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Abstract
Magnetically doped topological insulator (TI) thin films and related heterostructures have been extensively studied for years 
due to their exotic quantum transport properties and potential applications in low-dissipation electronic devices and quantum 
computation. The selection of magnetic dopants is crucial to realize a high-quality magnetic TI with a robust ferromagnetic 
ordering and a preserved topological band structure. In this paper, we briefly review the recent magnetic domain imaging 
works in vanadium-doped magnetic topological insulator thin films and heterostructures. Using cryogenic magnetic force 
microscopy and in situ transport measurements, a ferromagnetic domain behavior has been demonstrated in V-doped Sb2Te3 
(ST) and Cr, V co-doped (Bi,Sb)2Te3 (BST) thin films. The direct visualization of long-range ferromagnetic ordering in a 
quantum anomalous Hall (QAH) system sheds light on enhancing the QAH temperature by improving the ferromagnetism. 
Taking advantage of the different coercivity of Cr- and V-doped BST films, an axion insulating state has been observed in 
Cr-doped BST/BST/V-doped BST sandwich heterostructures. The antiparallel magnetization alignment, which is the key 
ingredient for realization of axion insulating state, has been directly visualized via magnetic imaging at various magnetic 
fields. The V-doped ST/ST heterostructures also provide a platform for Berry phase engineering in momentum space. By 
suppressing the anomalous Hall effect in such heterostructures, an intrinsic topological Hall effect can be revealed, which 
resolved the long-term puzzle of the origin of THE in the ultrathin ferromagnetic thin films and two-dimensional ferromag-
nets. The review of magnetic domain imaging in vanadium-doped topological insulators and heterostructures inspires further 
exploration of quantum transport properties in magnetic topological insulators and deepens the understanding of the interplay 
between the magnetic ordering and topological electronic band structures in magnetic TIs and beyond.

Keywords  Vanadium-doped topological insulator · Magnetic force microscopy · Ferromagnetic domain · Quantum 
anomalous Hall effect · Topological Hall effect

1  Introduction

Topological materials are new states of quantum mat-
ter, which possess topological electronic band structures. 
Breaking time-reversal symmetry in topological materials 
leads to a variety of quantum phenomena including quantum 
anomalous Hall effect [1–4], axion insulating state [5–11], 
Weyl fermions [12–14], Majorana fermions [15, 16] and so 
on. These exotic quantum phenomena play a crucial role in 

dissipationless conduction and quantum computation, which 
stimulates the next industrial revolution. Doping magnetic 
elements in topological insulators (TIs) might induce ferro-
magnetism, which opens exchange mass gap at time reversal 
symmetry protected Dirac point [17–21]. Tuning the Fermi 
level into the gap leads to dissipationless chiral edge states 
and zero-field quantized Hall resistance, which are well 
known as quantum anomalous Hall effect (QAHE). QAHE 
was first experimentally realized in thin-film specimens of 
Cr-doped (Bi,Sb)2Te3(BST) [2–4] and later confirmed in 
vanadium (V)-doped BST with higher precision of quantum 
Hall resistance [22]. Compared to chromium, vanadium pro-
vides stronger perpendicular magnetic anisotropy (PMA) K 
and has weaker magnetic moments (~ 1.5 µB), which leads to 
a much larger coercive field (HC), as the intrinsic HC is pro-
portional to K/MS. A large HC is critical for QAHE, because 
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it guarantees the single domain state at zero magnetic fields. 
Vanadium doping also provides stronger exchange coupling 
(higher TC) compared with Cr-doped TI films. The higher 
Curie temperature is favorable to realize QAHE at higher 
temperatures. In addition, the V-doped ST/ST heterostruc-
tures can be utilized as an excellent platform for studying 
topological Hall effect (THE). Due to their unique band 
structures, the anomalous Hall effect (AHE) can be tuned to 
zero at all temperatures, revealing the intrinsic THE [23, 24]. 
Because of the robust quantum Hall states and controllable 
momentum-space Berry phase, vanadium-doped topological 
insulating thin films and heterostructures are widely utilized 
in quantum electronic devices.

The topological properties of these magnetic topological 
thin film systems have been extensively studied via quantum 
transport measurements and angle-resolved photoemission 
electron spectroscopy (ARPES) measurements [25, 26]. 
Nevertheless, it is rather challenging to directly probe the 
magnetic properties of these diluted magnetic semicon-
ductor (DMS) thin films, because of the weak magnetic 
moments. The signals of bulk magnetic measurements, such 
as superconducting quantum interference device (SQUID), 
are usually dominated by the magnetic susceptibility of the 
substrates. In contrast, magnetic imaging techniques with 
high sensitivity, which accurately detect local variation of 
the magnetic moments, are more suitable to study the mag-
netic properties of this class of materials. Previous scan-
ning SQUID studies of Cr-doped BST films have shown 
superparamagnetic behavior, which explains the extremely 
low QAH temperature in these systems [27, 28]. However, 
scanning SQUID technique only works at low temperatures 
and weak magnetic fields to maintain the superconducting 
state of the SQUID tip. Magnetic force microscopy (MFM), 

which works in a wide range of temperatures and magnetic 
fields, is another powerful tool to systematically study the 
local magnetic structures in magnetic TI films. On one hand, 
the shape of M-H hysteresis loops can be obtained by esti-
mating the up and down domain distributions. On the other 
hand, magnetic inhomogeneity and domain structures, which 
have a great impact on the topological quantum phenomena, 
can be directly visualized and correlated with topological 
properties. Therefore, it is necessary to briefly review the 
recent progress on MFM studies on vanadium-doped top-
ological insulating thin films and heterostructures, which 
motivates this short review.

In this review paper, we discuss MFM studies of a vari-
ety of vanadium-doped topological insulating thin films and 
heterostructures, including V-doped ST [29], Cr, V co-doped 
BST [30], Cr-doped BST/BST/V-doped BST sandwich het-
erostructure [11] and V-doped ST/ST heterostructure [24, 
31]. The interplay between the magnetic properties and 
topological effects, such as quantum anomalous Hall effect 
and topological Hall effect, will be explored.

2 � Growth of vanadium‑doped Sb2Te3 thin 
films

The crystal structure of Sb2Te3 is of the tetradymite type 
[32–34]. It is formed by stacking quintuple-layer groups 
which consist of three sheets of Te and two sheets of Sb with 
ABCAB stacking sequence, as shown in Fig. 1a. Vanadium 
atoms are doped into the structure by replacing the Sb atoms 
at 2B or 4A sites [35]. The thin films of V-doped Sb2Te3 can 
be grown on various substrates such as Si (111), SrTiO3 and 
sapphire (0001), using an ultrahigh vacuum molecular beam 

Fig. 1   a Crystal structure of one QL of V-doped Sb2Te3. b STM topographic image of V-doped Sb2Te3. Black squares label VSb defects. Blue 
circles label SbTe defects. Reproduced with permission from Ref. [35] Copyright 2018 American Physical Society (APS)
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epitaxy (MBE) system [22, 29, 35]. These substrates were 
heat treated prior to the film growth. High-purity Sb, Te and 
V elements were evaporated from effusion cells. To avoid Te 
deficiency, the flux ratio of Te/Sb was set to be ~ 8. The Sb 
and V concentrations depend on their nominal ratio, which 
can be in situ monitored during film growth via quartz crys-
tals. The growth rate was controlled ~ 0.2 QL/min for high-
quality films. Scanning probe microscopy (STM) studies 
were performed on V-doped Sb2Te3 films. Figure 1b shows 
a representative topographic image [32]. V dopants presum-
ably replace Sb atoms, leading to VSb defects at 4A or 2B 
sites, as labeled by black boxes. Due to different depths, the 
VSb defects at 4A sites are represented by large light-colored 
triangles with slightly darkened centers and corners, whereas 
those at 2B sites are represented by smaller dark triangles. 
SbTe antisite can be also visualized in STM images, which 
is labeled by blue circles in Fig. 1b.

3 � Ferromagnetic domains 
in vanadium‑doped Sb2Te3 thin films

V-doped BST film is the second magnetic TI system that 
exhibits QAHE [22]. Compared to Cr-doped BST films, 
V-doped ones have a more robust QAH state, with higher 

precision. Moreover, V-doped BST film is a hard ferromag-
net with a stronger magnetic coercivity (HC ~ 1.0 T) and 
higher ferromagnetic ordering temperature. These mag-
netic properties make the V-doped BST thin film an ideal 
platform for magnetic domain imaging. Besides the robust 
ferromagnetism and QAHE, a mysterious self-magnetization 
effect was reported in V-doped BST thin films [22]. Finite 
net magnetization emerges in the virgin state after zero-field 
cooling, which is not a common phenomenon in traditional 
ferromagnetic materials. To explain these phenomena, MFM 
measurements were performed to study the ferromagnetic 
domain states of V-doped Sb2Te3 thin films after different 
magnetic field cooling processes [29].

Topographic and MFM images of the Sb1.89V0.11Te3 thin 
film are shown in Fig. 2. The film was zero-field cooled 
(ZFC) down to 5 K and measured at 5 K, as shown in 
Fig. 2a,b. In Fig. 2a, the film exhibits a clean surface with 
roughness of ~ 1.9 nm. The virgin domain states with equal 
population of up and down domains can be observed from 
Fig. 2b, unlikely the reported self-magnetization behavior. 
Figure 2a–g depicts the domain states after field cooling 
(FC) with different applied magnetic fields. The film was 
thermally elevated to 60 K without any applied magnetic 
field and then cooled down to 5 K with the superconduct-
ing magnet. The values of applied magnetic fields generated 

Fig. 2   a Topographic and b–g MFM images measured on Sb1.89V0.11Te3 thin film at various cooling fields. The nominal cooling fields are 
labeled at the top left corners. h Estimated M/MS from MFM images after various cooling fields and ZFC
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by the superconducting magnet are noted on the upper left 
side of each picture. Figure 2c shows the film has a slightly 
negative polarization, due to a trapped magnetic flux in the 
superconducting magnet when ramping down from a posi-
tive value to zero. A weak applied magnetic field of 5 Oe, as 
shown in Fig. 2d, can significantly polarize the film, and it 
gets to saturation at 100 Oe, as shown in Fig. 2g. In Fig. 2h, 
normalized magnetization (magnetization M/saturation mag-
netization MS) can be estimated by the number of up (N↑) 
and down (N↓) domains, for example, (N↑ − N↓)/(N↑ + N↓). 
The normalized magnetization was the function of cooling 
field in this panel, with the five square points and one circle 
point just corresponding to Fig. 2c–g and b, respectively. 
The magnetic flux trapped in the superconducting magnet 
is estimated to be 3 Oe by linear extrapolation, indicating 
the reported self-magnetization behavior is likely due to a 
trapped magnetic flux in the superconducting magnet.

Figure 3 shows field-dependent MFM images of domain 
states at 5 K after ZFC, indicating the ferromagnetic domain 
states of the film. The domain states with different values of 
applied magnetic field at 5 K can be observed from Fig. 3a–l. 
Higher applied field causes more red (up) domains, and the 
sample reaches saturation at 1.5 T, as shown in Fig. 3a–f. 
The film stays in the saturation state at zero field, indicat-
ing a strong PMA. Applying negative fields causes mag-
netization switching of the film, as shown in Fig. 3g–l. The 
magnetization reversal process from Fig. 3a–l is consistent 
with typical ferromagnetic reversal behavior. This reversal 
process is depicted as an M–H hysteresis loop in Fig. 3m. 
The panel also shows the butterfly loop of two-probe resist-
ance across the film, highly matching the hysteresis loop. 
The slight difference of the coercive fields is ascribed to the 
magnetic tip stray field. The MFM results indicate a hard 
ferromagnetic behavior with a strong PMA in Sb1.89V0.11Te3 

Fig. 3   a–l 5 K MFM images measured at various magnetic fields from 0 T → 1.5 T → − 1.5 T after ZFC. m Longitudinal resistance Rxx and esti-
mated M/MS at various fields. Purple dashed lines represent coercive fields deduced from Rxx–H and M/MS–H loops
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thin film. Compared to Cr-doped TI thin films, which show 
inhomogeneity and superparamagnetism [27], the V-doped 
ones are more homogeneous with less disorder.

4 � Ferromagnetism in a quantum anomalous 
Hall system

Although direct evidence of ferromagnetism has been 
observed in V-doped Sb2Te3, this specimen is too conductive 
to exhibit QAHE. In this section, we will exhibit the direct 
visualization of ferromagnetism in Cr and V co-doped BST 
films which shows robust QAHE [30].

The main issue that hinders the further exploration of 
QAHE in magnetic TIs is the ultralow QAHE temperature. 
For both Cr- and V-doped BST films, full quantization of 
Hall resistance was observed below 50 mK [2, 22]. The 
magnetic inhomogeneity and VBM above the Dirac point 
may be the two main issues responsible for the ultralow 
QAH temperature [25, 27, 36–38]. The magnetic inho-
mogeneity or superparamagnetism generate low magnetic 
gap regions. Chiral edge states may scatter into bulk and 
surface states in such regions and destroy the QAH states. 
However, this is not the only factor that limits the QAH 
temperature. For instance, the QAH temperature is still 
low (~ 30 mK) in V-doped TI films, even though the mag-
netic properties are improved in these systems [22]. Based 
on ARPES studies, the Dirac point of the surface states is 
located below the valence band maximum, so that bulks 
states are introduced when the Fermi level is tuned to the 
Dirac point for realization of the chiral edge states [25]. It 
requires extremely low temperature to localize such bulks 
states to realize full quantization of Hall resistance. Thus, 

a magnetic TI material with robust ferromagnetic ordering 
and a ‘clean’ band structure (Dirac point lies inside the 
bulk band gap) is necessary to significantly enhance the 
QAH temperature.

Alloying is a common method to effectively enhance the 
magnetic properties of metals. Recently, enhanced QAH 
temperature was achieved in Cr, V co-doped BST thin films 
[39]. At optimized Cr/V doping ratio, full Hall quantization 
can be realized at 300 mK, one order of magnitude higher 
than the singly doped end members [39]. The Hall hysteresis 
loop shows a sharper magnetization reversal, i.e., less mag-
netic inhomogeneity. Furthermore, the temperature-depend-
ent anomalous Hall resistance shows a more mean field-
like behavior. These pieces of evidence indicate improved 
ferromagnetism in Cr/V co-doped thin films. However, 
direct visualization of ferromagnetic domains supporting 
long-range ferromagnetic ordering is still lacking. Note that 
intrinsic AHE is governed by the momentum-space Berry 
phase, which is not directly correlated with magnetization 
strength [40]. Systematic MFM measurements on these co-
doped thin films were performed to confirm the improved 
ferromagnetism.

Various (CryV1−y)0.19(BixSb1−x)1.81Te3 films and the Hall 
bar device were fabricated for MFM and in situ transport 
measurements, as shown in Fig. 4a. y takes a value between 
0 and 1, and x ≈ 0.2. Figure 4b shows Cr concentration y 
dependence of Hall conductance σxy and the ratio of coerciv-
ity HC to FWHMMR, which is the full width at half maxi-
mum of the magnetoresistance. They were all measured at 
1.5 K. The sharpest reversal could be observed at y = 0.16, 
indicating the best ferromagnetic behavior. The maximum 
of Hall conductance is also at this point. Therefore, the film 
with the y value of 0.16 is the optimized sample.

Fig. 4   a Hall bar device grown on STO (111) substrate for MFM 
and in situ transport measurements. A back-gate voltage was applied 
to tune the charge carrier density. b At 1.5  K, Cr concentration (y) 

dependence of the zero-field Hall conductance (σxy) and the ratio of 
coercive field to the full width at half maximum of the magnetoresist-
ance shows a maximum at y = 0.16
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To verify the improved ferromagnetism in the y = 0.16 
sample, MFM and in situ transport measurements were 
taken at 5 K, and the neutral point V0

g
 (≈10 V), as shown in 

Fig. 5. Figure 5a–i shows the magnetization reversal pro-
cess with the applied field from 0.05 T to 0.35 T. The sam-
ple shows a single-domain state (red) at 0.05 T, suggesting 
its robust ferromagnetism. The nucleation of up domains 
(blue) could be observed at 0.15 T, and they expand with 
increasing fields. The sample gets into an upward saturated 
state at 0.35 T, as shown in Fig. 5i. The magnetization 
reversal exhibits a typical ferromagnetic domain behavior 
via domain nucleation and domain wall propagation. Fig-
ure 5j shows field dependence of longitudinal resistance 
�xx , Hall resistance �yx , domain contrast δf, and normalized 
magnetization M/MS. The normalized magnetization, esti-
mated by the number of up and down domains from MFM 
data, agrees well with the ρyx loop. The domain contrast 
could be represented by the root mean square (rms) value 
of the MFM data. The peak of it appears at HC, where up 
and down domains are equally distributed. At this point, �xx 
also reaches its peak, and �yx = 0 . These are consistent with 
normalized magnetization, which is equal to zero at HC. The 
excellent agreement between local and global results shows 
great reliability of MFM measurements on the magnetic 
properties of the sample.

MFM images of the sample at various back-gate volt-
ages were taken to study the ferromagnetism as a function 
of charge carrier density [31]. The MFM results show larger 

domains, stronger domain contrast and larger coercive field 
at Vg = − 300 V (hole doped), while the situation is opposite 
at Vg = 300 V (electron doped). The �yx loops are consist-
ent with the MFM images, which exhibits higher HC with 
hole doping and lower with electron doping. The carrier 
density dependence of ferromagnetism provides compelling 
evidence of the Ruderman–Kittel–Kasuya–Yosida (RKKY) 
mechanism. Since the Fermi level is close to the valence 
band maximum, hole doping can introduce more bulk charge 
carriers which might enhance the RKKY interaction. Thus, 
ferromagnetism gets stronger with hole doping. The direct 
evidence of the ferromagnetism eases the concerns for the 
absence of long-range magnetic ordering in the QAH sys-
tems, which paves the way for realizing QAHE at higher 
temperatures.

5 � Antiparallel magnetization alignment 
in a quantum anomalous Hall 
heterostructure for realizing axion 
insulating states

In a 3D TI, there exist axion term S� =
�

2�

e2

h
∫ d3xdtE ⋅ B 

[2–4], the quantized magnetooptical effect [8, 41], the topo-
logical magnetoelectric effect (TME) [2–4], and the mag-
netic monopole [42]. The TME effect is the quantized ver-
sion of the magnetoelectric effect, i.e., the quantized ME 
coefficient. The realization of TME requires all the surface 

Fig. 5   a–i MFM images measured on Cr, V co-doped sample at various magnetic fields at 5 K and V0

g
 . j �xx , �yx , M/Ms and δf as a function of 

magnetic fields. The coercive field Hc≈0.26 K is consistent for these data from transport and MFM measurements
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states gapped out. A sandwich heterostructure was proposed 
to realize the axion insulating states (AIS), where the top and 
bottom magnetic TI layers have antiparallel magnetization 
alignment to eliminate the chiral edge modes.

Recently, Mogi et al. [9] and Xiao et al. [11] claimed 
AIS in the tri-layer heterostructure Cr-doped BST/BST/V-
doped BST. Since Cr-doped BST and V-doped BST films 
have substantially different coercive fields, it is promising 
to realize the antiparallel magnetization alignment, by con-
trolling the thickness of the spacing TI layer (BST layer) to 
minimize the interlayer exchange coupling. Although zero 
Hall resistance plateau has been observed in the heterostruc-
ture [11], the direct evidence of the antiparallel magnetiza-
tion alignment is still lacking. Here, we used the cryogenic 
MFM system to study the magnetization switching behavior 
in Cr-doped BST (3 QL)/BST (5 QL)/V-doped BST (3 QL) 
heterostructures.

Figure 6 shows two-step magnetization switching in sand-
wich heterostructure at T = 5.3 K and Vg = 0. MFM images at 
different applied magnetic fields are shown in Fig. 6a–l. The 
sample was first swept upward to μ0H = 1.5 T and then down-
ward. Figure 6a shows uniformly magnetized (red) domains 
at μ0H = − 0.01 T, which means V- and Cr-doped TI layers are 
both upward magnetized. Cr-doped TI layer gradually switches 
with increasing applied fields, as shown in Fig. 6c–g. When 
μ0H = − 0.09 T, domains changed into green from red, indi-
cating magnetization is entirely switched from up to down in 
the Cr-doped TI layer. This corresponds to a uniform antipar-
allel magnetization alignment over the whole heterostruc-
ture. Figure 6h–l show magnetization reversal process in the 

V-doped layer. As Fig. 6l shows, no green domain remains at 
μ0H = − 0.75 T, when uniform downward parallel magneti-
zation alignment forms. Figure 6m–o show field dependence 
of �yx (longitudinal resistance), �yx (Hall resistance), and δf 
(magnetic domain contrasts) respectively. Figure 6n shows an 
obvious two-step transition. As shown in Fig. 6o, two peaks in 
δf correspond to coercive fields in V- and Cr-doped TI layers, 
which are in excellent agreement with �yx data in Fig. 6n. The 
direct visualization of antiparallel magnetization alignment in 
the quantum anomalous Hall heterostructures provides com-
pelling evidence for the realization of AIS.

6 � Topological Hall effect in vanadium‑doped 
topological insulator heterostructures

As demonstrated in previous sections, vanadium-doped topo-
logical insulators have exotic topological band structures, 
leading to a fascinating momentum-space Berry phase effect. 
In this section, we will switch from momentum-space Berry 
phase phenomena to a real space one, namely the topologi-
cal Hall effect (THE). The THE originates from scalar spin 
chirality, which can be represented by the topological charge 
(TC) Q:

where s represents a unit vector that continuously rotates 
in real space. For two-dimensional spin lattice model, the 

Q =
1

4� ∫ d2rs ⋅ (�xs × �ys),

Fig. 6   a–l MFM images measured on Cr-doped BST (3 QL)/BST (5 
QL)/V-doped BST (3 QL) heterostructure at various magnetic fields 
at 5.3  K and 0  V. Red and blue regions represent parallel up and 
down magnetization alignment for QAHE states, while green regions 

represent antiparallel magnetization alignment for axion insulating 
states. (m) �xx , (n) �yx and (o) δf as a function of magnetic fields. Hc1 
and Hc2 are coercive fields for Cr-doped BST (3 QL) and V-doped 
BST (3 QL) layers, respectively
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total TC can be estimated by the sum of the solid angle 
Ω subtended by spin triads [43, 44]. As an electron travels 
through the non-coplanar spin texture, it will experience 
an effective magnetic field. This field, originating from the 
Berry phase generated by the electron as it hops between 
magnetic moments, will in turn give rise to a Hall effect 
known as the THE. In reality, THE has been demonstrated 
in many skyrmion systems, e.g., MnSi [44, 45] and FeGe 
[46]. For a long time, THE is regarded as a hallmark of the 
formation of static skyrmions. Recently, pronounced THE 
has been observed in various ferromagnetic ultrathin films, 
such as Cr-doped (Bi1-xSbx)Te3 [47], Mn-doped Bi2Te3 [48], 
CrTe [49], and SrIrO3/SrRuO3 bilayer structures [50, 51]. 
The origin of the THE signals in these systems is still under 
debate. Although the formation of Neel-type skyrmions was 
claimed in some of these papers, two opposite AHE effects 
with different coercivity in inhomogeneous films may also 
generate such Hall signals [52, 53]. Therefore, it is urgent to 
systematically study the underlying mechanism of THE in 
two-dimensional (2D) ferromagnets and ultrathin magnetic 
films.

In general, the total Hall resistivity consists of three con-
tributions in a magnetic conductor: the ordinary Hall effect 
(OHE) linear with external magnetic field H, the AHE lin-
ear with magnetization M, and the THE linear with TCs 
[44, 46, 54]. Therefore, the Hall resistivity can be written as 
�yx(H) = �0H + �AM + �T

yx
 . The OHE contribution can be 

deduced from the slope at high magnetic fields. The char-
acterization of AHE, however, requires delicate magnetom-
etry to precisely determine the M–H loop, which could be 
challenging for some systems. This problem can be circum-
vented if AHE can be manually suppressed by momentum-
space Berry phase engineering. Recently, Wang et al. [23] 
observed the sign reversal of AHE in m QL Sb2Te3/5 QL 
Sb1.9V0.1Te3 heterostructures. The charge transfer between 
the ST and VST layers, controlled by the thickness of ST 
layer, moves the Fermi level of the VST layer closer to band 

crossing points. A back-gate voltage can be applied to fine-
tune the Fermi level across these points, resulting in a sign 
change of the AHE. In addition, for m = 3 heterostructure, 
the AHE can be zeroed via back gating at all temperatures. 
This makes ST/VST heterostructures an excellent platform 
to study THE, because the intrinsic THE, if exists, can be 
directly visualized in these systems.

Figure 7a shows a schematic picture of the VST hetero-
structure structure for MFM measurements. A VST (5 QLs)/
ST (3 QLs) bilayer structure was grown on STO substrates. 
A thin layer of Pt was coated on the surface of the sam-
ple for electric potential balance to eliminate electrostatic 
interaction. As shown in Fig. 7b, the raw Hall data at 30 K 
exhibits a positive slope, indicating p-type charge carriers. 
Here, we focus on the anomalous part: 

∼
�
yx ≡ �yx − �0H , after 

the OHE was subtracted out. By applying a back-gate volt-
age, the 

∼
�
yx can be exactly tuned to zero and the intrinsic 

THE is revealed, as shown in Fig. 7c. The complete THE 
data at various temperatures between 6 and 40 K are shown 
in Fig. 8. The temperature dependence of the amplitude 
of THE signals shows one maximum around Curie tem-
perature ~ 27.5 K. Such antisymmetric AHE peaks without 
magnetic hysteresis exist above TC originates from the spin 
chirality fluctuation. Similar behavior has been observed 
in STO/SrRuO3 bilayer structures grown on STO substrate 
[31].

To better understand the emergent spin chirality fluc-
tuation in 2D ferromagnets with PMA, Monte Carlo 
(MC) simulations were carried out based on the following 
Hamiltonian:

where Si is the spin on the ith lattice site. The first term 
(J > 0) denotes ferromagnetic Heisenberg exchange 

H =
∑

<ij>

[−J(Si ⋅ Sj) + Dij ⋅ (Si × Sj)] − K
∑

i

(S
z

i
)
2
− Bz

∑

i

S
z

i
,

Fig. 7   a A schematic of ST/VST heterostructure grown on STO (111) 
substrate for MFM and in  situ transport measurements. A back-gate 
voltage was applied to tune the AHE. b Raw data �yx of ST/VST film 

at 30 K. The positive slope at high fields indicates p-type carriers. c 
∼
�
yx of VST film at 30 K with different back-gate voltages. The AHE 

can be tuned to zero at 125 V so that only THE is visible
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Fig. 8   Intrinsic �T
yx

 at various temperatures after AHE is tuned to zero. The low-temperature THE is ascribed to chiral bubbles formed around 
coercive fields, while the high-temperature THE around TC ~ 27.5 K is ascribed to spin chirality fluctuations

Fig. 9   a–i Field-dependent MFM images were measured at Vg = 19 V 
and 12 K. j Hall resistivity 

∼
�
yx at various magnetic fields. k density 

(n) of nucleation ( Q = −1 ) and pinned ( Q = 1 ) bubbles at various 

magnetic fields, estimated from MFM images. l the density (σQ) of 
TC at various magnetic fields. The field dependence of σQ is consist-
ent with the topological Hall resistance (j)
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interaction. The second term denotes Dzyaloshinsky–
Moriya interaction (DMI) [55, 56], due to the inversion 
symmetry breaking at the interface. The third term repre-
sents the uniaxial anisotropy K. When D is smaller than the 
critical value, the ground state is ferromagnetic with uniform 
perpendicular magnetization regardless of the existence of 
DMI [57]. The Zeeman energy due to the external magnetic 
field is shown in the last term. The MC simulations excel-
lently reproduce the experimentally observed antisymmetric 
THE peaks, which provides compelling evidence of chiral 
fluctuation-driven topological responses.

At low temperature ( ≪ TC ), hysteretic THE is revealed 
around coercive fields, when ferromagnetic domains usually 
form. Such low-temperature THE is likely correlated with the 
formation of ferromagnetic domains with determined chiral-
ity. To verify this, MFM images and in situ transport measure-
ments are shown in Fig. 9. Magnetization reversal process at 
12 K shown in Fig. 9a–i complies with typical ferromagnetic 
domain behavior via domain nucleation and domain wall 
propagation [11 29]. During this process, magnetic bubbles 
with chiral domain walls would form, because of the DMI 
on the interface. Due to the topological nature of the chiral 
magnetic bubbles, each bubble carries an integer number of 
TCs, regardless of its size and shape. Since MFM is incapable 
of determining the topological charge of each bubble, Q = ±1 
was assigned to each bubble in the MFM images. The number 
of nucleation bubbles (red) reaches a maximum at 0.2 T, in 
agreement with the negative THE peak. In addition, the num-
ber of pinned bubbles reaches a maximum at 0.3 T, in agree-
ment with the positive THE peak. The nucleation and pinned 
bubbles have identical chirality but opposite polarization, 
and therefore carry Q = −1 and Q = 1 topological charges, 
respectively [58]. The opposite chiral bubbles are equally dis-
tributed at μ0HC≈0.25 T, consistent with the absence of THE 
at the coercive field. Figure 9k plots the density of Q = −1 
and Q = 1 bubbles within the scanned area [59]. The field-
dependent net topological charge density (magenta curve) is 
in great agreement with the in situ THE (green curve), indi-
cating chiral bubble-induced THE. MC simulations and back-
gate dependence of MFM data suggest magnetic defects could 
be the origins of these nucleation and pinned bubbles [24]. 
These results open a route to control and manipulate TCs via 
magnetic defect engineering.

7 � Conclusion

In conclusion, we briefly review the magnetic domain imag-
ing studies on various vanadium-doped magnetic TI films 
and heterostructures. MFM imaging technique together with 
in situ transport measurement is a powerful tool to study 
magnetic topological materials. The momentum-space and 
real-space Berry phase effect can be probed via in situ Hall 

measurements, e.g., QAHE, AIS and THE. Simultane-
ously, the magnetic domain states can be mapped out via 
MFM imaging. The relation between the magnetic domain 
structures and the topological properties therefore can 
be explored at various temperatures and magnetic fields. 
Recently, more fascinating magnetic topological materials 
have be discovered, e.g., intrinsic magnetic TI MnBi2Te4 
[60], twisted bilayer graphene with orbital magnetism [61], 
magnetic Weyl semimetal EuB6 [14] and so on. The explo-
ration of the interplay between magnetism and topology in 
these materials is fundamentally interesting to condensed 
matter physicists and will be crucial for realizing the exotic 
topological states at a higher temperature, which can be 
practically utilized in dissipationless electronic devices and 
quantum computation.
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