting Information). In each case, the regions
shaded in magenta are those surrounded by two complete,
closed-loop, magnetic domain walls. We have highlighted one
such example by coloring two domain walls green and blue in
Figure 2d,e. From our observations, these loop-like seed states
are a necessary, but not sufficient, initial requirement to facili-
tate the formation of skyrmionium and higher-order composite
skyrmion states (further micrographs shown in Figure S6, Sup-
porting Information).

For comparison, we examined the possibility to realize com-
posite skyrmion states following a field-sweep ( protocol, where
the flake was initialized in the saturated state at —250 mT and
the magnetic field subsequently increased — a widely-utilized
procedure for investigating spin texture formation. As shown
in Figure 2g, by 20 mT the stripe domain state was nucleated,
proliferating throughout the flake in a dendrite-like pattern.
Due to the repulsion of neighboring domain walls from one
another,®? there is a large energy barrier preventing two of
these stripes from connecting. This results in no loops within
the domain structure, and therefore no potential for composite
skyrmion formation, as demonstrated by the domain wall view
in Figure 2h (further micrographs shown in Figure S7, Sup-
porting Information). In contrast, for the ZFC measurements
in Figure 2a—f, we suggest that the strong thermal fluctuations
present as the sample is cooled through T enable the conden-
sation of the loop-like seed states required for composite skyr-
mion formation. Thus, the specific traversal of the FGT flake’s
temperature and applied field history reveals these more com-
plex topological states.

2.3. Composite Skyrmion Stability

We performed further imaging following the ZFC process at
a range of temperatures to explore the stability of each spin
texture (additional data shown in Figure S8, Supporting Infor-
mation). The measurements are summarized by the magnetic
phase diagram in Figure 3, which shows the field and tem-
perature ranges where skyrmions and skyrmioniums emerged
from the seeded stripe domain state, and annihilated into the
uniformly magnetized state. In a few cases, skyrmionium and
skyrmion states were formed directly upon ZFC, which are not
shown here for clarity. Due to the comparatively lower chance
for the formation of the skyrmion bag and sack states from
the random ZFC seeding process, we do not have a sufficient
sample size to determine their relative stability. However, the
skyrmion bags with Q > 1 were observed within the same
region as the basic skyrmionium states, while the skyrmion
sacks with Q < —1 can be expected to be stable within the range
where skyrmion and skyrmionium emergence overlaps. There-
fore, we argue that all manner of composite skyrmion states
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Figure 2. Seeding and emergence of isolated skyrmionium states from loop-like stripe domains. a—c) Scanning transmission X-ray micrographs of the
Fe; ,GeTe, x = 0.27 flake as a function of increasing applied magnetic field at 135 K, revealing the formation of skyrmionium states, labeled 1-5. The
sample was initialized by zero-field cooling (ZFC) from above Tc. The color map is proportional to the out-of-plane magnetization component, m,.
d—f) Visualizations of the magnetic domain walls as determined by an edge detection algorithm. Regions representing loop-like states with the correct
configuration to become isolated skyrmionium, or higher-order, states are highlighted by the magenta fill. One example skyrmionium emergence is shown
by the highlighted green and blue domain walls in d and e. g,h) X-ray micrograph and domain wall view of the FGT flake following a field sweep (FS)
procedure at 150 K, where the magnetic field was increased starting from a uniformly magnetized state at —250 mT. The lack of magenta-filled regions in
the nucleated stripe domain state demonstrates a lack of potential composite skyrmion. The red dashed lines in a) indicate the edge of the flake sample.

with arbitrary integer topological charge are simultaneously
realizable within this overlap region.

At high temperatures, the thermal fluctuations are strong
enough that all stripe and therefore skyrmionium states are
broken up into skyrmions at small applied fields. However, sig-

HoH (mT)

200

T (K)

Figure 3. Composite skyrmion formation phase diagram. Magnetic
phase diagram of the Fe; ,GeTe, x = 0.27 flake determined for increasing
applied magnetic field after zero-field cooling (ZFC) from above T¢ to
each temperature. The formation of stripe domain (SD, yellow), skyrmion
(Sk, orange), isolated skyrmions (iSk, orange), skyrmionium (SkM, red),
and uniformly magnetized (UM, grey) states are indicated.
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nificantly, for temperatures below 170 K, we observe that skyr-
mionium states can survive to higher applied magnetic fields
than the skyrmions. With increasing field, the Zeeman energy
is minimized by expanding domains with parallel magnetiza-
tion, which results in a shrinking of the skyrmions to a min-
imum size before they are annihilated. Similarly, we observe
that the area of the observed skyrmionium states decreases at
higher applied fields. However, the field at which each skyrmio-
nium is annihilated depends on its overall size: larger skyrmio-
niums survive to higher applied fields (Figure S9, Supporting
Information). We suggest this increased stability is due to some
combination of the lower domain wall curvature, and greater
magnetic volume, which is not afforded to the comparably small
magnetic skyrmions. We also observed that when reducing the
field applied to a skyrmionium state, stripe domains were renu-
cleated from the domain ring at lower applied fields. However,
the loop-like seed state remained embedded within the stripe
state, and reemerged upon increasing the field once again
(Figure S10, Supporting Information). The realization of iso-
lated composite skyrmion states in a uniform background at
zero applied field remains a challenge.

2.4. Topological Transitions
In Figure 4a-d, we exhibit observed transformations between

a variety of the observed composite skyrmion states, together
with the corresponding change in topological charge, AQ. The

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 4. Topological transitions between composite skyrmion states. a—d) Sequential X-ray micrographs exhibiting the transformation of a skyrmio-
nium into a skyrmion and finally into the uniform background; a) a skyrmion sack into a skyrmionium; b) a diskyrmionium into a skyrmionium; c) a
triskyrmionium into a diskyrmionium into a skyrmion d). In each case, the total topological charge Q of each state, and its change between states AQ,
are labeled. A suggestion of the observed collapse method is indicated by the magenta arrows in (a,c). The color map is proportional to the out-of-

plane magnetization component, m,.

annihilation of a skyrmionium into a skyrmion and finally into
the uniformly magnetized background with increasing applied
magnetic field is shown in Figure 4a. Similarly, Figure 4b-d
reveals examples of the annihilation paths of skyrmion sack,
diskyrmionium and triskyrmionium states, respectively. Each
transition is realized by a cutting of a double domain wall,
and the subsequent collapse of one lobe of the magnetiza-
tion structure, as indicated by the magenta arrows in panels a
and ¢, resulting in a change in the overall topological charge
Q (see, e.g., sketches of collapse in Figure S10, Supporting
Information).

This behavior has interesting implications for the role of
topological protection of the observed states. In particular, in
the case of skyrmionium, since it possesses the same topo-
logically trivial Q = 0 as the uniform background state, from
a mathematical perspective, it should be readily destroyed by a
smooth deformation process (this is realized by a rotation of all
the spins within the ring in the same direction around the cen-
tral axis of the skyrmionium). Instead, the present observations
indicate that the process of skyrmionium annihilation via a
skyrmion state must possess a comparable, or lower, energy bar-
rier than the smooth annihilation process afforded by its Q =0
state, despite this requiring two changes in the topological
charge. This strongly suggests that the preferred annihilation
mechanisms, and therefore the stability, of the observed com-
posite skyrmion states are not dominated by the mathematical
concept of topological protection, which in reality is only as sig-
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nificant as the physical energy barrier it represents. Instead, it
is the energy landscape of the closed domain wall loops which
give rise to the observed robustness of the skyrmionium and
skyrmion bag states. We note that this does not mean that
topology plays no role in the properties of these objects, which
may still manifest in their emergent electrodynamics, such as
the skyrmion and topological Hall effects.

The role of pinning in the stabilization of the observed
composite skyrmion states should not be ignored — pinning
sites may be responsible for the survival of the largest skyr-
mioniums at high applied magnetic fields, and also likely
results in the additional tails of magnetization attached
to some observed composite skyrmion states, such as the
triskyrmionium exhibited in Figure 4d, and the extended
size and irregular shape of some observed states. Neverthe-
less, to explore the possibility of reproducing the experimental
behavior without pinning, we performed complementary
micromagnetic simulations, modeling a ZFC cooling process
by implementing thermal fluctuations (see Experimental Sec-
tion). The simulated annealing procedure at 0 mT is shown in
Figure 5a—d, revealing the seeding of familiar loop-like states
within the stripe domains as the temperature is decreased.
After the application of a range of applied magnetic fields,
Figure 5e-h reveals the formation of numerous isolated com-
posite skyrmion states, including skyrmions, skyrmioniums,
and higher-order skyrmion bags,? well-reproducing the
experimental results.

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

5UBD1] SUOWILIOD) BAIIERIO 3|01 [dde 3} A PoLBAOB 82 SOOI YO ‘981 JO SN 0§ ARICI1T BUIIUO A3 UO (SUORIPUOD-PUE-SWLBHWIOD" B 1M ATIGIRUIIUO//SUIU) SUOHIPUOD PUE SWLB | 8U) 89S *[E202/E0/TE] U0 AIGIT BUIIUO ABIM “INd UIIBE WNILSZ-Z}OYWPH Ad 0E6802202 BWPe/Z00T OT/10p/CY" A3 1M AJe.q1puI uo//SAny Wwoiy papeojumod ‘2T ‘€202 ‘S60vTZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

Figure 5. Micromagnetic simulations of the composite skyrmion formation. a—f) Images of the simulated system during the annealing procedure.
The randomized initial state is shown in (a), while (b) shows the first simulated step at a temperature below T¢, revealing the first formation of stripe
domain states. As the thermal fluctuations are gradually reduced in (c,d), loop-like states emerge and stabilise within the stripe domain structure.
e—h) Images of the simulated system after relaxation at a range of applied out-of-plane fields, demonstrating the formation of skyrmion, skyrmionium,
diskyrmionium, and higher-order skyrmion bag states at 80 and 100 mT. The color map indicates both the out-of-plane magnetization component m,,

and the in-plane components m, and m,.

3. Conclusion

We have demonstrated that a wide range of isolated composite
skyrmion states can be realized within a single system, created
via the condensation of loop-like protostates within the mag-
netic stripe domains close to T, which are otherwise thermo-
dynamically inaccessible to commonly explored experimental
protocols. The discovery of these states in FGT flakes is par-
ticularly favorable, since they can be readily stacked with other
2D materials into heterostructures where the relevant magnetic
parameters, such as the balance of the anisotropy and dipolar
interactions with the DMI, can be tuned via proximity effects.
Thus, the search for composite skyrmions in other newly dis-
covered 2D magnets may prove fruitful, and could lead to the
observation of even higher-order states, such as those with
additional chiral kinks,?? further widening the array of possible
topological arrangements.

It remains to be seen whether the particular properties of
FGT are responsible for the stability of the composite skyrmion
states. Further studies should investigate the ideal material
properties, such as sample thickness and the uniaxial anisot-
ropy strength, for composite skyrmion formation. Due to their
high T¢ (typically above 400 K) and the community’s focus on
practical device applications, most studies of thin-film skyr-
mion systems have focused on room temperature measure-
ments, besides a few exceptions.[® Considering the specific
thermal history required for composite skyrmion formation in
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this work, it is possible that their existence in well-known sys-
tems has been overlooked. The formation process presented in
this work results in a random assortment of composite skyr-
mions, with arbitrary size, position and topological degree.
Further experiments could address the purposeful creation and
control of these objects, for example, by local Joule heating or
nucleation by injected spin currents. Moreover, detailed studies
of the skyrmionium collapse would shed further light on the
role that topology plays in the stability of these objects. The
development of methods to tailor the properties of such higher-
order topological configurations may lead to novel concepts for
future information storage or reservoir computing devices.

4. Experimental Section

Sample Preparation and Characterization: Single crystals of Fe;_,GeTe,
were grown by the chemical vapor transport technique. Stoichiometric
quantities of Fe (STREM Chemicals, Inc., 99.99%), Ge (Acros Organics,
99.999%), and Te (Alfa Aesar, 99.99%) powders along with 5 mg cm
of iodine transport agent were sealed in quartz ampules. The growth of
the single crystals was achieved using a two-zone furnace by holding
the source part of the tube at 750 °C and the sink part to 675 °C for
2 weeks, before cooling to room temperature. Silvery metallic platelet
single crystals of area 2 x 2 mm? were obtained.l*) EDX measurements
found the composition of the two chosen samples to be x = 0.03 and
0.27. Magnetometry measurements were performed on portions of
the bulk crystal using an MPMS3 vibrating sample magnetometer,
yielding measured T¢ values of 213 and 185 K for the x = 0.03 and 0.27
compositions, respectively (Figure S1, Supporting Information).
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An all-dry viscoelastic transfer method was used to prepare exfoliated
FGT flakes on Si3N, membranes. First, the FGT bulk crystal was
mechanically cleaved and exfoliated onto a PDMS stamp. Flakes with a
thickness of around 80 nm were selected by inspection of their contrast
under an optical microscope, and stamped onto the SisN4 membrane.
Skyrmions have previously been observed in FGT flakes with thicknesses
between 30 and 400 nm.*24] The FGT flakes were then capped by
exfoliated hexaboron nitride (hBN) with thickness =15 nm, using the
same transfer process. The entire fabrication was performed under
ambient conditions, which each side of the FGT flakes being exposed
to the atmosphere for around 20 min. Thus, we expect around 5 nm of
the top and bottom surfaces of each FGT flake to be oxidized.3] The
thicknesses of the final FGT/hBN heterostructures were measured with
atomic force microscopy using a Bruker Dimension Icon (Figure S1,
Supporting Information). Apart from Figures 1d and 4b, all presented
STXM images are of the x = 0.27 sample.

Scanning Transmission X-Ray Microscopy: Scanning transmission X-ray
microscopy measurements were carried out at the MAXYMUS endstation
at the BESSY Il electron storage ring operated by the Helmholtz—
Zentrum Berlin fiir Materialien und Energie. The SizN, chip sample
was fixed to the sample holder, and placed into the vacuum chamber
of the X-ray microscope. The X-ray beam was tuned to the Fe L; edge at
a nominal energy of 708 eV, exploiting the resonant absorption effects
of X-ray circular dichroism to achieve magnetic contrast.l®l This yields
an X-ray absorption proportional to the out-of-plane magnetization, m,.
The transmitted X-ray intensity through the FGT flakes was measured
by an avalanche photodiode. The variable out-of-plane magnetic field
was achieved by altering the arrangement of four permanent magnets,
while the sample temperature was regulated by a liquid He cryostat. The
spatial resolution of the technique is estimated to be 25 nm.

Image Processing and Analysis: All presented X-ray microscopy images
are the result of subtracting an image of the sample saturated at high
applied magnetic field from that of an image acquired under the labeled
conditions at the same positive circular X-ray polarisation. This results
in the removal of the structural contrast, leaving a view of the magnetic
domain states. The domain wall view images presented in Figure 2
were acquired using a Canny edge detection algorithm. The algorithm
was applied to the background subtracted image, with the threshold
parameters adjusted to achieve an initial representation of the domain
wall structure. This was then manually cleaned up, primarily to remove
the lines created by detection of the edge of the sample (e.g., shown in
Figure S5, Supporting Information).

We extracted the size of all skyrmionium states observed following the
ZFC seeding process. Figure S9a,b (Supporting Information) demonstrates
the behavior of two example skyrmioniums as a function of increasing
field. By acquiring m, profiles along the largest and shortest axes of each
skyrmionium, Gaussian fits of each domain wall were performed to acquire
the two elliptical half axes a and b, and thus the corresponding area
A = mab. For the X-ray microscopy images acquired at each magnetic field,
we identified the existing skyrmionium states and similarly approximated
the shape of each as an ellipse, such that the area of each individual
skyrmionium state could be tracked from the field that they emerged until
the field at which they were annihilated (as plotted in Figure S9 (Supporting
Information). Finally, the average area of all observed skyrmions as a
function of the applied field and the sample temperature was determined
(plotted in Figure S9e,f, Supporting Information).

Lorentz Transmission Electron Microscopy: We prepared exfoliated
FGT x = 0.27 flakes on transmission electron microscopy (TEM)-ready
Si;N, membrane windows in the same manner as described above.
These specimens were imaged in low-magnification TEM mode with
the objective and mini-condenser lenses turned off (Lorentz mode) in
a Talos F200X S/TEM under 200 keV acceleration voltage. The samples
were cooled to T = 97K < T¢ in a Gatan 636 double tilt liquid nitrogen
cooling holder. Images were acquired at zero applied field at a range
of tilt angles (shown in Figures S2 and S3, Supporting Information),
revealing magnetic contrast consistent with Néel-type domain walls.
Skyrmionium states were observed after the application of 55 mT using
the objective lens.
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Micromagnetic - Simulations: Micromagnetic simulations following
the Landau-Lifschitz—Gilbert (LLG) equation were performed using
the MicroMagnum framework with custom extensions for the DMI and
thermal fluctuations, utilizing an Euler-type solver with fixed 10 fs time
stepping and a spatially and temporally decorrelated thermal field.["’]
The simulations were designed to closely model the ZFC procedure
performed experimentally, and thus the saturation magnetization was
implemented to follow the experimental trend. The simulated area was
a square of 1 um side length, 20 nm thickness and 1000 x 1000 x 1 cells.
The ZFC process was performed with a 5 ns duration after an initial
1 ns equilibration period above the micromagnetic T¢ (the temperature
setting calibrated to where all magnetization becomes fully random).

After the cooling had reached a value of 60% T, the temperature was
fixed and held at this value (at this point with an M, = 45200 A m™).
Note that thermal fluctuations in micromagnetics utilizing the LLG
equation are inherently only an approximate process due to the inability
of the LLG to model changes in the magnitude of the magnetic moment
and the high-temperature cut-off of spin waves due to a finite cell size. In
this case, the method is used to model the introduction of randomness
into the magnetic system in a manner that is as close to the experiment
as possible. Alternatively, it is possible that random initial states
and time-variant magnetic properties could create analogous loop-
like features, underlining the universality of the process that does not
necessarily depend on the specific mechanism inducing the random
magnetization state. An anisotropy field of Hy = 400 mT, damping
constant & = 0.5, exchange stiffness A= 0.7 p) m™ and a DMI of D =
0.12 m) m=2 were used for the subsequent field application process. This
was performed at a range of fields, with relaxation at each field point.
No initial magnetization pattern or manipulation was used, such that
the results present a close representation of a zero-field cooling process
through Tc. Note that the utilized parameters are not equal to the
experimentally measured ones, but correspond to effective values that
reproduce the relative size of the skyrmionium loops in the available
simulation area. The size of the experimentally observed area would not
be feasible to simulate within a reasonable time frame.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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