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of spintronics. Each topological texture 
exhibits a unique topological number N in 
the form of a lattice or isolated quasipar-
ticle, offering the capability of encoding 
information bits with dense integration 
and low energy cost in nanodevices.[13,14] It 
was found that the generation and applica-
tion of such topological spin textures build 
strong correlations with spin-orbit cou-
pling, competition among magnetic inter-
actions, and emergent electromagnetic 
properties,[13–16] which assist the under-
standing of the underlying mechanism 
and the exploration of new spin states and 
materials. Thereafter, the host material 
and generation mechanisms have been 
extended from the initial chiral magnets 
with Dzyaloshinskii–Moriya interaction 
(DMI)[4–6] to centrosymmetric magnets 
with uniaxial magnetic aniso tropy[7,8] and 

to magnetic multilayers with interfacial DMI.[17,18] Unless 
external manipulation or the proliferation of defects promote 
their existence at zero field,[19–22] vortex-like spin textures can 
only be obtained as an excitation state under the stimuli of 
certain magnetic fields. The corresponding magnetic ground 
state exhibits a periodic helical spin order with uniform stripe 
domains. Although the generation mechanisms appear dif-
ferent, the fundamental origin of such nonlinear magnetiza-
tion textures can be ascribed to the canting state of the spin 
moments introduced by appropriate energy competition among 
the different magnetic interactions. Considering the spin orien-
tation, the magnetic moment variation within the conventional 
180° or 90° domain wall resembles half or quarter of the sinu-
soidal spin period of a helical stripe domain[23] and shares the 
same classification criteria (Bloch or Néel type). However, topo-
logical spin textures from conventional domain walls have not 
yet been experimentally observed, although recent theoretical 
studies have predicted domain wall skyrmions.[24,25]

The discovery of out-of-plane anisotropy and strong elec-
tron correlation effects by lifting the Mermin–Wagner restric-
tion in the van der Waals (vdW) itinerant ferromagnet (FM) 
Fe–Ge–Te[26–31] is a new starting point for exploring interesting 
spin structures. It has been demonstrated that the structure 
of cleavable Fe–Ge–Te building blocks and variable interlayer 
vdW interactions are tunable parameters for controlling the 
magnetic properties.[26,29] The different atomic arrangements 
of Fe and Ge atoms with unique Fe vacancies in the Fe–Ge–Te 
slabs of Fe5−xGeTe2 result in more complicated physical prop-
erties and higher Curie temperature (260–310 K)[29–31] than the 

The promise of topologically vortex-like magnetic spin textures hinges on the 
intriguing physical properties and theories in fundamental research and their 
distinguished roles as high-efficiency information units in future spintronics. 
The exploration of such magnetic states with unique spin configurations has 
never ceased. In this study, the emergence of unconventional (anti)meron 
chains from a domain wall pair is directly observed at zero field in 2D fer-
romagnetic Fe5−xGeTe2, closely correlated with significant enhancement of 
the in-plane magnetization and weak van der Waals interactions. The simul-
taneous appearance of a large topological Hall effect is observed at the same 
temperature range as that of the abnormal magnetic transition. Moreover, 
the distinctive features of the (anti)meron chains and their collective dynamic 
behavior under external fields may provide concrete experimental evidence 
for the recent theoretical prediction of the magnetic-domain-wall topology 
and endorse a broader range of possibilities for electronics, spintronics, con-
densed matter physics, etc.

Resurgent research on the magnetic vortex[1–3] and vortex-like 
spin configurations including the (anti)skyrmion,[4–6] biskyr-
mion,[7,8] (anti)meron,[9–11] and bobber[12] has resulted in sig-
nificant progress in fundamental research and the exploration 
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well-studied Fe3−xGeTe2 (150–240 K),[26–28] prompting the explo-
ration of the mysterious magnetization origination and the fas-
cinating functionality of Fe5−xGeTe2.

In this study, we experimentally demonstrate the evolution 
of (anti)merons in the distinctive form of a line chain from 
the 180° domain wall pair in Fe5−xGeTe2. A periodic array of 
magnetic (anti)merons with high linear density is spontane-
ously generated within a certain temperature range, without 
requiring an external magnetic field or DMI. Based on detailed 
measurements of the magnetization and magnetotransport 
properties, we propose a tentative explanation of its origin. Fur-
thermore, we reveal the stability and dynamic behavior of the 
obtained (anti)meron chains under external stimuli including 
electrical voltage and magnetic fields.
Figure 1a presents the structure of centrosymmetric ferro-

magnet Fe5−xGeTe2 with a rhombohedral 3R m  space group,[29] 
where the Fe–Ge–Te layers stack along the c-axis with weak 
interlayer vdW interaction. In Fe5−xGeTe2, the Fe(2) and Fe(3) 
positions are fully occupied, but the Fe(1) site has significant 
iron vacancies.[29,31] The Ge position splits into two sites to 
maintain an appropriate bond distance between Fe(1) and 
Ge.[29–31] The absence of impurities was confirmed from the 
X-ray diffraction (XRD) pattern, and the Fe vacancies were 
identified as Fe4.78(4)GeTe2.13(1), when setting the content of 
Ge as 1 based on the energy-dispersive X-ray (EDX) spectrum 
(Figure S1, Supporting Information). In Figure  1, the mag-
netic transition can be directly observed, and is characterized 
in a thin plate of single-crystal Fe5−xGeTe2 along the (110) 
zone-axis through in situ cooling, with Lorentz transmission 

electron microscopy (L-TEM). The dot domains gradually 
evolve from the conventional 180° domain wall pair and are 
well separated at 180 K (Figure  1d), exhibiting small size 
(≈20  nm) and high linear density (≈24 per µm) along each 
domain wall.

The enlarged lateral magnetic component distributions 
(Figure 1b,e) are realized from the dot domains in the selected 
boxes using transport-of-intensity equation (TIE) analysis 
(details are provided in the Experimental Section). Chains of 
topological spin configurations with uniform counterclockwise 
(CCW) and clockwise (CW) helicities are observed alternating 
in each domain wall pair. The colors and arrows denote the 
directions of the in-plane magnetization according to the color 
wheel with a dark color indicating out-of-plane magnetization 
in the core. Although the definite out-of-plane direction cannot 
be determined through L-TEM, the polarity should have the 
same inward (meron) or outward (antimeron) magnetization 
direction for each domain wall according to the (anti)meron 
definition[32] and chirality conservation in centrosymmetric 
Fe5−xGeTe2. Here, we demonstrate the meron pair schematics 
with inward magnetic moments in the core region alone, and 
use an (anti)meron pair to present the equal possibility of a 
meron or antimeron pair. The spin configuration with inward 
(meron) or outward (antimeron) magnetic moments in the 
core region and in-plane moments near the peripheries is the 
dissociation of a skyrmion; therefore, it exhibits a fractional 
topological number.[9,11,33] Spin configurations with naturally 
half-period helical magnetization across the Bloch-type 180° 
domain wall were extracted from the 3D structures (Figure 1f) 

Figure 1. (Anti)meron chains in the domain wall pair of van der Waals Fe5−xGeTe2. a) Crystal structure of Fe5−xGeTe2 with the Fe–Ge–Te layers stacked 
along the c-axis; the Fe(1) and Ge positions are partially occupied (marked by the color difference). b,e) Magnified magnetization texture of the selected 
region in the domain wall pair at 180 K based on the transport-of-intensity equation (see Experimental Section; the arrows and color scale indicate the 
direction and magnitude of the in-plane magnetization, respectively). c) Under-focused L-TEM image with three pairs of 180° domain walls along the 
c-axis at 250 K (scale bar = 1 µm). d) Real-space observation of (anti)meron evolution from a conventional domain wall pair (focusing on the yellow box 
region in (c) with the decrease in temperature (the green arrow indicates the dominant magnetization direction within the domains). f) Schematic of 
the 3D magnetic domains with 180° domain wall pair. g,h) Cross-sectional schematics of the swirling magnetization across the Bloch-type domain wall 
and the corresponding evolved topological textures with counterclockwise (CCW) and clockwise (CW) helicities, highlighting their spin correlation. The 
schematic spin configuration with inward magnetic moments in the core region is demonstrated as a meron pair with a topological number N = −1/2.
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and are schematically depicted in Figure 1g,h. Analogous to the 
evolution from the sinusoidal period of helical spin modulation 
to skyrmions, the corresponding counterclockwise (CCW) and 
clockwise (CW) meron pair with a topological number N = −1/2 
is demonstrated, highlighting the spin correlation with domain 
wall constriction.

The L-TEM images in Figure 1c,d show the sequential trans-
formation from the conventional 180° domain wall to an (anti)
meron chain, below the Curie temperature Tc (≈275 K; focusing 
on the single-domain wall pair in Figure 1d). It should be noted 
that the experiments were conducted without any external 
magnetic fields, and the transformation was reversible. The 
conventional 180° domain wall pair with white and dark con-
trast begins to break into a series of magnetic (anti)meron 
pairs below ≈250 K, while the dominant domain magnetiza-
tion (green arrow along the c-axis) appears unchanged. The 
magnetic (anti)merons are well separated, particularly in the 
temperature range of 230–130 K, subsequently merging into 
the continuous domain wall at lower temperatures. The 180° 
domains with dominant magnetization along the c-axis corre-
spond to the maze domain structure near the [001] zone-axis 
due to c-axial magnetic anisotropy, which is similar to that of 
Fe3−xGeTe2 (Figure S2, Supporting Information). However, the 
(anti)meron transformation is unique in Fe5−xGeTe2 and is not 
observed in Fe3−xGeTe2, where the conventional 180° domain 

wall remains invariant, when the temperature decreases 
(Figures S3 and S4, Supporting Information).

To determine the generation mechanism of the (anti)meron 
chains in Fe5−xGeTe2, the temperature dependence of magnetic 
susceptibilities χab(T) for H//ab and χc(T) for H//c are meas-
ured, as shown in Figure 2. With the decrease in temperature, 
χc(T) at µ0H  = 0.01 T exhibits weak temperature dependence 
after a rapid increase near Tc (Figure  2a), consistent with the 
invariant domain structure on the plane near the [001] zone-
axis. In contrast, χab(T) in the same field exhibits signifi-
cant enhancement of the in-plane magnetization in a certain 
temperature range. A small spike emerges at approximately 
T = 258 K, coupled with the onset of (anti)meron chains gene-
rated from the domain wall pair. The broad cusp with a max-
imum value at ≈180 K agrees well with the distribution of the 
well-separated (anti)meron pairs in Figure 1d. Finally, with the 
further decrease in temperature to T  <  100 K, χab(T) abruptly 
reduces and becomes comparable with χc(T). Correspond-
ingly, the domain-wall-(anti)meron-chain state disappears. In 
addition, the isothermal M(µ0H) curves at different tempera-
tures for both field directions (Figure 2b) reflect the evolution 
of magnetic anisotropy. At high temperatures, the difference 
in the saturation field µ0Hs between Mab(µ0H) and Mc(µ0H) is 
small. However, from 100 to 260 K, the smaller µ0Hs for H//ab 
compared to H//c implies that the magnetic moments align 

Figure 2. Origin of the domain-wall (anti)meron chains in Fe5−xGeTe2. a) Temperature dependence of the magnetic susceptibility χ(T) upon cooling 
with a magnetic field of 0.01 T applied along H//c and H//ab, respectively. The significant enhancement of χab(T) versus the weak temperature depend-
ence of χc(T) is detected, in good agreement with the temperature range of the (anti)meron chain. b) Field dependence of magnetization M(µ0H) 
for H//c and H//ab at various temperatures, with the magnetization switching to the dominant in-plane component at a representative temperature 
of 165 K. c) Magnetic domains with the coexistence of magnetizations parallel and perpendicular to the c-axis at certain regions (scale bar = 1 µm). 
d,e) Selected-area electron diffraction patterns along the [110] zone-axis with superstructure modulation vector q1 = ±1/3(1, 1, 3) and q2 = ±3/10(0, 0, 3l) 
at a temperature above and below 100 K, respectively. The structural difference in correlation with the Fe(1) ordering contributes to the enhancement 
and diminishment of the in-plane magnetization component, when the temperature is changed.
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more easily along the ab plane, which could result in addi-
tional rearrangement of the magnetic domains, if the in-plane 
magnetization component is sufficiently high (Figure 2c). The 
µ0Hs trend for these two field directions is reversed below 
100 K, that is, the easy axis of magnetization becomes the c-axis. 
Therefore, with the significant enhancement of the in-plane 
magnetization to introduce magnetic competition, the genera-
tion of (anti)merons is anticipated because several experimental 
and theoretical studies have emphasized that magnetic anisot-
ropy alternation could energetically promote the topological 
(anti)meron state.[9,11] In comparison with the homogeneous 
lattice configuration under external magnetic fields in the DMI-
requirement chiral magnets, a distinguished form of the (anti)
meron chain is spontaneously generated in the local domain 
wall by simply decreasing the temperature in centrosymmetric 
Fe5−xGeTe2.

The changes in the in-plane magnetic properties could be 
closely related to the local magnetic/structural ordering of the 
Fe(1) position in Fe5−xGeTe2.[26] Electron diffraction with modu-
lation q1 = ±1/3(1, 1, 3) and the diffused line along 1/3(1, 1, l) at the 
[110] zone-axis (Figure 2d) directly reflect the dominant in-plane 
or canted supercell structure without significant ordering along 
the c-axis above 100 K. Such electron diffraction modulation is 
primarily introduced by the intraplane ordering of the vacan-
cies at the Fe(1) site,[29] which could lead to significant enhance-
ment of the in-plane magnetization component. The Möss-
bauer spectra also reveal that the Fe(1) moments fluctuate too 
rapidly along the c-axis to form ordering above 100 K according  
to the dynamic model.[29] However, below 100 K, additional q2 
modulation spots with a wavevector q2  =  ±3/10(0, 0, 3l) (12 K 
in Figure  2e) indicate the emergence of a specific long-range 
superstructure along the c-axis, accompanied by a first-order 
transition.[29] After the c-axial Fe(1) moments become statically 
ordered because of the interplane vacancy ordering of the Fe(1) 
site at temperatures below 100 K, they could considerably sup-
press the in-plane magnetization component and present an 
abrupt reduction in χab(T), resulting in the disappearance of 
the (anti)meron chains. These simultaneous phenomena indi-
cate that weak ordering correlation together with weak vdW 
interaction along the c-axis are crucial for the isolation of the 
topological domains; otherwise, continuous domain walls with 
cross-tie-wall features would remain.[33] Therefore, the energy 
competition during magnetization changes from the c-axis to 
the ab plane; the weak interaction along the c-axis and the dis-
tinctive spin features of the domain wall jointly result in the 
generation of isolated (anti)meron pairs.

Magnetotransport measurements also partially reflect the 
evolution of the topological spin textures and magnetic/struc-
tural orderings in Fe5−xGeTe2 (Figure 3). When T < Tc, besides 
the ordinary Hall resistivity ρyx

N and the intrinsic anomalous 
Hall resistivity ρyx

A, the topological Hall resistivity ρyx
T also con-

tributes to the total Hall resistivity ρyx(µ0H)[15,34,35] (Figure S5, 
Supporting Information). As shown in Figure 3a,b, when T is 
close to Tc, the derived ρyx

T is small and its intensity increases 
with the decrease in temperature, reaching a maximum value 
ρyx

T,max of ≈−0.74 µΩ cm at ≈220 K and 0.2 T. With the further 
decrease in temperature, ρyx

T rapidly decreases with the shift 
in the peak position to higher fields. Below 100 K, significantly 
different shapes and small values are observed in the field 

dependence of ρyx
T. The negative values (dips) of the ρyx

T(µ0H) 
curve in Figure 3a suggest that the sign of the spin polarization 
(P) of the charge carriers or the emergent field induced by the 
topologically nontrivial spin texture (µ0Hz) is negative because 

Figure 3. Simultaneous magnetotransport response in Fe5−xGeTe2. 
a) Field dependence of the topological Hall resistivity ρyx

T(T) at different 
temperatures in good correlation with the microscopic domain evolu-
tion temperature range in ferromagnetic Fe5−xGeTe2. b) Contour plot of  
ρyx

T(T, µ0H) for T ranging from 5 to 320 K and µ0H ranging from 0 to 1.4 T. 
c) Zero-field longitudinal resistivity ρxx(T) as a function of the tempera-
ture. Inset: temperature dependence of the fitted normal Hall coefficient 
R0(T). The sign changes from positive at high temperatures (T > 110 K) 
to negative at low temperatures, suggesting a dominant carrier type shift 
from holes to electrons with the lowering of the temperature.
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ρyx
T is proportional to P and µ0Hz, which has been frequently 

observed in various materials with topological spin excitations 
and nonlinear magnetization.[8,36] Moreover, µ0Hz is highest, 
when the nonlinear spin excitations are maximum at a certain 
optimal magnetic field; further increase in the field suppresses 
the topological spin texture through complete spin polariza-
tion, resulting in a dip in the field dependence of the ρyx

T(µ0H) 
curve. Therefore, the simultaneous emergence of large ρyx

T and 
domain-wall (anti)meron chains evidences the close relation-
ship between them and manifests a nontrivial topological elec-
tromagnetic response in Fe5−xGeTe2.

On the other hand, the zero-field longitudinal resistivity 
ρxx(T) changes drastically near 100 K. It exhibits weak tempera-
ture dependence when T > 125 K (Figure 3c) but drops signifi-
cantly at lower temperatures. The normal Hall coefficient R0 
derived from the field dependence of ρyx

N(µ0H) (Figure S5, Sup-
porting Information) is positive at high temperatures (T > 100 K) 
and becomes negative at low temperatures, strongly suggesting 
that the dominant carrier type changes from holes to electrons 
with the decrease in temperature. In addition, the anomalous 
Hall coefficient Rs rapidly decreases below ≈110 K, whereas the 
negative magnetoresistance (MR) reaches a maximum value at 
110 K (approximately −16% at 5 T; Figure S5, Supporting Infor-
mation). All these results strongly suggest that the ordering of 
the Fe(1) sublattice not only changes the magnetic anisotropy to 
induce the domain-wall-(anti)meron-chain state, but also con-
tributes to drastic changes in the electron-spin scattering rate, 
electron structure, and Fermi surface.[29,30] Thus, there is strong 
coupling between the generation of (anti)meron chains and 
the changes in the crystal structure, magnetism, and electronic 
structure in Fe5−xGeTe2.

Next, we investigate the stability and dynamic behavior of the 
domain-wall (anti)meron chain under stimuli such as electrical 
voltage and magnetic fields (schematics in Figure 4a,d, respec-
tively) near the [110] zone-axis. The L-TEM images in Figure 4b 
are extracted from the in situ video, when voltages are applied 
at different temperatures (Video S1, Supporting Information). 
The collective domain wall shift is dominant, if the complete 
(anti)meron state is obtained; otherwise, additional (anti)meron 
nucleation along with collective mobility is discerned. The 
meron pair chains move along the same direction with a change 
in the interval distance from the initial 1.4  µm (Figure  4b) to 
1.1 µm (Figure 4c) after the application of 5 V at 200 K, which 
may be caused by the topological Magnus force on the meron 
pair due to the same topological number.[18] Collective move-
ment of the domain-wall (anti)meron chain appears easier to 
initiate through the c-axial magnetic field than through elec-
trical stimuli (Figure S6, Supporting Information). A mag-
netic field along the c-axis is introduced by slightly tilting the 
sample relative to the perpendicular magnetic field of 0.02 T. 
Figure  4e,f show significant position change in the magnetic 
(anti)meron chain at tilting angles of 4° and −12°, respectively. 
The overall distance dependence of the titling angle is summa-
rized in Figure 4g. The domain-wall (anti)meron chain can be 
modulated back and forth before reaching a minimum distance 
of ≈200 nm, where the meron pair collides with each other and 
is annihilated. This critical exchange length envisages further 
domain-wall (anti)meron manipulation and simulation. The 
collective behavior for the topological Hall effect is intriguing 

and further manifests the relativistic theories on the dynamics 
of domain-wall textures such that configurations remain intact 
in the wall during motion under external perturbation.[24,25]

In summary, we directly demonstrated the emergence 
of a novel (anti)meron chain from the conventional 180° 
domain wall pair by decreasing the temperature at zero field 
in Fe5−xGeTe2. The exotic features of the (anti)meron chain 
without DMI and its collectively dynamic behavior experi-
mentally demon strate a novel mechanism for topological tex-
ture generation in the domain wall. The discovery of a tunable 
domain-wall topology in vdW centrosymmetric Fe5−xGeTe2 can 
shed light on the fascinating mechanism and its functionality 
as a new paradigm for electronics, spintronics storage, etc.

Experimental Section. 
Sample Synthesis, Structure, and Composition Characterization: Single 

crystals of Fe5−xGeTe2 were grown through the chemical vapor transport 
method with iodine as the transport agent. High-purity Fe (powder), Ge 
(powder), and Te (grain) were taken in a stoichiometric molar ratio of 
5:1:2 and placed in an evacuated quartz tube together with 50  mg of 
iodine. The tube was heated to 1050  °C for 10 h and the temperature 
was maintained for 6 h; it was then cooled to 760 °C at a rate of 5 °C h−1, 
and the temperature was maintained for 50 h and then quenched. Shiny 
crystals with typical sizes of approximately 3 × 2 × 0.05 mm3 (length 
× width × thickness) were obtained. Single crystal XRD patterns were 
acquired using a Bruker D8 X-ray diffractometer with Cu Kα radiation 
(λ = 0.15418 nm) at room temperature of 298 K. The elemental analysis 
was performed using EDX spectroscopy analysis in a FEI Nano 450 
scanning electron microscope.

Transport and Magnetization Characterization: The magnetization and 
electrical transport measurements were performed using a Quantum 
Design MPMS3 and PPMS-14T, respectively. The longitudinal and Hall 
electrical resistivity were measured simultaneously using a standard five-
probe configuration in a bulk single crystal sized of 1.9 × 0.9 × 0.05 mm3 
(length × width × thickness). In order to effectively eliminate the influence 
of voltage probe misalignment, the resistivity was measured in both 
positive and negative fields. The final longitudinal and Hall resistivity 
values were obtained by symmetrizing and antisymmetrizing the raw 
data.

Lorentz TEM Measurements: The magnetic domain wall contrast 
was observed by using a JEOL-dedicated Lorentz TEM (JEOL2100F). 
Liquid-nitrogen and liquid-helium holder was used for temperature 
manipulation. The voltage-driven behavior of (anti)meron chain was 
conducted by probe touching the sample in a voltage-combined liquid-
nitrogen TEM holder. The external perpendicular magnetic field was 
introduced by gradually increasing the objective lens current. The 
magnetic domain wall contrast at different focus was imaged under 
the convergent or divergent electron beam, which was introduced by 
the interaction of electron beam with the in-plane magnetization. To 
determine the in-plane magnetization distribution of a topological 
texture, the three sets of images with under-, over-, and just (or zero) 
focal lengths were recorded by a charge coupled device (CCD) camera 
and then the high-resolution in-plane magnetization distribution map 
was obtained using commercial software QPt, which enabled to work 
out phase images and then created magnetic field images on the basis 
of the TIE equation. The colors and arrows depicted the magnitude and 
orientation of the in-plane magnetization according to the color wheel. 
The crystalline orientation for the grain was checked by selected-area 
electron diffraction. The specimen along [110] and [001] zone-axis for 
L-TEM observation was respectively prepared via focused ion beam 
milling and traditional polishing, dimpling, and subsequently, ion 
milling. The thickness of L-TEM specimen was about 50 nm, which was 
measured by electron energy loss spectrum.
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