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Abstract: 
Discoveries of interfacial topological Hall effect (THE) provide an ideal platform for 

exploring physics arising from the interplay between topology and magnetism. The 

interfacial topological Hall effect is closely related to the Dzyaloshinskii-Moriya 

interaction (DMI) at interface and topological spin textures. However, it is difficult to 

achieve a sizable THE in heterostructures due to the stringent constraints on the 

constituents of THE heterostructures such as strong spin-orbit coupling (SOC). Here 

we report the observation of a giant THE signal of 1.39 ·cm in the van der Waals 

heterostructures of CrTe2/Bi2Te3 fabricated by molecular beam epitaxy, a prototype of 

two-dimensional (2D) ferromagnet (FM)/topological insulator (TI). This large 

magnitude of THE is attributed to an optimized combination of 2D ferromagnetism in 

CrTe2, strong SOC in Bi2Te3, and an atomically sharp interface. Our work reveals 

CrTe2/Bi2Te3 as a convenient platform for achieving large interfacial THE in hybrid 

systems, which could be utilized to develop quantum science and high-density 

information storage. 

 

Keywords: two-dimensional ferromagnets, topological insulators, van der Waals 

materials, epitaxial growth, topological Hall effect 
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Over the past decade, real-space magnetic chiral spin textures have generated 

enormous attention for featuring Berry curvature physics and inherent magnetic 

stability.1-3 Generally, the topological spin texture with scalar spin chirality in real-space 

provides an emergent field , which acts on charge carriers and consequently generates 

the topological Hall effect (THE).4, 5 This real-space THE is distinct from the intrinsic 

anomalous Hall effect (AHE) in ferromagnets (FMs), which results from the Berry 

phase in momentum space. Magnetic skyrmions were firstly observed in 

noncentrosymmetric chiral-lattice magnets like B20-type MnSi/MnGe6-8 and 

Fe0.5Co0.5Si,9 which showed prominent THE responses in transport measurements. 

Since then, the THE has been considered as an experimental signature of the topological 

spin texture of skyrmions. 

The occurrence of the delicate spin texture of skyrmions depends on the strength 

of the Dzyaloshinskii-Moriya interaction (DMI). A practical way to generate DMI is to 

construct heterostructures with spin ordering and strong spin-orbit coupling (SOC). 

Inversion symmetry is always broken at the interface of two dissimilar materials in a 

heterostructure, which is essential for generating DMI. Advances in fabricating 

artificial structures based on thin-film deposition techniques enable construction of 

heterostructures with essential ingredients for interfacial DMI and skyrmions. Néel-

type skyrmions have been probed in hybrid systems, including FM/heavy-metal (HM),2, 

10-12 FM/topological insulator (TI),13-15 TI/magnetic insulator (MI)16 and HM/MI 

heterostructures.5, 17 These hybrid systems with magnetic skyrmions are summarized in 

Fig. 1. For instance, a two-dimensional (2D) skyrmion lattice was revealed in 

monolayer Fe on Ir surface, originating from the co-interplay of four-spin interaction 

and DMI.12 Moreover, interfacial DMI and skyrmions have been observed in 

(BiSb)2Te3/GdFeCo heterostructures,15 benefiting from the strong SOC in TIs. Among 

all the research framework of interfacial hybrid systems with interfacial magnetic 

skyrmions, 2D FM/TI, a van der Waals (vdW) heterostructure, remains largely 

unexplored. Compared with conventional hybrid systems involving three-dimensional 

(3D) metals, vdW heterostructures hold many advantages, including reduced sample 

dimension (with thickness down to a few atomic layers), flexibility in stacking order, 

and the atomically sharp interface between vdW components. Those features favor the 

formation of strong interfacial DMI and chiral spin textures such as skyrmions. 



 4 / 25 

 

Therefore, optimization of vdW heterostructures provides a promising opportunity for 

exploring interfacial skyrmion physics. 

2D vdW magnets with intrinsic ferromagnetic order preserved in monolayer limit 

provide opportunities for probing the THE. The strong uniaxial magnetic anisotropy (K) 

of 2D magnets is vital for the formation of 2D ferromagnetism. However, it also raises 

the threshold of DMI for generating the chiral spin texture (𝐷𝑐 = 2√2𝐽𝐾/𝜋, where 𝐷𝑐 

represents the critical DMI value and J is the exchange interaction coefficient).18 TI can 

serve as the other component in a bilayer heterostructure to provide strong SOC that 

can modulate spins in real space.15 In addition, the topological surface states (SS) of TI 

could mediate the interfacial DMI.19, 20 It has been demonstrated that Néel-type 

skyrmions exist in mechanically exfoliated 1T’-WTe2/Fe3GeTe2 heterostructures.21 

Very recently, room-temperature intrinsic ferromagnetism has been observed in CrTe2 

epitaxial films,22 indicating that CrTe2 is a promising spin host for THE heterostructures. 

Furthermore, the epitaxial thin films are critically significant for spintronics device 

applications as they offer the opportunity to fabricate wafer-size heterostructures and 

superlattices with thickness down to atomic layers. As a prototypical TI, Bi2Te3 features 

a single Dirac cone, which can act as nontrivial SS to mediate DMI.23-25 Moreover, 

compared with Ta, W and Pt compounds, Bi2Te3 possesses a much larger SOC,26, 27 due 

to the facts that Bi is the heaviest nonradioactive element and the atomic SOC is 

proportional to the fourth power of atomic number, Z4. Besides robust spin order in 

CrTe2 and strong SOC in Bi2Te3, CrTe2 and Bi2Te3 also share three crucial features for 

realizing strong interfacial DMI: 1) vdW interlayer coupling, 2) simple telluride 

compounds, and 3) hexagonal surface lattice symmetry, which facilitates the formation 

of an atomically sharp interface between the two compounds. Therefore, CrTe2/Bi2Te3 

heterostructure presents an optimal condition for stabilizing interfacial THE.  

Here, we report the realization of an optimal THE heterostructure, CrTe2/Bi2Te3, 

as demonstrated by angle-resolved photoemission spectroscopy (ARPES) and scanning 

tunneling microscopy (STM) and magneto-transport measurements. The epitaxial 

heterostructure was grown by molecular beam epitaxy (MBE) with thickness down to 

a few atomic layers. A pronounced THE resistivity of ~ 1.39 ·cm was observed at 

10 K, much larger than the typical THE strength ~0.1 ·cm of previous THE bilayer 

heterostructures. The observed THE signals in CrTe2/Bi2Te3 persist up to 100 K, 

indicating a highly robust topologically non-trivial chiral spin texture at the interface.  
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Results and Discussion 
2D FM/TI heterostructures. 10 Quintuple layers (QLs) of Bi2Te3 thin films were 

firstly grown on sapphire (Al2O3) substrates (see Methods), followed by 10 trilayers 

(TLs) of CrTe2 on top. 1T-CrTe2 has a layered trigonal crystal structure with the space 

group of 𝑝3̅𝑚1  and lattice constants a=3.8 Å and c=6.1 Å.28 A schematic of 

CrTe2/Bi2Te3 bilayer is shown in Figure 2a, in which the red arrows represent the 

magnetic moments of Cr. Few-layer CrTe2 is a ferromagnetic material with strong 

perpendicular magnetic anisotropy (PMA). The magnetic moments of Cr atoms in 

adjacent layers are ferromagnetically coupled with an atomic value of ~3 B/atom. 2D 

crystalline thin films were characterized by STM (Figure 2c-2f). Bi2Te3 and CrTe2 

surfaces are identified via comparisons of their respective step edge heights and atomic 

lattice distances. Figure 2c and 2e are the large-scale STM images of atomically flat 

Bi2Te3 and CrTe2 thin films with height profiles (inset) showing different layers. The 

hexagonal atomic lattices of the top Te layer of Bi2Te3 and CrTe2 with a spacing of 0.44 

nm and 0.38 nm are shown in Fig. 2d and 2f, respectively. A typical layer-by-layer 

growth mode of CrTe2/Bi2Te3 bilayers with atomically flat surfaces and the same Te 

terminated layers endows the system with emergent phenomenon and tunable 

functionality. 

ARPES measurements were performed to visualize the band structure of the 

heterostructures. The band spectra of Bi2Te3 and CrTe2 thin films along M–Г–M 

direction are shown in Figure 2g and 2h, respectively. The “M” shape bulk valence band 

(BVB) of Bi2Te3 locates at the bottom. The clear linear band dispersion confirms the 

massless Dirac SS, which do not disperse with photon energy (see Figure S2). The Dirac 

point is located at ~0.25 eV below the Fermi level. These typical features are in 

agreement with previous works.23, 29 In the spectrum of CrTe2, two hole-pockets locate 

near the Fermi level. These two pockets are from the majority and minority spin bands 

of CrTe2, which is consistent with the first-principles results.22 The spin band structure 

confirms the intrinsic ferromagnetism in CrTe2 thin layers. The coexistence of intrinsic 

topological SS with strong SOC and magnetic states at the interface establishes that the 

CrTe2/Bi2Te3 bilayer is a viable platform to study the THE. 

Berry phase effect in real space: THE. The CrTe2/Bi2Te3 bilayers were patterned 

into a Hall bar geometry for magnetotransport measurements. The schematic diagram 
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of the experimental setup is illustrated in Figure 3a. Figure 3b shows the Hall resistivity 

(xy) as a function of the magnetic field. At low temperatures, the hysteresis loops show 

a pronounced square shape, which is a hallmark of robust ferromagnetism with strong 

out-of-plane magnetic anisotropy. The remanent xy and coercive field (HC) vanish at 

around 280 K, indicating a Curie temperature (TC) near this temperature. 

The positive slope at high field suggests dominant hole carriers, echoing the 

electronic structure of CrTe2 where the hole pockets in the valence band cross the Fermi 

level. Apart from that, an anomaly in xy is noticed below 120 K. There is a sharp 

antisymmetric peak near HC followed by a smooth suppression at the high field region. 

The emergent hump and dip features indicate an additional contribution to the Hall 

signal, which shares similarity with the THE response. When the spin-polarized 

electrons at the interface pass through a chiral spin texture, they pick up the real-space 

Berry phase by aligning their spins with the local magnetic moments, giving rise to the 

THE contribution to the Hall resistivity. 

In general, the Hall resistivity of a ferromagnetic conductor consists of three 

contributions: an ordinary Hall effect (OHE) term due to the Lorentz force acting on 

the charge carriers, the AHE term proportional to the magnetization and the THE term 

resulting from the real-space Berry phase. Therefore, xy can be expressed as: 

𝜌𝑥𝑦(𝐻) = 𝑅0𝐻 + 𝑅s𝑀 + 𝜌THE, 

where R0 is the ordinary Hall coefficient determined from a linear fitting of xy at high 

magnetic fields, Rs is the anomalous Hall coefficient of the ferromagnetic component, 

and THE is the topological Hall contribution. The THE and AHE contributions should 

be extracted to understand the temperature evolution of THE and AHE. Two main 

approaches are employed to single out THE component. The first one is using a step 

function, 𝑀0tanh (
𝐻

𝑎0
− 𝐻0) to extract the AHE contribution.18 At a high magnetic field, 

all the spins align ferromagnetically, leading to the absence of spin chirality. Under this 

circumstance, xy is only from the AHE and ordinary Hall term. When the 

magnetization starts to change orientation near HC, the xy curve deviates from AHE 

behavior and develops a broad hump over AHE loops. An example of the AHE 

background subtraction based on the fitting function of 𝑀0tanh (
𝐻

𝑎0
− 𝐻0) is exhibited 

in Figure 3c. The topological Hall term is highlighted by green areas. The other method 

is taking the difference of resistivity between upward and downward field scans.30 
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Considering the positive field region at 50 K, the CrTe2/Bi2Te3 system is in a 

topologically trivial ferromagnetic state without any spin chirality during the downward 

field sweep. When the sweep direction changes from downward to upward, the system 

evolves into an intermediate chiral spin texture during the process of magnetic 

transitions. Therefore, THE can be extracted by taking the difference between the 

hysteresis loops under upward and downward field sweeps. We have used both methods 

to extract the THE contribution, and the fitting results are equivalent. The temperature-

dependent contributions from AHE and THE are shown in Figure S3. 

Temperature and field evolution of AHE and THE. After subtracting the OHE 

and THE term, the net AHE signal is displayed in Figure 3d. Nonlinear field 

dependence of AHE with a negative value emerges at 280 K. Upon cooling, a 

pronounced hysteresis loop appears, indicating the formation of ferromagnetic order. In 

particular, the AHE changes its polarity as temperature decreases below 50 K (Figure 

3e), at which xy is dominated by the THE contribution. We now discuss possible 

origins of the polarity change of AHE in CrTe2/Bi2Te3. Since the magnetization (M) is 

positive at a high positive magnetic field, the negative AHE is definitely due to the sign-

change of Rs. Rs is the ratio of the anomalous Hall resistivity to the M, which consists 

of contributions from extrinsic dynamical processes such as skew scattering and side-

jump, and intrinsic Berry curvature of the band structure. The extrinsic mechanisms 

depend on the impurities, scattering time, and density of states at the Fermi level.31 On 

the other hand, the intrinsic AHE is related to the integral of the Berry curvature over 

the Fermi sea.32 Similar sign-change behavior of AHE was previously observed in 

ferromagnetic SrRuO3 crystals and Crx(Bi1-ySby)2-xTe3/(Bi1-ySby)2Te3 heterostructures, 

which is theoretically shown to result from the magnetic monopoles in momentum 

space32 and Rashba splitting of bulk bands,33 respectively. In addition, temperature-

dependent sign-change of AHE has been reported in Co/Pd multilayers,34 in which the 

phonons/magnons scattering has a crucial contribution. The variation of momentum-

space Berry curvature around the Fermi level is also a possible explanation for the 

polarity change of AHE in CrTe2/Bi2Te3 at low temperatures. Considering that the 

longitudinal resistivity of CrTe2 increases with temperature, the enhanced AHE with 

temperature is likely due to the growing electron-phonon or magnons scattering. When 

the temperature further increases above 120 K, AHE is reduced due to the suppressed 
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magnetization at high temperatures. The interplay of ferromagnetism, topology and 

spin-dependent scattering leads to complex AHE behaviors. 

The magnetic-field dependence of the THE shows a hysteresis behavior in Figure 

4a. At 10 K, THE reaches its maximum at 7.9 kOe and decays gradually to zero at high 

fields. The THE signal persists up to 100 K, despite the decreased intensity at high 

temperature. Above this temperature, only AHE is present. Note that the THE features 

with a similar critical temperature can be reproduced in another CrTe2/Bi2Te3 bilayer 

sample (see Figure S4). To further study the characteristics of the Hall anomaly, we 

extracted the peak value of THE (THE
max), HC and peak position of humps (HT) in 

Figure 4b. THE
max, the maximal amplitude of THE signal, manifests a pronounced 

value of 1.39 ·cm at 10 K, and decreases monotonically at elevated temperatures. 

Notably, the observed THE
max in CrTe2/Bi2Te3 is the largest among interfacial and bulk 

skyrmion systems known to date, including Ir/Fe/Co/Pt (0.03 ·cm),11 SrIrO3/SrRuO3 

(0.2 ·cm),35 Pt/Y3Fe5O12 (0.3 ·cm)36 and bulk MnSi (0.04 ·cm),7 as 

summarized in Table 1. We note that the THE amplitude observed in this work is lower 

than the magnetic bubbles system Ca0.99Ce0.01MnO3 (120 ·cm).4 The amplitude of 

the topological Hall resistivity reflects the strength of the coupling between electric 

current and the spin structure.37 For metallic systems, the reduced electron mean free 

path and the large charge carrier density usually lead to a significant reduction of THE 

contribution to Hall resistivity because the conductivity is sensitive to the disorder.38 

However, in CrTe2/Bi2Te3 systems, the nontrivial SS of TI provides nearly 

dissipationless spin transport, which enhances the electron mean free path. Additionally, 

the atomically sharp interface between vdW layers is also favorable for enhancing 

interfacial DMI and hence the THE. 

The temperature dependence of HT and HC are summarized in Figure 4c. The curve 

of HT at which THE reaches its maximum follows the trend of HC, suggesting that the 

spin chirality is induced when the magnetic moments of Cr atoms start to be reversed. 

Note that the THE response is developed when carriers pass through the emergent 

magnetic field, that is, a fictitious field derived from the Berry phase in real-space. The 

topological Hall feature is the strongest at low temperature, then monotonically 

decreases at elevated temperatures and disappears above 100 K. Although this critical 

temperature is lower than that of magnetic skyrmion multilayers composed of heavy-

metal thin films (usually above room temperature), it is significantly higher than typical 
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TI-based skyrmion systems, like MnTe/(Bi,Sb)2Te3 (20 K),14 Mn-Bi2Te3 (14 K)19 and 

Cr2Te3/Bi2Te3 (20 K).13 It is comparable with other vdW interfacial DMI systems, such 

as Fe3GeTe2/WTe2 (100 K).21 Moreover, the sign of THE remains positive in the entire 

temperature window, irrespective of the sign change of AHE. It indicates that the origin 

of THE is entirely different from that of AHE. The THE is associated with the DMI 

strength, while AHE is related to the resistivity and magnetization. 

How electric currents can manipulate chiral spin textures in hybrid systems 

remains elusive. To investigate it, experimental depinning and motion of spin chirality 

by applying current pulses were conducted in the CrTe2/Bi2Te3 system, as exhibited in 

Figure 4e. Upon passing a current of –je through the device, the left of the device 

develops dense chiral spin textures, giving rise to an increased Hall voltage, and vice 

versa. This is a strong evidence of skyrmions as similar Hall voltage change was 

observed when current was used to pulse skyrmions.38 Since the current can only shrink 

and elongate the topologically trivial magnetic textures, it clearly follows that the 

topologically nontrivial spin textures in CrTe2/Bi2Te3 system with well-defined chirality 

can be efficiently manipulated, including depinning and motion. In order to rule out the 

Joule heating effect, we have carried out the control experiment with pulse width of 

0.01 ms (see Figure S5). The curve is almost the same as the case for the 1 ms pulse 

width. These results show that Joule heating has a negligible effect on the current-

induced skyrmion depinning and motion experiment.39  
Quantitative agreement between transport and theoretical simulations. 

Combining the THE signals for all temperatures and magnetic fields, a phase diagram 

is plotted in Figure 5a. As temperature decreases, the THE amplitude increases and can 

exist in a stronger magnetic field. It is because THE is induced by the thermodynamic 

stability of the chiral spin texture, which is enhanced by lowering the temperature. 

Therefore, a stronger magnetic field is needed to eliminate this nontrivial spin texture. 

The large amplitude of THE at low temperatures manifests a stronger fictitious 

magnetic field induced by Berry phase effects in real space. The emergence of THE 

humps across a wide range of temperature from 10 K to 100 K, suggests that the 

topological spin structure is robust. The THE effect exists only below the TC of CrTe2, 

which rules out the possibility of spin chirality driven by thermal fluctuation.18 
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Moreover, the THE is absent in the transport properties of pure CrTe2 thin films,22 

implying the important role of TI in the formation of spin chirality. 

To understand spin chirality and the experimental phase diagram in CrTe2/Bi2Te3 

hybrid system, we calculated the energy landscapes of various magnetic states, which 

arise from the competition between exchange coupling, uniaxial anisotropy, and DMI 

in this system.40 Figure 4c shows a magnetic phase diagram in the plane of magnetic 

field and temperature calculated by using zero-temperature saturation magnetization 

(M0 = 362 emu/cm3), experimental perpendicular anisotropy coefficient (Ku = 3.16×105 

J/m3), and taking the DMI coefficient41 as 𝐷(𝑇) = 𝐷0 [1 − (
𝑇

𝑇𝑐

)

3

2
]

5

 with D0 = 6×10-3 J/m-

2 and the TC of CrTe2 being 280 K. The Ginzburg-Landau model42 is employed in the 

calculation (Supporting Information Section 7). At low magnetic fields, a helical phase 

with zero net out-of-plane magnetization is energetically favorable. When the out-of-

plane magnetic field is increased to a window of intermediate field strength, a skyrmion 

lattice phase prevails over the helical phase as the out-of-plane magnetization in the 

skyrmion core areas lowers the Zeeman energy. Further increasing the magnetic field 

leads to a ferromagnetic phase (Figure 5d) with magnetization uniformly aligned with 

the external magnetic field. 

To compare with the experimental phase diagram for the THE resistivity, we also 

calculated topological charge density as a function of the magnetic field and 

temperature (Figure 5b) based on the same materials parameters used in the calculation 

of Figure 5c. Comparing with Figure 5a, we find the calculated magnetic-field window 

for finite topological charge density is relatively narrower, which could be attributed to 

the following reasons. In our theoretical calculation, we only considered closely-packed 

hexagonal skyrmion lattice whereas in reality there may exist other topological spin 

structures such as a disordered skyrmion phase43 that may contribute to the measured 

THE as well. In addition, derivation from the linear dependence of the topological Hall 

resistivity on the topological charge density may take place in the presence of strong 

SOC44 and diffusive scattering.45 Except for the width of THE window on magnetic 

field axis for a particular value of temperature, the calculated diagram of topological 

charge density is in good agreement with the experimental phase diagram of THE. 

The spin-chiral structure responsible for the observed interfacial THE is most 

likely the Néel-textured magnetic skyrmions stabilized by DMI. In contrast to Bloch-
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type skyrmions in bulk DMI materials with THE typically between 5~100 n·cm and 

narrow temperature-field range near TC,6, 7 Néel-type skyrmions usually exhibit a more 

pronounced THE and a wider temperature-field range,46 as seen in CrTe2/Bi2Te3. 

Similar THE behaviors induced by Néel-type magnetic skyrmions were also observed 

in Cr2Te3/Bi2Te3,13 Pt/TmIG,5 La0.7Sr0.3MnO3/SrIrO3
47 and (Bi,Sb)2Te3/MnTe 

heterostructures.14  

In order to rule out the possibility of two-channel AHE responses,48, 49 which could 

lead to similar hump-dip features in Hall resistivities, we did two-channel AHE fitting 

using a double-tanh function (see Figure S6). A simple linear superposition of two 

magnetic hysteresis loops can’t match the xy-H curves, especially for the hump-like 

features. It suggests that the hump features are not due to the mixed magnetic signals 

from two AHE responses with different HC. 

Calculation of skyrmion size. In skyrmion systems, reducing the skyrmion size 

is critical to maximizing its potential for device applications of energy-efficient and 

high-density information storage. A single skyrmion can be treated as one magnetic flux 

quantum, 0 = h/e, where h is the Plank constant and e is the electronic charge. When 

charge carriers flow through a conductor, the skyrmion density (nsk) gives rise to an 

emergent electromagnetic field. Therefore, THE can be represented by the following 

formula38 

𝜌THE = 𝑃𝑅0𝑛sk∅0, 

where R0 is the ordinary Hall coefficient representing the total density of mobile charge 

and nsk is the 2D skyrmions density (assuming each skyrmion carries a topological 

charge |𝑄sk| = 1 , and skyrmions form a regular 2D lattice). P denotes the spin 

polarization of carriers. Assuming P = 1, we can estimate the length scale of one single 

skyrmion (𝑛𝑠𝑘
−1/2) to be around 34 nm, which is the upper limit of skyrmion size. This 

value is comparable to that of bulk B20 alloys6-8, 50 and SrRuO3-SrIrO3 bilayers.35, 51 

Since the skyrmion density is proportional to the magnitude of the emergent magnetic 

field, skyrmions with smaller size are essential to optimize the relationship between 

spin dynamics and electric charge. Most recently, magnetic bubbles have aroused 

researchers’ enthusiasm owing to the observation of an extremely large THE in 

(Ca,Ce)MnO3,4 ten thousand times larger than the THE in MnSi.7 However, the size of 

magnetic bubbles is typically around 0.1-10 m, which is too large for practical 

applications in information storage. Unlike magnetic bubbles, the skyrmions stabilized 
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by the DMI scale around sub-100-nm, either in bulk or interface. Here, the estimated 

maximum value of skyrmion size in CrTe2/Bi2Te3 system is ~34 nm, much smaller than 

the size of magnetic bubbles. Furthermore, skyrmions can easily be moved by a low-

threshold electric current/field, while magnetic bubbles require a large external 

magnetic field to manipulate. 

The observed THE magnitude is the largest among all the bilayer systems hosting 

skyrmions.6, 11, 35, 36, 52 The pure vdW staking in CrTe2/Bi2Te3 heterostructures explored 

in this work is totally different from the traditional magnetic bilayer systems. The vdW 

coupling between adjacent layers in CrTe2/Bi2Te3 heterostructures facilitates the layer-

by-layer stacking and the formation of a clean interface, without suffering from 

interfacial hybridization and diffusion, strain, surface reconstruction and electronic 

redistribution.53 Common Te atoms in both of TI and 2D FM permit the topological SS 

to extend into the 2D FM. Combined with the out-of-plane spin-polarized CrTe2 surface, 

efficient magnetic exchange coupling could be introduced at the CrTe2/Bi2Te3 interface, 

giving rise to a gapped TI SS and the dissipationless chiral edge conductive channel. 

As the DMI is largely determined by magnetic interactions within a single atomic layer, 

the atomically sharp vdW interface together with anisotropic exchange interaction and 

dissipationless spin carrier, as well as the strong SOC in Bi2Te3 provide an optimal 

environment for the formation of interfacial DMI. The DMI energy parameter can be 

defined as: 𝐸𝐷𝑀𝐼 = 𝐷𝑡 with D = 6×10-3 J/m-2 and t (6 nm) representing the thickness of 

CrTe2 layer. This leads to an enhanced DMI strength in CrTe2/Bi2Te3 of 36 pJ/m, which 

is one or two orders larger than that of traditional heavy-metal skyrmion systems such 

as Pt/TmIG (0.02 pJ/m)5 and Ir/Co/Pt (0.96 pJ/m).54 These results indicate that the 

interfacial DMI at 2D FM/TI heterostructures is one of the promising ways to produce 

large THE, and therefore a higher recording density. 

 

Conclusions 

In summary, we have synthesized high-quality CrTe2/Bi2Te3 bilayers, a prototype 

vdW 2D FM/TI heterostructure by MBE, which shows the largest THE among bilayer 

systems. It is driven by an enhanced interfacial DMI as a consequence of an optimal 

combination of strong SOC in Bi2Te3, and an atomically sharp interface with 

asymmetric exchange interaction. It is also worth noting that the 2D FM/TI hybrid 

system possesses topologically nontrivial spin textures in both real space and 
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momentum space, namely, chiral spin textures and spin-polarized topological SS of TI. 

This work provides a platform to explore and manipulate the interplay among 

magnetism, spin textures, and Berry phase in a class of unexplored bilayers for the 

development of energy-efficient nanoscale spintronic devices. 

 

Experimental Methods 

The deposition of CrTe2/Bi2Te3 heterostructures on Al2O3(0001) substrates were 

carried out in a MBE chamber with a base pressure of 2×10-10 mbar. Prior to sample 

growth, substrates were raised to 800 °C, and left for 30 mins to outgas. Bi2Te3 thin 

films were firstly grown on Al2O3 at a low temperature of ~240 °C. During the growth 

of CrTe2 thin films, the Bi2Te3/Al2O3 substrates were maintained at 350 °C. We note 

that the surface morphology of Bi2Te3 films after annealing at 350 °C shows domains 

with a step height of ~0.4 nm (see the Supplementary Information).13 It suggests the 

existence of Bi bilayers on the surface of Bi2Te3 films, which is beneficial to the 

enhanced SOC at the CrTe2/Bi2Te3 interface. 

To avoid possible contamination, a 10 nm thick Te layer was deposited on 

CrTe2/Bi2Te3/Al2O3 structures at room temperature prior to taking samples out of the 

MBE chamber for ex-situ measurements. 

The ARPES spectra were collected with a SPECS PHOIBOS 150 hemisphere 

analyzer with a SPECS UVS 300 helium discharge lamp at 107 K. The He I (21.2 eV) 

and He II (40.8 eV) resonant lines were used to excite photoelectrons. The energy and 

angular resolutions were 40 meV and 0.2° under 107 K, respectively. The topography 

of the materials’ surface was in-situ mapped by an Aarhus STM placed in the growth 

chamber. 

The samples were patterned into Hall bar structures with a width of 10 m using 

standard photo-lithography and an ion milling system. Ti (5 nm)/Au (150 nm) was then 

deposited in the Hall bar contact areas for electrical contact. The magnetic and electro-

transport properties of the film were measured in a Quantum Design physical property 

measurement system supplemented with two lock-in-amplifiers, a preamplifier and two 

Keithley meters. 

We have performed theoretical calculations for the free energies in the skyrmion 

density map based on a Ginzburg-Landau model. The skyrmion density map of 

magnetic field and temperature was obtained by free energy calculations using the 
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following parameters: D0 = 0.006 J/m3, TC = 280 K, M0 = 362 emu/cm3, kd = 2.62×105 

J/m3, ku = 3.16×105 J/m3, Aex = 6.5×10-11 J/m, and n = 2, where D0, M0, kd and ku, 

represent the DMI coefficient at 0 K, saturated magnetization, demagnetizing 

coefficient and uniaxial anisotropy coefficient, respectively. This phase diagram was 

collected for various profiles of the magnetization field for the skyrmion phase which 

are overlaid on top of each other. 

Associated Content 
Supporting Information 

The Supporting Information is available free of charge. 

Details of structural characterizations using STM and ARPES measurements, 

numerical fitting of Hall resistance data, extraction of the THE signals, and the 

calculation of the magnetic phase diagram (PDF). 

Author Information 

Corresponding Author 

*Email: ybxu@nju.edu.cn 

*Email: sxz675@case.edu 

*Email: pzl0047@auburn.edu 

*Email: biang@missouri.edu 

Author Contributions 
#X.Z., S.C.A and Q.L. contributed equally. 

Notes 
The authors declare no competing financial interest. 

Acknowledgments 

This work is supported by the National Key Research and Development Program of 

China (No. 2016YFA0300803, No. 2017YFA0206304), the National Basic Research 

Program of China (No. 2014CB921101), the National Natural Science Foundation of 

China (No. 61427812, 11774160, 11574137, 61474061, 61674079, 11904174), Jiangsu 

Shuangchuang Program, the Natural Science Foundation of Jiangsu Province of China 

(No. BK20140054, BK20190729), NUPTSF (Grant No. NY219024), the Natural 

Science Foundation of the Jiangsu Higher Education Institutions of China 

mailto:ybxu@nju.edu.cn
mailto:sxz675@case.edu
mailto:pzl0047@auburn.edu
mailto:biang@missouri.edu


 15 / 25 

 

(19KJB510047). G.B. is supported by the US National Science Foundation (NSF-

DMR#1809160). Work by S.C.A and S.S.-L.Z. is supported by the College of Arts and 

Sciences, Case Western Reserve University. L.A. acknowledges the NSF under grant 

No.DMR-2129879335 and Auburn University Research Support Program. P.L. 

acknowledges the support of Ralph E. Powe Junior Faculty Enhancement Award. Wei 

Niu is supported by the Natural Science Foundation of China (Grant No. 11904174), 

Natural Science Foundation of Jiangsu Province (Grant No. BK20190729), NUPTSF 

(Grant No. NY219024, NY220203), the Natural Science Foundation of the Jiangsu 

Higher Education Institutions of China (19KJB510047), High-level Innovation and 

Entrepreneurship Talents Introduction Program of Jiangsu Province of China. 
  



 16 / 25 

 

References 
1. Rossler, U. K.; Bogdanov, A. N.; Pfleiderer, C. Spontaneous Skyrmion Ground States in Magnetic 
Metals. Nature 2006, 442, 797-801. 
2. Bode, M.; Heide, M.; von Bergmann, K.; Ferriani, P.; Heinze, S.; Bihlmayer, G.; Kubetzka, A.; 
Pietzsch, O.; Blugel, S.; Wiesendanger, R. Chiral Magnetic Order at Surfaces Driven by Inversion 
Asymmetry. Nature 2007, 447, 190-193. 
3. Tewari, S.; Belitz, D.; Kirkpatrick, T. R. Blue Quantum Fog: Chiral Condensation in Quantum 
Helimagnets. Phys. Rev. Lett. 2006, 96, 047207. 
4. Vistoli, L.; Wang, W.; Sander, A.; Zhu, Q.; Casals, B.; Cichelero, R.; Barthélémy, A.; Fusil, S.; 
Herranz, G.; Valencia, S.; Abrudan, R.; Weschke, E.; Nakazawa, K.; Kohno, H.; Santamaria, J.; Wu, W.; 
Garcia, V.; Bibes, M. Giant Topological Hall Effect in Correlated Oxide Thin Films. Nat. Phys. 2018, 15, 
67-72. 
5. Shao, Q.; Liu, Y.; Yu, G.; Kim, S. K.; Che, X.; Tang, C.; He, Q. L.; Tserkovnyak, Y.; Shi, J.; Wang, 
K. L. Topological Hall Effect at above Room Temperature in Heterostructures Composed of a Magnetic 
Insulator and a Heavy Metal. Nat. Electron. 2019, 2, 182-186. 
6. Kanazawa, N.; Onose, Y.; Arima, T.; Okuyama, D.; Ohoyama, K.; Wakimoto, S.; Kakurai, K.; 
Ishiwata, S.; Tokura, Y. Large Topological Hall Effect in a Short-Period Helimagnet MnGe. Phys. Rev. 
Lett. 2011, 106, 156603. 
7. Neubauer, A.; Pfleiderer, C.; Binz, B.; Rosch, A.; Ritz, R.; Niklowitz, P. G.; Boni, P. Topological 
Hall Effect in the A Phase of MnSi. Phys. Rev. Lett. 2009, 102, 186602. 
8. Mühlbauer, S.; Binz, B.; Jonietz, F.; Pfleiderer, C.; Rosch, A.; Neubauer, A.; Georgii, R.; Böni, P. 
Skyrmion Lattice in a Chiral Magnet. Sicence 2009, 323, 915-919. 
9. Yu, X. Z.; Onose, Y.; Kanazawa, N.; Park, J. H.; Han, J. H.; Matsui, Y.; Nagaosa, N.; Tokura, Y. 
Real-Space Observation of a Two-Dimensional Skyrmion Crystal. Nature 2010, 465, 901-904. 
10. Raju, M.; Yagil, A.; Soumyanarayanan, A.; Tan, A. K. C.; Almoalem, A.; Ma, F.; Auslaender, O. M.; 
Panagopoulos, C. The Evolution of Skyrmions in Ir/Fe/Co/Pt Multilayers and Their Topological Hall 
Signature. Nat. Commun. 2019, 10, 696. 
11. Soumyanarayanan, A.; Raju, M.; Gonzalez Oyarce, A. L.; Tan, A. K. C.; Im, M. Y.; Petrovic, A. P.; 
Ho, P.; Khoo, K. H.; Tran, M.; Gan, C. K.; Ernult, F.; Panagopoulos, C. Tunable Room-Temperature 
Magnetic Skyrmions in Ir/Fe/Co/Pt Multilayers. Nat. Mater. 2017, 16, 898-904. 
12. Heinze, S.; von Bergmann, K.; Menzel, M.; Brede, J.; Kubetzka, A.; Wiesendanger, R.; Bihlmayer, 
G.; Blügel, S. Spontaneous Atomic-Scale Magnetic Skyrmion Lattice in Two Dimensions. Nat. Phys. 
2011, 7, 713-718. 
13. Chen, J.; Wang, L.; Zhang, M.; Zhou, L.; Zhang, R.; Jin, L.; Wang, X.; Qin, H.; Qiu, Y.; Mei, J.; Ye, 
F.; Xi, B.; He, H.; Li, B.; Wang, G. Evidence for Magnetic Skyrmions at the Interface of 
Ferromagnet/Topological-Insulator Heterostructures. Nano Lett. 2019, 19, 6144-6151. 
14. He, Q. L.; Yin, G.; Grutter, A. J.; Pan, L.; Che, X.; Yu, G.; Gilbert, D. A.; Disseler, S. M.; Liu, Y.; 
Shafer, P.; Zhang, B.; Wu, Y.; Kirby, B. J.; Arenholz, E.; Lake, R. K.; Han, X.; Wang, K. L. Exchange-
Biasing Topological Charges by Antiferromagnetism. Nat. Commun. 2018, 9, 2767. 
15. Wu, H.; Gross, F.; Dai, B.; Lujan, D.; Razavi, S. A.; Zhang, P.; Liu, Y.; Sobotkiewich, K.; Forster, 
J.; Weigand, M.; Schutz, G.; Li, X.; Grafe, J.; Wang, K. L. Ferrimagnetic Skyrmions in Topological 
Insulator/Ferrimagnet Heterostructures. Adv. Mater. 2020, 32, e2003380. 
16. Li, P.; Ding, J.; Zhang, S. S.; Kally, J.; Pillsbury, T.; Heinonen, O. G.; Rimal, G.; Bi, C.; DeMann, 
A.; Field, S. B.; Wang, W.; Tang, J.; Jiang, J. S.; Hoffmann, A.; Samarth, N.; Wu, M. Topological Hall 



 17 / 25 

 

Effect in a Topological Insulator Interfaced with a Magnetic Insulator. Nano Lett. 2021, 21, 84-90. 
17. Ahmed, A. S.; Lee, A. J.; Bagues, N.; McCullian, B. A.; Thabt, A. M. A.; Perrine, A.; Wu, P. K.; 
Rowland, J. R.; Randeria, M.; Hammel, P. C.; McComb, D. W.; Yang, F. Spin-Hall Topological Hall 
Effect in Highly Tunable Pt/Ferrimagnetic-Insulator Bilayers. Nano Lett. 2019, 19, 5683-5688. 
18. Wang, W.; Daniels, M. W.; Liao, Z.; Zhao, Y.; Wang, J.; Koster, G.; Rijnders, G.; Chang, C. Z.; 
Xiao, D.; Wu, W. Spin Chirality Fluctuation in Two-Dimensional Ferromagnets with Perpendicular 
Magnetic Anisotropy. Nat. Mater. 2019, 18, 1054-1059. 
19. Liu, C.; Zang, Y.; Ruan, W.; Gong, Y.; He, K.; Ma, X.; Xue, Q. K.; Wang, Y. Dimensional Crossover-
Induced Topological Hall Effect in a Magnetic Topological Insulator. Phys. Rev. Lett. 2017, 119, 176809. 
20. Wakatsuki, R.; Ezawa, M.; Nagaosa, N. Domain Wall of a Ferromagnet on a Three-Dimensional 
Topological Insulator. Sci. Rep. 2015, 5, 13638. 
21. Wu, Y.; Zhang, S.; Zhang, J.; Wang, W.; Zhu, Y. L.; Hu, J.; Yin, G.; Wong, K.; Fang, C.; Wan, C.; 
Han, X.; Shao, Q.; Taniguchi, T.; Watanabe, K.; Zang, J.; Mao, Z.; Zhang, X.; Wang, K. L. Néel-Type 
Skyrmion in WTe2/Fe3GeTe2 van der Waals Heterostructure. Nat. Commun. 2020, 11, 3860. 
22. Zhang, X.; Lu, Q.; Liu, W.; Niu, W.; Sun, J.; Cook, J.; Vaninger, M.; Miceli, P. F.; Singh, D. J.; Lian, 
S.-W.; Chang, T.-R.; He, X.; Du, J.; He, L.; Zhang, R.; Bian, G.; Xu, Y. Room-Temperature Intrinsic 
Ferromagnetism in Epitaxial CrTe2 Ultrathin Films. Nat. Commun. 2021, 12, 2492  
23. Chen, Y. L.; Analytis, J. G.; Chu, J.-H.; Liu, Z. K.; Mo, S.-K.; Qi, X. L.; Zhang, H. J.; Lu, D. H.; 
Dai, X.; Fang, Z.; Zhang, S. C.; Fisher, I. R.; Hussain, Z.; Shen, Z.-X. Experimental Realization of a 
Three-Dimensional Topological Insulator, Bi2Te3. Science 2009, 325, 178-181. 
24. Hsieh, D.; Xia, Y.; Qian, D.; Wray, L.; Dil, J. H.; Meier, F.; Osterwalder, J.; Patthey, L.; Checkelsky, 
J. G.; Ong, N. P.; Fedorov, A. V.; Lin, H.; Bansil, A.; Grauer, D.; Hor, Y. S.; Cava, R. J.; Hasan, M. Z. A 
Tunable Topological Insulator in the Spin Helical Dirac Transport Regime. Nature 2009, 460, 1101-1105. 
25. Hasan, M. Z.; Kane, C. L. Topological Insulators. Rev. Mod. Phys. 2010, 82, 3045-3067. 
26. Fan, Y.; Upadhyaya, P.; Kou, X.; Lang, M.; Takei, S.; Wang, Z.; Tang, J.; He, L.; Chang, L. T.; 
Montazeri, M.; Yu, G.; Jiang, W.; Nie, T.; Schwartz, R. N.; Tserkovnyak, Y.; Wang, K. L. Magnetization 
Switching through Giant Spin-Orbit Torque in a Magnetically Doped Topological Insulator 
Heterostructure. Nat. Mater. 2014, 13, 699-704. 
27. Xia, Y.; Qian, D.; Hsieh, D.; Wray, L.; Pal, A.; Lin, H.; Bansil, A.; Grauer, D.; Hor, Y. S.; Cava, R. 
J.; Hasan, M. Z. Observation of a Large-Gap Topological-Insulator Class with a Single Dirac Cone on 
the Surface. Nat. Phys. 2009, 5, 398-402. 
28. Freitas, C. D.; Weht, R.; Sulpice, A.; Remenyi, G.; Strobel, P.; Gay, F. Ferromagnetism in Layered 
Metastable 1T-CrTe2. J. Phys.: Condens. Matter 2015, 27, 176002. 
29. Li, Y. Y.; Wang, G.; Zhu, X. G.; Liu, M. H.; Ye, C.; Chen, X.; Wang, Y. Y.; He, K.; Wang, L. L.; Ma, 
X. C.; Zhang, H. J.; Dai, X.; Fang, Z.; Xie, X. C.; Liu, Y.; Qi, X. L.; Jia, J. F.; Zhang, S. C.; Xue, Q. K. 
Intrinsic Topological Insulator Bi2Te3 Thin Films on Si and Their Thickness Limit. Adv. Mater. 2010, 22, 
4002-4007. 
30. Jiang, J.; Xiao, D.; Wang, F.; Shin, J. H.; Andreoli, D.; Zhang, J.; Xiao, R.; Zhao, Y. F.; Kayyalha, 
M.; Zhang, L.; Wang, K.; Zang, J.; Liu, C.; Samarth, N.; Chan, M. H. W.; Chang, C. Z. Concurrence of 
Quantum Anomalous Hall and Topological Hall Effects in Magnetic Topological Insulator Sandwich 
Heterostructures. Nat. Mater. 2020, 19, 732-737. 
31. Nagaosa, N.; Sinova, J.; Onoda, S.; MacDonald, A. H. Anomalous Hall Effect. Rev. Mod. Phys. 
2010, 82, 1539-1592. 
32. Fang, Z.; Nagaosa, N.; Takahashi, K. S.; Asamitsu, A.; Mathieu, R.; Ogasawara, T.; Yamada, H.; 



 18 / 25 

 

Kawasaki, M.; Tokura, Y.; Terakura, K. The Anomalous Hall Effect and Magnetic Monopoles in 
Momentum Space. Science 2003, 302, 92-95. 
33. Yasuda, K.; Wakatsuki, R.; Morimoto, T.; Yoshimi, R.; Tsukazaki, A.; Takahashi, K. S.; Ezawa, M.; 
Kawasaki, M.; Nagaosa, N.; Tokura, Y. Geometric Hall Effects in Topological Insulator Heterostructures. 
Nat. Phys. 2016, 12, 555-559. 
34. Keskin, V.; Aktaş, B.; Schmalhorst, J.; Reiss, G.; Zhang, H.; Weischenberg, J.; Mokrousov, Y. 
Temperature and Co Thickness Dependent Sign Change of the Anomalous Hall Effect in Co/Pd 
Multilayers: An Experimental and Theoretical Study. Appl. Phys. Lett. 2013, 102, 022416. 
35. Matsuno, J.; Ogawa, N.; Yasuda, K. Interface-Driven Topological Hall Effect in SrRuO3-SrIrO3 
Bilayer. Sci. Adv. 2016, 2, e1600304. 
36. Liu, Q. B.; Meng, K. K.; Zheng, S. Q.; Wu, Y. C.; Cai, Y. Z.; Wu, Y.; Chen, J. K.; Miao, J.; Xu, X. 
G.; Jiang, Y. Strain-Induced Large Topological Hall Effect in Pt/YIG Bilayers. arXiv:1810.07384v1, 
2018, https://arxiv.org/abs/1810.07384v1 (accessed on Oct 17, 2018). 
37. Ritz, R.; Halder, M.; Franz, C.; Bauer, A.; Wagner, M.; Bamler, R.; Rosch, A.; Pfleiderer, C. Giant 
Generic Topological Hall Resistivity of MnSi under Pressure. Phys. Rev. B 2013, 87, 134424. 
38. Maccariello, D.; Legrand, W.; Reyren, N.; Garcia, K.; Bouzehouane, K.; Collin, S.; Cros, V.; Fert, 
A. Electrical Detection of Single Magnetic Skyrmions in Metallic Multilayers at Room Temperature. Nat. 
Nanotechnol. 2018, 13, 233-237. 
39. Ding, J.; Liu, C.; Kalappattil, V.; Zhang, Y.; Mosendz, O.; Erugu, U.; Yu, R.; Tian, J.; DeMann, A.; 
Field, S. B.; Yang, X.; Ding, H.; Tang, J.; Terris, B.; Fert, A.; Chen, H.; Wu, M. Switching of a Magnet 
by Spin-Orbit Torque from a Topological Dirac Semimetal. Adv. Mater. 2021, 33, 2005909. 
40. Skoropata, E.; Nichols, J.; Ok, J. M. Interfacial Tuning of Chiral Magnetic Interactions for Large 
Topological Hall Effects in LaMnO3/SrIrO3 Heterostructures. Sci. Adv. 2020, 6, eaaz3902  
41. Schlotter, S.; Agrawal, P.; Beach, G. S. D. Temperature Dependence of the Dzyaloshinskii-Moriya 
Interaction in Pt/Co/Cu Thin Film Heterostructures. Appl. Phys. Lett. 2018, 113, 092402. 
42. Banerjee, S.; Rowland, J.; Erten, O.; Randeria, M. Enhanced Stability of Skyrmions in Two-
Dimensional Chiral Magnets with Rashba Spin-Orbit Coupling. Phys. Rev. X 2014, 4, 031045. 
43. Karube, K.; White, J. S.; Morikawa, D.; Dewhurst, C. D.; Cubitt, R.; Kikkawa, A.; Yu, X.; Tokunaga, 
Y.; Arima, T.; Rønnow, H. M.; Tokura, Y.; Taguchi, Y. Disordered Skyrmion Phase Stabilized by 
Magnetic Frustration in a Chiral Magnet. Sci. Adv. 2018, 4, eaar7043. 
44. Denisov, K. S.; Rozhansky, I. V.; Averkiev, N. S.; Lahderanta, E. A Nontrivial Crossover in 
Topological Hall Effect Regimes. Sci. Rep. 2017, 7, 17204. 
45. Zhang, S. S. L.; Heinonen, O. Topological Hall Effect in Diffusive Ferromagnetic Thin Films with 
Spin-Flip Scattering. Phys. Rev. B 2018, 97, 134401  
46. Qin, Q.; Liu, L.; Lin, W.; Shu, X.; Xie, Q.; Lim, Z.; Li, C.; He, S.; Chow, G. M.; Chen, J. Emergence 
of Topological Hall Effect in a SrRuO3 Single Layer. Adv. Mater. 2019, 31, 1807008. 
47. Li, Y.; Zhang, L.; Zhang, Q.; Li, C.; Yang, T.; Deng, Y.; Gu, L.; Wu, D. Emergent Topological Hall 
Effect in La0.7Sr0.3MnO3/SrIrO3 Heterostructures. ACS Appl. Mater. Inter. 2019, 11, 21268-21274. 
48. Fijalkowski, K. M.; Hartl, M.; Winnerlein, M.; Mandal, P.; Schreyeck, S.; Brunner, K.; Gould, C.; 
Molenkamp, L. W. Coexistence of Surface and Bulk Ferromagnetism Mimics Skyrmion Hall Effect in a 
Topological Insulator. Phys. Rev. X 2020, 10, 011012. 
49. Wang, L.; Feng, Q.; Lee, H. G.; Ko, E. K.; Lu, Q.; Noh, T. W. Controllable Thickness 
Inhomogeneity and Berry Curvature Engineering of Anomalous Hall Effect in SrRuO3 Ultrathin Films. 
Nano Lett. 2020, 20, 2468-2477. 



 19 / 25 

 

50. Tonomura, A.; Yu, X.; Yanagisawa, K.; Matsuda, T.; Onose, Y.; Kanazawa, N.; Park, H. S.; Tokura, 
Y. Real-Space Observation of Skyrmion Lattice in Helimagnet MnSi Thin Samples. Nano Lett. 2012, 12, 
1673-1677. 
51. Meng, K. Y.; Ahmed, A. S.; Bacani, M.; Mandru, A. O.; Zhao, X.; Bagues, N.; Esser, B. D.; Flores, 
J.; McComb, D. W.; Hug, H. J.; Yang, F. Observation of Nanoscale Skyrmions in SrIrO3/SrRuO3 Bilayers. 
Nano Lett. 2019, 19, 3169-3175. 
52. Porter, N. A.; Sinha, P.; Ward, M. B.; Dobrynin, A. N.; Brydson, R. M. D.; Charlton, T. R.; Kinane, 
C. J.; Robertson, M. D.; Langridge, S.; Marrows, C. H. Giant Topological Hall Effect in Strained 
Fe0.7Co0.3Si Epilayers. arXiv:1312.1722, 2013, https://arxiv.org/abs/1312.1722 (accessed on Dec 5, 
2013). 
53. Gong, C.; Zhang, X. Two-Dimensional Magnetic Crystals and Emergent Heterostructure Devices. 
Science 2019, 363, 706. 
54. Moreau-Luchaire, C.; Mouta, S. C.; Reyren, N.; Sampaio, J.; Vaz, C. A.; Van Horne, N.; 
Bouzehouane, K.; Garcia, K.; Deranlot, C.; Warnicke, P.; Wohlhuter, P.; George, J. M.; Weigand, M.; 
Raabe, J.; Cros, V.; Fert, A. Additive Interfacial Chiral Interaction in Multilayers for Stabilization of 
Small Individual Skyrmions at Room Temperature. Nat. Nanotechnol. 2016, 11, 444-448. 
  



 20 / 25 

 

Figures 

 

Figure 1. Research frameworks of interfacial magnetic skyrmions in hybrid systems. 

(a-d) Four categories of heterostructures with interfacial magnetic skyrmions, including  

FM/TI (Cr2Te3/Bi2Te3
13) (a), TI/MI (Bi2Se3/BaFe12O19

16) (b), HM/MI (Pt/Tm3Fe5O12
5, 

17) (c), and HM/FM (Ir/Fe/Co/Pt10, 11) (d). The orange, green, blue and pink squares 

represent FM, TI, MI and HM, respectively.  
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Figure 2. Atomic-scale growth and ARPES characterization of CrTe2/Bi2Te3 

heterostructure. (a) Crystal structure of the CrTe2/Bi2Te3 heterostructure. (b) Schematic 

picture of CrTe2/Bi2Te3 bilayer with vdW gap. (c,e) Surface morphologies of 10 QL 

Bi2Te3 (c) and 2 TL CrTe2 grown on Bi2Te3 (e) (tunneling condition V = 1000 mV, I = 

0.01 nA). Inset: Cross-sectional profile of QL Bi2Te3 and TL CrTe2 flakes along the 

blue and green dashed line, respectively. (d,f) Atomically resolved Te surfaces of Bi2Te3 

(d) and CrTe2 (f) with corresponding atomic lattice structures (V = 10 mV, I = 0.2 nA). 

The panel below indicates the lattice unit distance calculated from line-cut profile. (g,h) 

ARPES spectra of Bi2Te3(111) (g) as well as CrTe2 thin film on Bi2Te3 (h) taken with a 

photon energy of 21.2 eV. 
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Figure 3. Hall resistivity of CrTe2/Bi2Te3 bilayer with a perpendicular magnetic field. 

(a) Schematic diagram of the experimental set up for transport measurements. (b) 

Magnetic-field dependence of xy at various temperatures for the CrTe2/Bi2Te3 sample. 

Curves are antisymmetrized to remove the xx component. The positive slope at high 

field indicates hole carriers. Red (blue) curve represents the process of increasing 

(decreasing) magnetic field. The humps on the shoulder of AHE loops are highlighted 

in light green. (c) Detailed view of the Hall resistivity at 50 K with subtraction of 

ordinary Hall term. Contribution from AHE (black solid lines) and THE term (light 

green area) is marked, where the AHE contribution is fitted by a 𝑀0 tanh(
𝐻

𝑎0
− 𝐻0) 

function to represent the magnetization, where M0, a0 and H0 is a fitting parameter. Inset: 

An optical image of a Hall bar device with a 20 μm scale bar. (d) Field-dependent 

anomalous Hall loops of the bilayer at different temperatures obtained by fitting with 

function of 𝑀0 tanh(
𝐻

𝑎0
− 𝐻0) . An unexpected transition of AHE component occurs 

with temperature decreasing below 50 K. (e) The magnitude of the AHE (AHE) at 

different temperatures extracted from (d). 
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Figure 4. Interfacial coupling induced topological Hall effect and effective 

manipulation of magnetic skyrmions. (a) Typical pairs of magnetic-field dependence of 

the topological Hall resistivity at various temperatures generated after subtracting the 

AHE term (loops at different temperatures are offset vertically for clarity). (b,c) 

Temperature-dependent topological Hall effect. Red and blue solid symbols represent 

the amplitude (THE
max) and the field (HT) at which the topological Hall resistivity 

reaches its maximum (top inset), respectively. Green squares are the HC of AHE, which 

scale quite well with HT. (d) An optical image of a Hall bar device structure, in which 

a geometrical constriction is introduced for giving rise to an inhomogeneous current 

distribution. (e) Hall voltages recorded after repeated 1-ms-long current pulses (je=±3.9 

mA). 
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Figure 5. Topological Hall resistivity, topological charge density, magnetic phase 

diagram and spin ordering. (a) Experimental color map of THE in the temperature-

magnetic field plane. A larger THE amplitude at lower temperature indicates a higher 

density of Néel skyrmions. (b) Calculated topological charge density as a comparison 

with the measured topological Hall resistivity. (c) Calculated magnetic phase diagram 

in the plane of temperature and out-of-plane magnetic field. The colored regions 

correspond to the uniform FM (green), the helix (orange), and the skyrmion lattice (SkX; 

blue) phases, respectively. (d) Schematic spin structures of helix phases, closely-packed 

hexagonal SkX, and uniform ferromagnetic phase. 
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Table 1. Maximal THE amplitude (THE
max) in various skyrmion systems from 

literatures 

Material Maximal THE (·cm) Ref. System 
CrTe2 /Bi2Te3 1.39 [*] Interfacial skyrmion 
Fe3GeTe2/WTe2 1.3 21 Interfacial skyrmion 
Cr2Te3/Bi2Te3 0.53 13 Interfacial skyrmion 
Pt/Y3Fe5O12 0.3 36 Interfacial skyrmion 
SrIrO3/SrRuO3 0.2 35 Interfacial skyrmion 
Ir/Fe/Co/Pt 0.03 11 Interfacial skyrmion 
Fe0.7Co0.3Si 0.5 9 Bulk skyrmion 
MnGe 0.16 6 Bulk skyrmion 
MnSi 0.04 7 Bulk skyrmion 

 Typical values of THE
max from reports. Our work [*] has demonstrated a relatively 

large THE
max among them. 


