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ABSTRACT 

Nontrivial topological spin-textures, such as skyrmions, merons, bimerons, and skyrmioniums, are envisioned as robust building 
blocks for future memory and logic devices. Controllable transformations between these states require a quantum-mechanical 
description of electronic degrees of freedom and atomic-scale insight beyond existing phenomenological models. Here, we 
report an atomic-scale investigation of topological phase transitions and their protection in the two-dimensional van der 
Waals ferromagnet Fe3 GeTe2 (FGT) using a combined experimental-theoretical approach. Synchrotron-based Fourier transform 

holography directly images labyrinth domains, isolated skyrmions, mixed labyrinth-skyrmion phases, and skyrmion bags 
with high spatial resolution. We compare these observations to simulations based on an electronic lattice Hamiltonian that 
captures both metallicity and relativistic spin-orbit coupling in FGT. By systematically exploring a broad range of temperatures 
and magnetic fields, we map the mechanisms governing topological transitions and their stability. This sequential-integrated 
experimental-theoretical framework advances understanding of spin-texture interactions and enables precise control of external 
tuning parameters. Our results establish a platform for creating, stabilizing, and manipulating topological states, paving the way 
for engineered spin-texture transitions in next-generation spintronic technologies. 
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 Introduction 

opological nanoscale spin-textures are attracting widespread
nterest for spintronic memory and logic technologies because
f their high-density data storage, energy-efficient operation,
nd potential for unconventional computation [ 1–3 ]. Magnetic
kyrmions, in particular, combine chiral, particle-like spin-
onf igurations with topological protection, making them promis-
ng candidates for next-generation devices [ 4–6 ]. Their nano-
etric size, robustness, and rapid response to external stimuli
temperature, magnetic field, and electric bias) [ 7–9 ] place them
t the forefront of proposals for racetrack memory [ 10 ], logic
 11 ], and emerging computing paradigms such as quantum and
euromorphic approaches [ 12–14 ]. 

kyrmions were first observed in bulk 3D magnet MnSi [ 15 ],
hich spurred extensive studies of similar textures in other 3D
aterials and nanostructures [ 16, 17 ]. However, integrating such
ulk systems into scalable devices remains challenging due to
abrication and dimensional constraints. 2D van der Waals (vdW)
agnets offer a complementary platform: atomically thin layers
ith robust magnetic order down to the monolayer, flexible
nterfacial tuning, and rich opportunities for heterostructures
 18–22 ]. Topological textures have recently been reported in
everal 2D vdW ferromagnets, including CrI3 [ 1, 2, 20, 23 ],
rBr3 [ 24 ], CrGeTe3 [ 25, 26 ], Fe3 GeTe2 (FGT) [ 7, 8, 27–30 ],
e3 GaTe2 [ 31 ], and Cr1 + x Te2 [ 32, 33 ]. Particularly, recent studies on
e3 GaTe2 have revealed a rich skyrmionic phase space, including
istinct room-temperature skyrmion phases [ 34 ], sub-100 nm
éel-type skyrmions in non-stoichiometric Fe3-x GaTe2 [ 35 ], and
igh-temperature Néel skyrmions stabilized by Fe intercalation
nto the vdW gap [ 36 ]. Among these, FGT has drawn particu-
ar attention for gate-tunable room-temperature ferromagnetism
 13 ], pronounced anomalous Hall effects [ 37 ], tunable magnetic
nisotropy via electric field and carrier density [ 22, 38, 39 ],
nd exchange-bias phenomena [ 40, 41 ], which together enable
ccess to a diverse landscape of topological states. Notably,
GT exhibits transitions between distinct topological states,
roviding a versatile platform to study their microscopic origins
 7, 8, 42 ]. Yet, despite progress, the microscopic mechanisms
riving transitions between topological phases remain poorly
nderstood, in part because conventional micromagnetic models,
ased on phenomenological descriptions, treat spins as classical
uilding blocks and neglect the response of the electronic fluid
n metals, including itinerant electrons and spin-orbit coupling
SOC). Consequently, the link between real-space topology and
he underlying quantum electronic fluid, and, in particular,
ow the electronic fluid shapes real-space topological-textures
nd its implications for device performance, remains largely
nexplored. 

GT offers an attractive testbed because of its strong SOC and
tinerant electrons, which couple intimately to magnetization tex-
ures. As a correlated Hund’s metal [ 43 ], its electronic properties
nd spin-textures are entwined, and the response of skyrmion
onfigurations to temperature and magnetic field may differ from
hat in insulators or uncorrelated metals. However, a faithful
tomistic bridge between imaging of topological textures and
uantum-mechanical modeling under varying conditions has
een lacking, limiting predictive control over topological phase
ransitions. Developing such a framework is essential to uncover
of 12

t

the microscopic physics of topological states and to enable
engineered spin-texture transitions for spintronic applications. 

High-resolution soft x-ray imaging directly visualizes spin-
textures in an FGT thin flake. By varying temperature and mag-
netic field, we reveal labyrinthine domains, isolated skyrmions,
and skyrmion bags. Monte Carlo simulations based on an atom-
istic Hamiltonian that includes itinerancy and relativistic SOC
reproduce these textures, essential to FGT’s metallic character
and magnetism. An excellent agreement across temperatures and
magnetic fields exposes the microscopic mechanisms governing
topological transitions and their protection. This framework high-
lights electronic structure, metallicity, and SOC in stabilizing and
switching topological states. Temperature- and field-dependent
transitions reveal unusual dynamics from competing energy
scales and entropy. Our work provides a platform for controlling
spin-textures in 2D magnets for spintronics. 

2 Results 

2.1 Integrated Experimental-Theoretical 
Approach 

To study topological transitions in FGT, we adopt an integrated
approach (Figure 1 ) that combines high-resolution imaging with
atomistic simulations. High-resolution imaging of the magnetic
textures in the FGT flake is achieved by synchrotron-based
Fourier transform holography (FTH) [ 44–46 ] with numerical
phase retrieval [ 47 ], reaching ∼ 15 nm spatial resolution and
surpassing previous scanning transmission x-ray microscopy
(STXM) studies [ 7, 8 ]. Compared with conventional laboratory-
based magnetic imaging techniques such as Lorentz-TEM [ 34–
36 ], MFM [ 24, 35 ], and optical Kerr microscopy [ 24 ], FTH with
numerical phase retrieval provides the important combination
of high spatial resolution, full-field imaging, and rapid data
acquisition. The integrated sample-holography-mask assembly
(Figure 1 and Supplementary Figure S2 ) minimizes drift, allowing
reliable imaging of the same microscopic region after temperature
variation and during magnetic-field cycling. This capability is
essential for resolving the evolution and transformation pathways
of labyrinth domains, isolated skyrmions, mixed labyrinth-
skyrmion phases, and skyrmion bags. Moreover, FTH does not
require a conventional imaging lens, but instead exploits a holog-
raphy mask together with the high coherence of synchrotron
x-rays. To the best of our knowledge, this study represents the first
application of FTH to a 2D vdW material, enabled by a specialized
sample-preparation methodology (see Methods and Figure S2 for
details). 

Our sample is a thin FGT flake ( ∼ 150 nm thick) exfoliated from
a single crystal and transferred onto a 150 nm Si3 N4 membrane.
Details of sample preparation and characterization of elemental
composition and magnetic properties are provided in Methods
and Figures S1 and S2 . On the membrane’s opposite side, a
metallic holography mask with a 1.9 µm circular aperture defines
the field of view. Contrast for the out-of-plane component ( mz )
of the magnetic texture is achieved via x-ray magnetic circular
dichroism (XMCD) at the Fe L3 -edge (708 eV, 1.75 nm x-ray
wavelength). 
Advanced Materials, 2026
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FIGURE 1 Strategic synergy between experiment and theory. Experimental : A circularly polarized x-ray beam from a synchrotron is incident 
on an FGT thin flake through a holography mask, producing an interference pattern recorded on a charge-coupled device (CCD) detector. XMCD 

holograms are processed to reconstruct real-space magnetic-textures. Theoretical : The corresponding magnetic nanodomain-textures are simulated 
with an atomistic tight-binding Rashba model that captures the electronic and magnetic behavior of the FGT system. Experimental data are shown in 
grayscale (circular); theoretical simulations are shown in color (rectangular). The color bars indicate the z -component of magnetization ( mz ). 
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he experimentally observed nanodomain structures were
irectly compared with Monte Carlo simulations based on
n electronic lattice Hamiltonian derived from a tight-binding
ashba model [ 48–53 ]. This model incorporates Hund’s coupling,
OC, and uniaxial anisotropy to capture FGT’s electronic and
agnetic behavior. The simulations provide direct access
o atomic-scale spin-configurations, enabling quantitative
omparison of the experimental spin-textures. The theoretical
ramework begins with a fully quantum-mechanical lattice
odel describing the electronic degrees of freedom (Equation 1 ,
ethods). An effective spin model (Equation 2 , Methods) is
hen derived, incorporating ferromagnetic exchange, anisotropic
zyaloshinskii-Moriya interactions (DMI), and a dipolar-like
erm, each arising from the interplay of SOC, λ, Hund’s exchange,
H , and uniaxial anisotropy, Au . This model is simulated with
 Markov-chain Monte Carlo algorithm (Methods), treating
he temperature T and the Zeeman field HZ as the controlling
arameters. All energy scales are measured in units of the
opping parameter t (detail in Method and Supplementary
ote S1 ). Based on band-structure calculations, FGT’s effective
andwidth is ∼ 2 eV [ 54, 55 ], corresponding to a hopping
arameter of 0.20–0.22 eV for a 2D triangular lattice, yielding
urie temperature ( TC ≈ 205 K) in reasonable agreement
ith experiments. Mapping the theoretical magnetic-field
cale to experimental values is nontrivial, as it depends on
he effective g-factor of the magnetic moments, which SOC
an strongly modify [ 56–59 ]. In the absence of precise g-
actor data for FGT, we calibrate the field scale by matching
imulated spin-patterns to the experimental field-cooling value
f -8 mT. 

o characterize the topological phases, we compute both the
kyrmion density ( χs ) and the Bott index ( B ) (see Methods and
upporting Notes S1,2 for details). The density χs reflects the
opology of the magnetization textures but does not capture the
ehavior of the underlying electronic fluid’s response. In contrast,
he Bott index B characterizes the topology of the electronic fluid
n the presence of magnetic inhomogeneities [ 60–66 ], arising
rom non-periodic magnetization configurations (see Supporting
ote S2 for details). A nonzero Bott index B without an external
agnetic field indicates that the electronic fluid responds to
dvanced Materials, 2026
the internal fields generated by nontrivial spin-textures. In the
absence of inhomogeneities, Bott index B equals the Chern num-
ber, a well-known invariant for topological insulators, thereby
linking real-space and momentum-space topologies. 

2.2 Distinct Topological Phases After Field 

Cooling 

Distinct topological phases in an FGT flake are accessed by
thermal cycling across the TC to measurement temperatures of
194 and 130 K (Figure 2a ). Zero-field cooling ( Hfc = 0 mT)
yields labyrinthine domains; at Hfc = − 8 mT a mixed labyrinth-
skyrmion phase is observed; and at Hfc = − 16 mT isolated
skyrmions appear. Each configuration is consistently observed
at both temperatures. Theoretical simulations reproduced these
experimental textures with high fidelity, validating our atomistic
description for the diverse magnetic phases in FGT. 

2.3 Skyrmion Nucleation and Annihilation 

During the Temperature Loop 

To examine temperature-driven behavior, we focus on Hfc = − 16
mT and track skyrmion evolution across TC (Figure 2b ). The
skyrmion density decreases with cooling, and the state evolves
symmetrically during cooling and warming, indicating a robust
formation mechanism resilient to thermal perturbations. The
simulations corroborate these observations, showing thermally
induced elongation of skyrmion bubbles with increasing tem-
perature. Notably, intensity smearing appears at 194 K and is
absent at 130 K in the experimental images (both Figure 2a,b ),
which is interpreted as resulting from fluctuating domain states
at elevated temperatures, as analyzed with coherent correlation
imaging (CCI) [ 46 ], as described later. Figure 2c shows the
temperature dependence of the skyrmion diameter Ds and the
skyrmion density χs , derived from real-space configurations and
Equations 8,9 , respectively (detail in Method and Supporting note
S1 ). The decrease in diameter Ds with increasing temperature
accompanies a rise in density χs , consistent with the experimental
results. 
3 of 12
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FIGURE 2 Distinct topological phases and thermally symmetric evolution of skyrmions. (a) Spin-textures in FGT after field cooling through TC 
at different applied fields and temperatures. Theoretical simulations were conducted for fixed T = 0.01, λ = 0.2, and Au = 0.1, with varying field Hz = 

0, − 0.012, − 0.025, corresponding to labyrinth, mixed, and skyrmion phases at 130 K. Simulations for T = 0.07, λ = 0.3, and Au = 0.12, with Hz = 0 and 
− 0.05, correspond to labyrinth and skyrmion phases at 194 K. (b) Temperature evolution of skyrmions during both cooling and warming across TC under 
Hfc = − 16 mT. The simulation parameters (bottom to top) are: λ = 0.2, T = 0.01, Hz = − 0.025, Au = 0.10 (130 K); λ = 0.233, T = 0.03, Hz = − 0.033, Au = 

0.1067 (150 K); λ = 0.267, T = 0.05, Hz = − 0.042, Au = 0.1133 (190 K); and λ = 0.3, T = 0.07, Hz = − 0.05, Au = 0.12 (194 K). (c) Temperature dependence 
of skyrmion diameter ( Ds ) and skyrmion density ( χs ), in units of lattice spacing and count per unit-cell area, respectively. The χs and DS are multiplied 
by 25 and 0.05, respectively, to bring them to the same scale. 
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.4 Distinct Evolution of Topologically Different 
hases 

ext, we examined the field-dependent evolution of these topo-
ogical phases at 130 K after cooling through TC with Hfc =
, − 8, and − 16 mT (Figure 3 ). For Hfc = 0 mT, the system
egins with a labyrinthine domain structure that gradually
volves into a single-domain ferromagnetic state as the field
ncreases (Figure 3a ). Repeated measurements show spatial
atterns shifting to different positions within the same field of
iew while retaining their overall labyrinthine character (Figure
3 ), indicating that phase evolution is only weakly affected by
inning. The evolution of spin-textures with applied field is
uantified by skyrmion density χs , plotted as a function of the field
n Figure 3b ; the field does not induce a substantial increase in χs ,
hich remains consistently low. 

or Hfc = − 8 mT, intermediate fields (e.g., 40, 56, 72 mT) reveal
kyrmion bag configurations in both experiment and simulation
Figure 3c ) [ 8, 42, 67, 68 ]. Similar features appear for Hfc = − 4 mT
Supporting Figure S4 ), where the initial state again comprises
 mixed labyrinth-skyrmion phase. These results indicate that
kyrmion bag states emerge generically during field evolution
rom mixed labyrinth-skyrmion topological states in FGT. The
ensity χs exhibits a gradual increase with field, followed by a
harp drop at higher fields (Figure 3d ). 

or Hfc = − 16 mT, the system starts with isolated skyrmions that
rogressively expand into larger magnetic islands as the field
ncreases (Figure 3e ). A substantial skyrmion population exists
ven at zero field and remains nearly constant over a range of
ield values before gradually dropping to zero at higher fields,
arking the disappearance of skyrmions (Figure 3f ). Across all
hree conditions, the application of sufficiently large fields drives
he system into a uniform ferromagnetic state with vanishing
kyrmion density χ . 
s 

of 12
2.5 Topological Transitions and Protection: Near 
TC Versus Far Below TC 

We examine the behavior and stability of topological phase tran-
sitions by imaging spin-textures during magnetic-field cycling
across temperatures. Figure 4a shows the evolution at 130 K
(well below TC ) after field cooling through TC at Hfc = − 16
mT. As the applied field increases from − 16 to 48 mT, isolated
skyrmions expand into larger magnetic puddle-like structures;
some persist, while others merge to form irregular islands.
Reversing the field from 48 to − 63 mT contracts these islands,
and the skyrmions are progressively annihilated, yielding a uni-
form magnetic domain state. Theoretical simulations (Figure 4b )
reproduce this evolution with high fidelity. 

Topologically nontrivial textures appear in both insulators and
metals. In insulators, such textures generally do not influence
electronic behavior, whereas in metals their impact depends on
the coupling strength between magnetic and electronic degrees
of freedom. Weak coupling yields little effect, while strong cou-
pling can significantly alter the electronic response, motivating
spintronic applications where magnetic fields control electronic
properties. Consequently, skyrmion density alone is insufficient
to distinguish different skyrmion-hosting materials. To quantify
the electronic fluid state, we compute the Bott index B and the
skyrmion density χs . The Bott index, suited for magnetically
non-periodic or disordered systems, is equivalent to the Chern
number in insulating systems and is sensitive to the electronic
response to inhomogeneous magnetic textures in metals [ 60–62 ]
(see Supporting Note S2 for details). Figure 4c shows that the Bott
index B and the skyrmion density χs exhibit a consistent overall
topological evolution during field cycling, although their detailed
field dependence is not identical. Importantly, neither quantity
crosses zero, indicating the absence of a topological transition
and the persistence of protected topological states. A schematic
illustrating this behavior is shown in Figure 4d . 
Advanced Materials, 2026
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FIGURE 3 Field-dependent evolution of topological phases in FGT. (a, c, e) Spin-textures showing the evolution of magnetic domains in the FGT 
thin flake at 130 K after field cooling under different magnetic fields: (a) Hfc = 0 mT; (c) Hfc = − 8 mT; and (e) Hfc = − 16 mT. Theoretical simulations 
were conducted by varying the external magnetic field HZ while keeping T = 0.01, λ = 0.2, and Au = 0.1 constant. (b, d, f) corresponding theoretical 
variation of skyrmion density χs , in the unit of count per unit-cell area, with HZ for each cooling condition shown in panels a, c, and e, respectively. The 
multiplication factor for the χs is 25. 
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reat
n contrast, field cycling at 194 K (near TC ) reveals markedly
ifferent behavior (Figure 5a ). Starting from Hfc = − 16 mT,
kyrmions merge into mixed skyrmion-labyrinth textures under
pplied fields (e.g., − 8 mT), which subsequently evolve into
niform labyrinth domains at 0 mT. Reversing the field, these
extures re-emerge in reverse order, demonstrating a reversible
yclic transformation among pure skyrmions, labyrinth domains,
nd mixed phases. The simulations (Figure 5b ) closely reproduce
his cyclic behavior. As shown in Figure 5c , both χs and B
xhibit a clear zero-line crossing: χs transitions from positive
o negative values around HZ ≈ 0.2, accompanied by a corre-
ponding sign reversal in B . This behavior indicates a thermally
riven topological transition and highlights the existence of topo-
ogically unprotected states near TC . Figure 5d schematically
ummarizes these transitions and unprotected states. Black dots
enote skyrmions. Field variation in one direction promotes
he merging (coalescence) of skyrmions into a mixed labyrinth-
dvanced Materials, 2026
skyrmion state, followed by cycling that yields a pure labyrinth
texture. Sweeping the field in the opposite direction yields cyclic
reappearance of the spin-textures, as observed in Figures 5a,b . 

2.6 Discussion and Outlook 

We find that labyrinthine domains, isolated skyrmions, and
mixed labyrinth-skyrmion phases can be deterministically stabi-
lized in FGT thin flake by specific field-cooling protocols, both
near TC and well below TC (Figure 2a ). Near TC , these spin-
textures exhibit dynamic interplay under magnetic-field cycling,
yielding reversible transitions between distinct topological con-
figurations and the emergence of thermally unprotected states
(Figure 5 ). A similar field-induced switching is observed after Hfc 
= 0 mT through TC , starting with labyrinth phase (Supplementary
Figure S5 ), indicating universality of topological transitions and
5 of 12
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FIGURE 4 Absence of topological transitions and protective topological state at far below TC (130 K). (a) Experimental spin-texture in an FGT 
thin flake during magnetic-field cycling at 130 K, after field cooling through TC at Hfc = − 16 mT. (b) Theoretical real-space spin-textures for a system of 
size N = 1202 , after field cooling at HZ = − 0.025 ( T = 0.01, λ = 0.2, Au = 0.10). (c) Skyrmion density χs and Bott index B as a function of HZ . χs is in the 
unit of count per unit-cell area. χs is scaled by 25 for comparability. (d) Schematic of topological non-transitions and protected topological states under 
field cycling. Q1 , Q2 , and Q3 denote distinct spin-configurations with different topological charges; M and H denote magnetization and magnetic field, 
respectively. 
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he presence of unprotected topological states near TC , indepen-
ent of the initial magnetic-texture. In contrast, far below TC ,
unability is lost: the system responds asymmetrically to field
ycling and stabilizes into fixed, non-interconvertible textures
Figure 4 ). 

rucially, we identify topological transitions using topology-
ensitive metrics, skyrmion density, and the Bott index, beyond
isual inspection of real-space textures. In metallic FGT, these
ransitions are reflected in the evolution of the topological
ontribution to the Hall conductivity during magnetic-field
ycling. Our simulations reveal that the qualitative difference
etween field cycling well below TC and near TC arises from
 rugged energy landscape containing high-energy intermedi-
te configurations that must be traversed to switch between
opological phases; such intermediates are suppressed at low
emperatures. Near TC , enhanced entropy in the free energy
nables access to these intermediates, allowing barrier cross-
ng and stabilization of distinct low-energy topological states.
roximity to TC thus enables the topological switching we
bserve. 

he temperature dependence of skyrmions can be understood in
erms of an effective renormalization of the electronic bandwidth
or hopping amplitude) within a double-exchange framework,
rising from the coupling between itinerant electrons and local
oments. In FGT, itinerant electrons are strongly coupled to
of 12
local moments [ 53, 69 ], so the electronic bandwidth, and hence
the effective ferromagnetic exchange, decreases monotonically
across the ferromagnetic-paramagnetic transition. We implement
this by introducing a temperature dependence in the hopping
parameter t . In our model, this is captured by introducing a
temperature dependence of the effective hopping parameter t ,
which reflects the renormalization of magnetic energy scales
rather than a direct modification of the bare band structure.
Such renormalization of effective kinetic energy scales with
temperature is a well-established feature of double-exchange
systems. This separation of energy scales between the electronic
bandwidth and the magnetic ordering temperature is consistent
with expectations for double-exchange systems [ 69 ]. As a result,
Rashba SOC, magnetic anisotropy, and the effective field strength
gain relative importance, yielding smaller skyrmions and higher
skyrmion densities at higher temperatures (Figure 2c ). The
interpretation aligns with both experimental observations and
simulations (Figure 2 ). 

We identify the Rashba SOC-to-bandwidth ratio as a key control
parameter in the formalism. In FGT, anisotropic DMI-like and
dipolar-like interactions, typically introduced as independent
inputs in micromagnetic simulations, emerge naturally from this
ratio (see Supporting Note S2 for details). Because bandwidth
in metallic systems can be tuned by various mechanisms (e.g.,
gating, carrier density, or strain), our findings point to practical
routes for engineering magnetic-textures. 
Advanced Materials, 2026
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FIGURE 5 Topological transitions and unprotected topological states near TC (194 K). (a) Experimental spin-texture in the FGT thin flake during 
magnetic-field cycling at 194 K after field cooling through TC at Hfc = − 16 mT. (b) Theoretical real-space spin-textures for a N = 1202 system, after field 
cooling at HZ = − 0.050 ( T = 0.07, λ = 0.3, Au = 0.12). (c) Variation of skyrmion density χs and Bott index B as a function of HZ . χs is scaled by 25 for 
comparability. (d) Schematic illustrating topological transitions and unprotected topological states under field cycling. 
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 articles are governed by the applicable C
reat
henomenologically, the diverse skyrmion states in FGT have
een attributed to the interplay between dipolar interactions and
agnetocrystalline anisotropy [ 7, 38 ]. Conventional micromag-
etic simulations based on these ingredients neglect a quantum-
echanical description of itinerant electrons and therefore
annot capture the electronic response to external perturbations
uch as electric and magnetic fields. Moreover, the coarse-grained
agnetization description in these models becomes unreliable
or skyrmion radii below ∼ 100 nm. By contrast, our atomic-
cale lattice Hamiltonian explicitly accounts for FGT’s metallic
haracter and its impact on magnetic interactions, providing a
atural framework to describe these effects. 

ear TC , we observe smeared intensity in the experimental spin-
extures (Figures 2a,b , and 5a , and Figure S5a ), appearing as grey
egions that reflect fluctuations of domain configurations during
ata acquisition at elevated temperatures. This effect is absent at
30 K, indicating that domain configurations remain static there.
o capture this dynamic behavior, we performed CCI [ 46 ] analysis
n the − 8 mT data at 194 K in Figure 5a as an example (as shown in
igure S6 ; detail in Methods), which reveals temporal rearrange-
ents of the magnetic-textures throughout the measurement.
hese results highlight the dynamic character of textures near the
hase transition and point to promising opportunities for future
orrelation spectroscopy studies of domain stability in FGT. 

ur integrated experimental-theoretical framework combines
rift-free, high-resolution x-ray magnetic imaging with Monte
arlo simulations based on a Rashba-type tight-binding model
o probe topological transitions and their microscopic origins
dvanced Materials, 2026
in skyrmion-hosting metallic magnets, notably FGT. Nonzero
Bott indices, a topological invariant for electronic degrees of
freedom in non-periodic systems, confirm a dual topological
character: the real-space topology of spin-textures is imprinted
on the electronic band structure beyond the scope of classical
descriptions. Excellent agreement between simulation and exper-
iment across a range of temperatures and magnetic fields in
sequential variation supports a mechanism in which electronic
bandwidth and SOC govern texture formation. This insight
suggests practical routes [ 70, 71 ] to tune skyrmion size, density,
and stability via bandwidth-control strategies (e.g., isoelectronic
doping or pressure). Moreover, tailored field-cooling protocols
reproducibly generate specific magnetic textures together with
their electronic responses. Taken together, these results establish
a versatile foundation for topology-driven logic and non-volatile
memory technologies. 

3 Methods 

3.1 Single Crystal Preparation 

Single crystals of FGT were synthesized by chemical vapor trans-
port (CVT) using TeCl4 as the transport agent (in contrast to our
previous reports that used I2 ) [ 72–74 ]. High-purity precursors Fe
(Alfa Aesar, 99.99%), Ge (Merck, 99.999%), and Te (G-Materials,
99.999%) were weighed in a 3.1:1:2 molar ratio, ground in an
argon-filled glove box, mixed with TeCl4 , and sealed in evacuated
fused silica ampoules ( ∼ 10− 5 mbar). Each ampoule ( ∼ 20 cm
long) contained ∼ 3.0 g of the mixture and ∼ 1 mg/cm3 of TeCl4 .
7 of 12
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he ampoules were placed in a two-zone furnace for 12 days,
ith the hot end at ∼ 745◦C and the cold end at ∼ 695◦C. Shiny,
exagonal crystals were harvested from the cold end and are
eadily cleavable with Scotch tape to expose fresh surfaces for
rocessing. Elemental composition was confirmed by energy-
ispersive x-ray spectroscopy (EDS) on a COXEM EM-30plus
canning electron microscope (SEM) with an Oxford Silicon Drift
etector (SDD) and AZtecLiveLite software, yielding Fe:Ge:Te
 2.96:1.00:2.13 (Figure S1c ), indicating near-stoichiometric
omposition. 

.2 Magnetometry 

agnetic properties of FGT single crystals were characterized
sing a superconducting quantum interference device (SQUID)
agnetometer with applied fields up to 7 T. The temperature
ependence of the magnetic volume susceptibility χv ( T ) was
easured under a field-cooled protocol at H = 0.1 T, and the
sothermal magnetization M ( H ) was recorded at 2 K. These
easurements are shown in Figure S1a (susceptibility) and
igure S1b ( M - H ), respectively. For both protocols, the magnetic
ield was applied along the ab -plane ( H ∥ ab ) and along the c -axis
 H ∥ c ), enabling assessment of anisotropic magnetic behavior. 

.3 Holography Mask Preparation 

rior to sample transfer, a holography mask was prepared on
he backside of silicon nitride (Si3 N4 ) holders (150 nm thick).
he mask features a circular aperture (1.9 µm diameter) milled
y focused-ion-beam (FIB) into a [Cr(5 nm)/Au(50 nm)] ×13
ultilayer, which remains opaque to soft x-rays except at the
perture. The aperture stops at the Si3 N4 membrane and defines
he fixed microscopic field of view. After flake transfer, five
eference pinholes (diameter < 100 nm) were milled by FIB
hrough the sample to provide reference beams for holographic
maging (Figure S2 ). 

.4 Thin Flake Preparation 

GT thin flake was mechanically exfoliated from bulk single
rystals using Scotch tape and initially transferred onto a poly-
imethylsiloxane (PDMS) film on a glass slide. Flake with a
hickness of approximately 150 nm was identified by optical
ontrast and subsequently transferred onto the pre-fabricated
olography mask using a custom-built micro-aligner. To prevent
xidation, the flake was immediately encapsulated with about
0 nm of hexagonal boron nitride ( h BN) via the same transfer
oute. The total time from exfoliation to encapsulation was kept
nder 10 min to minimize air exposure. 

.5 Fourier Transform Holography (FTH); X-Ray 
maging 

oherent imaging experiments were conducted at the MAX-P04
ndstation, beamline P04, PETRA III (Hamburg, Germany). The
ircularly polarized x-ray beam was tuned to the Fe L3 -edge ( λ =
.75 nm; E ≈ 708 eV) to exploit x-ray magnetic circular dichroism
of 12
(XMCD) as the magnetic-contrast mechanism. Scattered radia-
tion from the sample was recorded with a back-illuminated CCD
camera (PI SOPHIA XO; 2048 × 2048 pixels; 15 µm pixel size)
positioned 205 mm from the sample. Real-space images of the out-
of-plane magnetization were reconstructed from the difference
between two measurements made with opposite x-ray helicities.
Reconstruction employed FTH with numerical phase retrieval. 

3.6 Coherent Correlation Imaging (CCI) 

For each helicity, 70 frames were acquired with a CCD detector,
with a one-minute pause during helicity reversal. The CCD
exposure time was 0.7 s and the readout time 1.0 s, yielding
a temporal resolution of 1.7 s per frame; a complete image at
a given field and temperature required ∼ 300 s. The CCI [ 46 ]
analysis grouped the frames into four-time segments: frames
0-44 (0-74.8 s), 45-70 (74.9-119 s), 71-119 (179-264.3 s), and 120-
140 (264.4-298 s), assigned as segments 1–4 in Figure S6 . This
segmentation captures temporal rearrangements of the magnetic
textures during the measurement. 

3.7 Effective Spin Model and Monte Carlo 
Simulations 

The starting point for the theoretical investigations is an elec-
tronic lattice Hamiltonian with Hund’s rule coupling, Rashba
spin-orbit coupling, and uniaxial anisotropy. The model is given
by: 

𝐻 = − 𝑡
∑

𝑖 ,𝑗 ,𝛾,𝜎

(
𝑐†𝑖,𝜎𝑐𝑖+ 𝛾,𝜎 + 𝐻.𝑐.

)
−
∑

𝑖 

[
ℎ𝑧 𝑆

𝑧 
𝑖 + 𝐴𝑢 

(
𝑆𝑧 𝑖 
)2 ]

− 𝐽𝐻 
∑

𝑖 ,𝑗 ,𝛾,𝜎,𝜎′
𝑐†𝑖𝜎

[ 
𝝉.

( 

𝑺𝒊 𝛿𝑖,𝑗 + 𝑖
𝜆

𝐽𝐻 
( ̂𝛾 × 𝒛 ) 𝛿𝑗 ,𝑖 + 𝛾

) ] 
𝜎𝜎′

𝑐𝑗𝜎′ (1)

Here, 𝑐𝑖𝜎 and 𝑐
†
𝑖𝜎 are respectively the electronic annihilation and

creation operators, t is the nearest-neighbor hopping amplitude,
and JH ( λ) denotes the strength of Hund’s (Rashba) coupling, τ is
a vector operator with the three Pauli matrices as components.
The localized spins, Si , are treated classically. Au is the easy-
axis uniaxial anisotropy parameter and hz is the strength of
the external magnetic field. Assuming the lattice constant to be
unity, 𝛾̂ denotes the unit vector along the primitive vectors of the
triangular Bravais lattice. All energy scales of the Hamiltonian are
measured in units of t . For the case of Rashba coupling relevant
for thin films, the effective spin Hamiltonian is given by [ 75 ]: 

𝐻𝑒𝑓𝑓 = −
∑

( 𝑖 ,𝑗 ) ,𝛾
𝐷
𝛾

𝑖𝑗 𝑓
𝛾

𝑖𝑗 −
∑

𝑖 

[
ℎ𝑧 𝑆

𝑧 
𝑖 + 𝐴𝑢 

(
𝑆𝑧 𝑖 
)2 ]

√
2 𝑓

𝛾

𝑖𝑗 =
[
𝑡2 
(
1 + 𝑆𝑖 .𝑆𝑗 

)
+ 2 𝑡𝜆𝛾′.

(
𝑆𝑖 × 𝑆𝑗 

)
+ 𝜆2 

(
1 − 𝑆𝑖 .𝑆𝑗 + 2

(
𝛾′.𝑆𝑖 

) (
𝛾′.𝑆𝑗 

))] 1 
2 

𝐷
𝛾

𝑖𝑗 =
⟨ 

𝑒
𝑖ℎ
𝛾
𝑖𝑗 𝑑†𝑖 𝑑𝑗 + 𝐻.𝑐. 

⟩ 

(2)

In the above, 𝑓𝛾𝑖𝑗 ( ℎ
𝛾

𝑖𝑗 ) is the modulus (argument) of the complex
number 𝑔𝛾𝑖𝑗 , and 〈 O 〉 denotes expectation values of the operator O
in the ground state. We perform Monte Carlo simulations on the
Advanced Materials, 2026
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 articles are governed by the applicable C
reat
ffective spin Hamiltonian via the standard Metropolis algorithm
 48–53 ]. 

he presence of the skyrmion Hall effect in the vdW magnets
ndicates that the strong-coupling limit is more relevant here
s compared to the weak-coupling RKKY limit [ 48–51 ]. So,
n the strong-coupling limit, Equation ( 1 ) leads to the Rashba
ouble-exchange (RDE) Hamiltonian on a triangular lattice [ 52 ],

𝐻RDE =
∑
⟨𝑖 ,𝑗 ⟩,𝛾

[
𝑔
𝛾

ij 𝑑
†
𝑖 𝑑𝑗 + 𝐻.𝑐.

]
−

∑
𝑖 

[
ℎ𝑧 𝑆

𝑧 
𝑖 + 𝐴𝑢 

(
𝑆𝑧 𝑖 
)2 ]

(3)

here, 𝑑𝑖 ( 𝑑
†
𝑖 ) annihilates (creates) an electron at the site with

pin parallel to the localized spin. Site j = i + γ is the nn of
ites along one of the three symmetry directions on the triangular
attice. The projected hopping 𝑔𝛾𝑖𝑗 depend on the orientations of
he local moments 𝑺𝒊 and 𝑺𝒋 . The tight-binding, 𝑡

𝛾

𝑖𝑗 and Rashba,
𝛾

𝑖𝑗 , contributions to 𝑔
𝛾

𝑖𝑗 = 𝑡
𝛾

𝑖𝑗 + 𝜆
𝛾

𝑖𝑗 are given by [ 52 ], 

𝑡
𝛾

ij = − 𝑡
[
cos 

(
𝜃𝑖 

2 

)
cos 

(
𝜃𝑗 

2 

)
+ sin 

(
𝜃𝑖 

2 

)
sin 

(
𝜃𝑗 

2 

)
𝑒− 𝑖( 𝜙𝑖 − 𝜙𝑗 ) 

]
𝜆
𝑎1 
ij = 𝜆𝑥 ij , 𝜆

𝑎2 
ij =

1 

2 
𝜆𝑥 ij +

√
3 

2 
𝜆
𝑦 

ij , 𝜆
𝑎3 
ij = − 1 

2 
𝜆𝑥 ij +

√
3 

2 
𝜆
𝑦 

ij 

𝜆𝑥 ij = 𝜆
[
sin 

(
𝜃𝑖 

2 

)
cos 

(
𝜃𝑗 

2 

)
𝑒− 𝑖𝜙𝑖 − cos 

(
𝜃𝑖 

2 

)
sin 

(
𝜃𝑗 

2 

)
𝑒𝑖𝜙𝑗 

]
𝜆
𝑦 

ij = 𝑖𝜆
[
sin 

(
𝜃𝑖 

2 

)
cos 

(
𝜃𝑗 

2 

)
𝑒− 𝑖𝜙𝑖 + cos 

(
𝜃𝑖 

2 

)
sin 

(
𝜃𝑗 

2 

)
𝑒𝑖𝜙𝑗 

]
(4)

here Θi ( Φi ) is the polar (azimuthal) angle for the localized
oment Si . 

he Hamiltonian Equation ( 3 ) describes a modified tight-binding
odel where the hopping integrals are dependent on the con-
iguration of classical spins. Therefore, the energy of the system
epends on the classical spin configurations. This dependence
an be formally written as an effective spin Hamiltonian by
ollowing a procedure well known for double-exchange models
 52, 53 ], and is given by Equation ( 4 ). 

ssuming constant coupling parameters is a good approximation
or studying the ground-state phases of Heff [ 52 ], therefore, we set
𝛾

𝑖𝑗 ≡ 𝐷0 =
1 √
2 
to study Heff . We perform Monte Carlo simulations

n Hamiltonian Equation ( 2 ) via the standard Markov chain
onte Carlo using the Metropolis algorithm. To follow closely
he experimental results, we use multiple protocols for varying
emperatures and magnetic fields during simulations. Typically,
e begin the simulations at high temperature and use Monte
arlo steps for equilibration and an equal number for averaging
t each parameter point. Most importantly, the Monte Carlo
pproach allows access to full spatial details that can be used
ot only to identify unusual magnetization textures but also
o compare with spatially resolved experimental data, as we
iscuss later. Therefore, our analysis focuses on the typical spin
onfigurations and their evolution with magnetic field cycles and
ith temperature. 

he experimental real-space images are not used as input con-
igurations or fitted to the simulations. Rather, the experimental
emperature- and magnetic-field protocols guide the correspond-
ng parameter sequences considered in the simulations, while the
agnetic textures emerge from the effective Hamiltonian. The
onsistency between experiment and theory is assessed through
dvanced Materials, 2026
the reproduced magnetic phases, texture morphology, topological
character, and their sequential evolution under the corresponding
control protocols; a pixel-by-pixel correspondence between indi-
vidual experimental and simulated domains is neither imposed
nor expected. 

The theoretical model used here is a minimal effective tight-
binding description intended to capture the essential low-
energy ingredients relevant for spin-texture formation in FGT,
namely itinerant electrons, SOC, Hund’s coupling, and magnetic
anisotropy. It is not meant to reproduce the full multiband
density functional theory (DFT) electronic structure quantita-
tively. Rather, it is motivated by previous DFT and angle-resolved
photoemission spectroscopy (ARPES) studies showing that FGT
is a correlated Hund’s metal with strong SOC and unconventional
band topology, including nodal-line features [ 40, 72, 76 ]. These
ingredients are incorporated here at an effective level through a
one-band tight-binding Hamiltonian with Rashba-type SOC. 

3.8 Bott Index and Skyrmion Density 
Calculations for Topological Characterization 

The Bott index is a way to measure how well a system can or
can’t form localized Wannier orbitals from its occupied states
[ 60 ]. Here, we calculate the Bott index to confirm, in a precise
mathematical way [ 61, 62 ], the topological nature of the electronic
band structure when magnetic skyrmion states are present. The
first step is to construct a projection operator out of all the
occupied states: 

𝑃 =
𝑁𝑒𝑙 ∑
𝑘= 1 

|𝜓𝑘 ⟩⟨𝜓𝑘 | (5)

where, | ψk 〉 is the occupied eigenstate associated with the -th
eigenvalue Ek , and Nel is the number of electrons in the system.
The position coordinates ( xi , yi ) of any lattice site i can be mapped
into the spherical coordinates ( 𝜙i , 𝜙j ) on a torus where 0 ≤ Θi <

2 π and 0 ≤ Φi < 2 π. The next step involves defining the projected
position operators: 

𝑈 = 𝑃𝑒𝑖Θ𝑃, 

𝑉 = 𝑃𝑒𝑖Φ𝑃 
(6)

where, θi and ϕi are the diagonal matrices with 𝜙i and 𝜙j as
diagonal elements, respectively. The Bott index is given by 

𝐵 = 1 

2 𝜋
𝐼 𝑚

{
𝑡𝑟
[
log 

(
𝑉 𝑈𝑉†𝑈†

)]}
(7)

To keep the calculations stable, we use singular value decom-
position (SVD) on the projected position operators U and V, as
described by Huang and Liu [ 63, 64 ]. For this, we make use
of the LAPACK library: the ‘CGEES’ subroutine handles the
diagonalization of complex, non-symmetric matrices, and the
‘CGESVD’ subroutine takes care of the SVD. 
9 of 12
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rea
e have also calculated the average skyrmion density, which can
e given by [ 65 ]: 

𝜒𝑠 =
1 

4 𝜋𝑁 

∑
𝑖 

(
𝐴

( 12 ) 

𝑖 𝑠𝑔𝑛
[


( 12 ) 

𝑖 

]
+ 𝐴

( 45 ) 

𝑖 𝑠𝑔𝑛
[


( 45 ) 

𝑖 

])
(8)

 = 1 

8 𝜋
⟨∑

𝑖 

(


( 12 ) 

𝑖 + 
( 45 ) 

𝑖 

)⟩ (9)

here, 𝐴(ab ) 
𝑖 = 1 

2 
||( 𝑺𝒊 𝒂 − 𝑺𝒊 ) × ( 𝑺𝒊 

𝒃 
− 𝑺𝒊 ) || is the local area of the

urface spanned by three spins on every elementary triangular
laquette ri , ra , rb . Here 

(ab ) 
𝑖 = 𝑺𝒊 . ( 𝑺

𝒊 
𝒂 × 𝑺𝒊 

𝒃 
) is the so-called local

hirality, and the numbers 1-6 are the nearest neighbour sites of
 site i taken in an anti-clockwise manner, which are involved in
he calculation of χs . 

ere, the Bott index is a theoretically computed quantity obtained
rom the simulated electronic states corresponding to the spin-
extures. Direct experimental determination of its sign would
equire complementary Hall transport measurements [ 66 ] and is
eyond the scope of the present study. 
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