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opportunities for exploring magnetism, 
and toward spintronic applications in the 
2D limit.[7–9] Among all the interface engi-
neered heterostructures based on vdW lay-
ered systems, magnetic proximity effect is 
integral to manipulating spintronic,[10–12] 
superconducting,[13–15] and topological phe-
nomena.[16–18] Magnetic skyrmions have 
been well studied due to their nontrivial 
topology, which leads to many interesting 
fundamental and dynamical properties.[19–21] 
These have been reported mostly for non-
centrosymmteric single crystals,[22–24] 
ultrathin epitaxial system,[25,26] and mag-
netic multilayers.[27–31] Recently Néel-type 
skyrmions were observed in a vdW ferro-
magnet interfaced with an oxidized layer[32] 
or a transition metal dichalcogenide[33] with 
a control of the skyrmion phase through 
tuning of the ferromagnet thickness. Fur-

thermore, with a variety of vdW magnets, skrymions phase could 
be created in their new interfaces with unique properties.

Materials hosting multiple skyrmion phases add richness 
to the field, with an additional degree of freedom in designing 

Multiple magnetic skyrmion phases add an additional degree of freedom for 
skyrmion-based ultrahigh-density spin memory devices. Extending the field 
to 2D van der Waals magnets is a rewarding challenge, where the realizable 
degree of freedoms (e.g., thickness, twist angle, and electrical gating) and 
high skyrmion density result in intriguing new properties and enhanced func-
tionality. In this work, a van der Waals interface, formed by two 2D ferromag-
nets Cr2Ge2Te6 and Fe3GeTe2 with a Curie temperature of ≈65 and ≈205 K, 
respectively, hosting two groups of magnetic skyrmions, is reported. Two sets 
of topological Hall effect signals are observed below 6s0 K when Cr2Ge2Te6 
is magnetically ordered. These two groups of skyrmions are directly imaged 
using magnetic force microscopy, and supported by micromagnetic simula-
tions. Interestingly, the magnetic skyrmions persist in the heterostructure 
with zero applied magnetic field. The results are promising for the realiza-
tion of skyrmionic devices based on van der Waals heterostructures hosting 
multiple skyrmion phases.

1. Introduction

2D magnetism was recently discovered in van der Waals (vdW) fer-
romagnets[1–3] and antiferromagnets,[4–6] providing unprecedented 
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devices. Such a degree of freedom adds value as a means to 
lower the error rate in racetrack memories with skyrmions as 
information carriers.[34,35] Multiple skyrmion phases have been 
reported in FeGe grown on Si(111) at low temperatures[36] and in 
Ir/Fe/Co/Pt multilayers.[34] Different from these thin film sys-
tems, vdW heterostructures possess well defined and ordered 
atomic layer range of thicknesses, atomically sharp interfaces 
and easy electrical field control. Forming a heterostructure of 
two vdW ferromagnets allows breaking of inversion symmetry 
at the interface,[20] with skyrmions expected inside both these 
two ferromagnetic layers in the context of strong spin orbit 
coupling. This approach enables imprinting of skyrmions to 
neighboring layers in heterostructures. By stacking 2D fer-
romagnetic layers, the different groups of skyrmions can be 
formed vertically, adding a new degree of freedom to skyrmion-
based spintronic devices.

In this work, we demonstrate that a vdW interface, that is, 
Fe3GeTe2/Cr2Ge2Te6 (FGT/CGT) interface, can host two groups 
of magnetic skyrmions. The initial signature for this comes 
from the observation of the topological Hall effect (THE). Below 
the Curie temperature TC (≈65 K) of CGT, Hall resistivity shows 
two sets of kinks, due to the magnetic skyrmion phase forma-
tion on CGT and FGT sides. Above 60 K, there is only one set 
of kinks seen in the Hall resistivity, likely arising from the skyr-
mion phase on the FGT side. To ascertain and understand the 
origin of THE, magnetic force microscopy (MFM) was used to 
image the skyrmion lattice directly, consistent with our micro-
magnetic simulation results. These observations could provide 
a new platform for designing a robust skyrmion-based memory 
and computing architectures by coding the information in  
multiple groups of skyrmions.

2. Results

2.1. Ferromagnetic Fe3GeTe2 and Cr2Ge2Te6 Thin Layers

CGT is a soft, 2D layered ferromagnetic crystal, with rhom-
bohedral structure and vdW stacking of hexagonal layers. 
As illustrated in Figure  1a, a layer of Cr atoms is sandwiched 
between two Ge–Te layers, forming a monolayer of CGT. Its 
lattice parameters are a  = 6.826 Å  and c  = 20.531 Å. Among 
the 2D magnets, FGT is a ferromagnet with a strong perpendic-
ular magnetic anisotropy. Bulk FGT consists of weakly bonded 
Fe3Ge layers that alternate with two Te layers with a space 
group P63mmc, as shown in Figure 1b, with lattice parameters 
a = 3.991 Å and c = 16.333 Å.[37] For both pristine CGT and FGT 
crystals, the inversion symmetry is preserved inside the bulk. 
However, by forming an interface between these two materials, 
the inversion symmetry is broken. With spin-orbit coupling 
present, Dzyaloshinskii–Moriya interaction (DMI) is induced 
at the interface as shown in Figure  1c, both at FGT and CGT 
interfacial layers. The DMI between two atomic spins S1 and S2 
can be expressed as: HDM = −D12 · (S1 × S2).

The crystal structure of grown CGT crystal was analyzed by 
using X-ray diffraction studies as depicted in Figure  1d. Typ-
ical peaks corresponding to the (003), (006), and (0012) planes 
in CGT were observed. These peaks indicate that the layered 
CGT crystal with good quality is achieved. The TC for CGT was 

around 65 K, as seen from magnetization measurement using 
a magnetometer (Figure  1e). The ferromagnetic order in CGT 
develops at low temperatures upon cooling down both without 
and with an out-of-plane magnetic field. The magnetic hyster-
esis is shown in Figure  1f, where the ferromagnetism disap-
pears above 65 K. Compared to CGT, FGT has a much higher 
TC of around 205 K, as shown in Figure 1g.

2.2. Two Sets of THE Signals

THE can arise from the accumulated Berry phase acquired by 
electrons in the adiabatic limit as they encounter a skyrmion 
along their path. However, recent experiments offered an alter-
native interpretation of the topological Hall effect reported in 
topological insulator heterostructures; they attribute the topo-
logical Hall signals to the overlapping of two anomalous Hall 
signals with opposite signs. A similar reasoning was used to 
explain the topological Hall-like signatures (one peak and one 
dip) in SrTiO3/SrRuO3/SrTiO3 heterostructures.[38] In such a 
scenario, the competing anomalous Hall signals contributing 
to topological Hall-like signatures originate either from the 
coexisting surface and bulk magnetic phases in the magnetic 
topological insulator system,[39] or two interfaces in the hetero-
structures. As opposed to previous systems, this current FGT/
CGT bilayer system might facilitate the demonstration of THE 
for three reasons: 1) only one interface is formed between the 
two materials; 2) two sets of kinks, a signature for THE at both 
sides of an interface, are observed when the temperature is 
lower than the TC of CGT; and 3) skyrmions are imaged directly 
by MFM.

In the transport measurements, CGT/FGT thin films were 
transferred onto prepared Hall-bar bottom electrodes under a 
microscope (see Section S1, Supporting Information for device 
images) inside the glove box (N2 atmosphere) (details of the 
sample assembly can be found in Section S2, Supporting Infor-
mation), and the resistivity was measured using lock-in tech-
nique. The CGT layers for the transport measurement have a 
thickness between 30 and 40 nm, which are relatively insulating 
compared to metallic FGT layers. Magnetic field was applied 
perpendicular to the sample plane. As shown in Figure  2a, 
20-layer (20L) FGT exhibits square hysteresis loop when the 
temperature is below 200 K, demonstrating a strong perpendic-
ular magnetic anisotropy. When FGT thickness was reduced to 
5L, interface coupling between FGT and CGT gave rise to pro-
nounced peaks and dips near the magnetic transition edge, the 
signature of THE. Different from previously reported systems, 
two sets of THEs (as indicated by blue and orange circles in 
Figure 2b) are observed in this heterostructure of two ferromag-
nets. Similar results from another heterostructure with 5L FGT 
can be found in Section S3, Supporting Information.

The topological Hall resistivity value is related to carrier den-
sity n, and an effective field Beff generated by skyrmion lattice  
(ρ ≈ ne B

1
xy
THE

eff).[40] The different magnitude of the topological 
Hall resistivity value indicates two groups of skyrmions with 
different sizes. These two sets of THEs coexist when the tem-
perature is below the TC of CGT. One set indicated by the 
orange circles vanishes at 60 K and above, is attributable to the 
disappearance of ferromagnetic order in CGT with increasing 
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temperature. Noted that this THE is only observed in the 
CGT/5L FGT sample. The absence of THE in the heterostruc-
ture with thicker FGT can be due to the high carrier density. 
With larger carrier density in thicker FGT samples, the topo-
logical Hall resistivity is dwarfed in comparison. For example, 
for 20L FGT at 20 K, the estimated topological Hall resistivity 
contribution is less than 10−3 Ω (details of the carrier density 
can be found in Section S4, Supporting Information), assuming 
a skyrmion lattice with a size of 100 nm. This resistivity value 
is more than two orders of magnitude smaller than the anoma-
lous Hall resistivity, and thus tends to be buried in the anoma-
lous Hall signals.

2.3. Magnetic Skyrmions Directly Imaged by MFM

To further examine the origin of THE arising at the FGT/CGT 
interface, we performed low-temperature MFM measurements 
under applied magnetic fields (resolution of the MFM meas-
urement can be found in Section S5, Supporting Information). 
In MFM, the magnetic stray field from nanoscale features is 
detected by a scanning nanoscale magnetic tip (Figure 3a). Note 
that in our topological Hall resistivity, two sets of kinks were 
observed, attributable to magnetic skyrmions on the FGT side 
and the CGT side, respectively (Figure 3b). In our MFM setup, 
the MFM signal characterizes the second-order derivative of 

Adv. Mater. 2022, 34, 2110583

Figure 1. Structure and magnetic properties in FGT and CGT crystals. a) Crystal structure of CGT. Side view and top view for the rhombohedral struc-
ture. b) Crystal structure of FGT. c) DMI is induced at the interface of CGT and FGT. d) X-ray diffraction pattern of CGT indicating a high-quality crystal. 
e) The temperature-dependent magnetization profile of CGT under zero-field-cooled and field-cooled (out-of-plane applied magnetic field H = 10 Oe) 
conditions, revealing a TC of ≈65 K. f) Magnetic hysteresis profile of CGT at selected temperatures with applied magnetic field H//c-axis displaying an 
anisotropy field of ≈220 mT at 20 K. g) The temperature-dependent magnetization profile of FGT under zero-field cooling condition, indicating a TC 
of ≈205 K.
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the out-of-plane component of the stray field, that is, d2Hz/dz2.  
For the samples with an out-of-plane magnetization, MFM 
responds to both the interior of magnetic domains and the 
domain walls. Figure 3c shows a series of MFM images taken 
on the CGT/FGT device (device measured in Figure  2b) with 
applied perpendicular magnetic fields at 20 K. As the field 
increases from zero, the image captures labyrinth domains. 
Upon increasing the field to 160 mT, skyrmionic features 
start to form as indicated by the yellow circles in Figure 3c. At 
200 mT, skyrmion lattice with a size of ≈130 nm was directly 
imaged. This skyrmion lattice disappears and the sample enters 

into a uniform single domain as the field is increased to 250 mT 
(see Section S6, Supporting Information for skyrmion lattice at 
larger magnetic fields). These observed magnetic skyrmions are 
expected to occur at the interface close to the CGT side for three 
reasons: 1) with CGT on top of FGT, MFM signals would be 
dominated by the magnetic fields generated by the CGT layer,  
2) the magnetic signal from 5L FGT under multilayer CGT is 
too weak to be observed (or screened), and 3) the formation of 
magnetic skyrmion lattices exactly matches the magnetic field 
which leads to the development of THE on the CGT side (the 
dip at a positive magnetic field in Figures 2b and 3b).

Adv. Mater. 2022, 34, 2110583

Figure 2. Topological Hall effect in the Cr2Ge2Te6/Fe3GeTe2 heterostructure. a,b) Hall resistivity (shifted for clarity) of a CGT/FGT heterostructure with 
different FGT thicknesses of 20L (a), and 5L (b). A magnetic field was applied perpendicular to the sample plane, that is, along the c-axis. A square 
hysteresis loop indicates the perpendicular magnetic anisotropy. Peaks and dips appear in the heterostructure with 5L FGT, signifying the existence 
of topological Hall effect.
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With a reversed sample structure, that is, with the FGT layer 
on top of the CGT layer, the MFM measurements show domain 
images on the FGT side in Figure  3d. At 100 K, similar laby-
rinth domains are captured at 25 mT but with a larger domain 
width, compared to the CGT case at 20 K. When the field fur-
ther increases, skyrmions start to show up, as indicated by the 
yellow circles. The skyrmion size is estimated to be ≈180 nm 
(100 K and 60 mT), which further decreases as the temperature 
goes down. Images of the skyrmion lattice at a lower temper-
ature on the FGT side after Fourier analysis can be found in  
Section S7, Supporting Information.

The skyrmion lattice in the CGT/FGT heterostructure 
develops by controlling the magnetic field. When sweeping 
from a negative field (−2 T), the CGT magnetization first 
saturates at 20 K, and then skyrmions develop at ≈−50 mT 
(Figure  4a). Interestingly, these skyrmions seem to persist 
when the applied magnetic field is turned off. Emergence of 
magnetic skyrmions at 0 T has been predicted to be a possible 

signature of Moiré skyrmions.[41] The real reason and mecha-
nism of zero-field magnetic skyrmions is not clear in our case 
at present. One should also consider the role of the exchange 
coupling between CGT and FGT, where the FGT layer provides 
an extra effective field. When the magnetic field was further 
increased to 120 mT, skyrmion lattice emerged forming a hex-
agonal pattern. Further increasing the magnetic field to 140 mT, 
the skyrmions are switched due to the flip of the tip magnetiza-
tion driven by the external magnetic field.

The skyrmion size can be extracted from the THE and the 
skyrmion images by MFM measurements (Figure  4b). The 
skyrmion size on both sides of the heterostructure decreases 
by lowering the temperature. The error bars in the MFM meas-
urement (dots and squares with dashed lines) are due to the 
variation of the skyrmion size under applied magnetic field. 
The skyrmion size extracted from the THE (dots and squares 
with solid lines) offers an order of magnitude estimate (details 
of the size extraction can be found in Section  S8, Supporting 

Adv. Mater. 2022, 34, 2110583

Figure 3. Skyrmions at both sides of Fe3GeTe2/Cr2Ge2Te6 interface imaged by MFM. a) Schematic illustration of MFM measurements. b) Two sets of 
THE signals observed for temperatures lower than 60 K. The blue circles signifying THE on the FGT side and orange circles signifying THE on the CGT 
side. The peak and dip features of THE resistivity indicating the skyrmions with opposite polarity. c) Skyrmion lattice observed on the FGT side on the 
CGT side with a magnetic field of 200  mT and a temperature of 20 K. Scale bar: 1 μm. d) Skyrmions on the FGT side start to appear with a magnetic 
field of 50 mT at a temperature of 100 K. Scale bar: 1 μm.
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Information), which is around one order of magnitude smaller 
than that from MFM measurement.

The skyrmion size under MFM is around 100 nm. At pre-
sent, most of the magnetic domain sizes of commercial hard 
disk drives are less than 100 nm. Follow-up research can be 
carried out to further reduce the skyrmion size in vdW hetero-
structures. One example is through electric gating, where the 
magnetic anisotropy in FGT and CGT can be largely modi-
fied[2,42] and thus the skyrmion size can be tuned. Another 
example is searching for a new type of skyrmion in vdW het-
erostructures, that is, Moiré skyrmion,[41] with a size of tens of 
nanometers and below.

For an interface formed between CGT and FGT, we can also 
estimate the DMI energy from the strip domain width. The 
DMI in FGT is estimated to be, |D| = 0.31 ± 0.13 mJ m−2 (details 
can be found in Section  S9, Supporting Information), a value 

similar to that reported in WTe2/FGT system,[11] a vdW het-
erostructure hosting skyrmion lattice (the differences between 
the skyrmions in the heterostructure and the skyrmion bub-
bles in the pristine centrosymmetric magnets can be found in  
Section S10, Supporting Information).

Simualtions using GPU-accelerated micromagnetic simulation 
program MuMax3[43] were carried out to understand the system. 
Figure 4c shows two sets of THE signals when con sidering the 
topological charges in both the FGT and the interface. Starting 
from positive saturation and lowering the field to −0.15 T, the 
first THE peak shows up. This indicates the skyrmion phase at 
the interface on the CGT side (Figure  4c-i). Further decreasing 
the field to −0.7 T, skyrmions show up both in the FGT layer and 
the interface on the FGT side (Figure 4c-ii). Details of the simula-
tion can be found in Section S11, Supporting Information.

3. Conclusion

We have explored the ultrathin FGT/CGT heterostructures as a 
platform for hosting small and tunable two groups of magnetic 
skyrmions. In this system, the inversion symmetry breaking 
near the FGT/CGT interface gives rise to an emergent DMI, 
thereby creating robust magnetic skyrmions. By harnessing the 
interface between two vdW ferromagnets, we achieved mag-
netic skyrmions at two sides of an interface.

The multiple groups of skyrmions in FGT/CGT hetero-
structures allow versatility when designing and fabricating 
skyrmion-based devices. Our findings demonstrate imprinting 
of skyrmions to neighboring layers in 2D heterostructures. By 
proper design of multilayer 2D magnetic stack, different groups 
of skyrmions can be formed vertically, adding a new degree of 
freedom to skyrmion-based spintronic devices. Besides, due 
to the atomically thin nature of vdW materials and their easy 
control by electrical gating, one can foresee manipulating the 
skyrmions on each side with dual electric gating by which the 
skyrmion phase can be turned on or off. Furthermore, the twist 
angle between FGT and CGT may be tuned, where a new func-
tionality could be added for manipulating skyrmions in atomi-
cally thin vdW heterostructures. With an accurate determina-
tion of twist angle between FGT and CGT layers, magnetic 
skyrmions from DMI or Moiré pattern may be differentiated. 
This versatile advantage offers a fertile playground for exploring 
emergent phenomena arising from hybrid interfaces, leading 
to magnetic skyrmions with additional functionalities.

4. Experimental Section
Growth of FGT and CGT Crystals: High-quality single crystals of 

FGT were grown by a typical chemical vapor transport method. The 
stoichiometric amounts of high-purity elements (99.999% Fe, 99.999% 
Ge, and 99.999% Te from Alfa Aesar) along with 2 mg cm−3 iodine the 
transport agent were placed in a quartz ampoule and sealed under 
vacuum. The ampoule was further placed in a horizontal two-zone 
furnace over a temperature gradient from 750 to 700°C and kept at that 
condition for 2 weeks. The single crystals with a tabular shape in the  
ab-plane grew in the low-temperature zone.

High-quality CGT single crystals were synthesized from high-purity 
elements (99.99% Cr, 99.99% Ge, and >99.99% Te from Alfa Aesar). A 
mixture of materials with an optimized ratio of Cr:Ge:Te equivalent to 

Figure 4. Magnetic skyrmions showing up as a function of magnetic field 
(even at zero field) and skyrmion size dependence on the temperature. a) 
Skyrmion lattice on the CGT side under various applied magnetic fields at 
20 K after subjecting to −2 T. Scale bar: 1 μm. b) Skyrmion size extracted 
from topological Hall effect (an order-of-magnitude estimate) and from 
MFM images. The data points with dashed lines are from MFM meas-
urements and the data points with solid lines are from topological Hall 
effects. c) Micromagnetic simulations for magnetic skyrmions at FGT/
CGT interface. i,ii) Skyrmions at the interface with fields of −0.15 T (i) 
and −0.7 T (ii).
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10:13.5:76.5, was sealed in evacuated quartz ampoules and heated at 
1000 °C for 1 day, followed by slow cooling to 450 °C for a period of 90 h.

MFM Measurement: The MFM measurements were performed 
in a home-built low-temperature scanning probe microscope using 
commercial MFM probes (Bruker MESPV2) with a spring constant 
of 3 N m−1, a resonance frequency at ≈75 kHz, and a Co–Cr magnetic 
coating. MFM images were taken in a constant height mode with the tip 
scanning plane at ≈100 nm above the sample surface. The MFM signal, 
the change in the resonance frequency, was measured by a Nanonis 
SPM controller using a phase-lock loop. The magnetic moment of the 
probe was nominally in the order of 10−16 A m2.

Magnetotransport Measurement: Hall-bar bottom electrodes with 
dimension of 3.5 μm × 0.5 μm were fabricated with e-beam lithography 
for the transport measurements. Systematically altering experimental 
variables such as temperature and magnetic field, in addition to 
multiple lock-in amplifiers and sourcemeter enabled comprehensive 
and high-sensitivity transport measurements in all the devices, using a 
commercial PPMS from quantum design (2 K, ± 9T).

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