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Chern number corresponds to the occu-
pancy of discrete Landau levels, which can 
be varied by tuning the Fermi energy via 
a gate voltage. It further corresponds to 
the number of dissipationless conduction 
channels in the gapless edge state of the 
quantum Hall insulator that is insulating 
in the bulk in high magnetic fields.

After observing the quantum version of 
the Hall effect, the natural question to ask 
is if there is also a quantized version of the 
anomalous Hall effect (AHE), commonly 
observed in ferromagnets. This quantum 
anomalous Hall effect (QAHE) would then 
be observable in the absence of external 
fields. The QAHE was initially proposed to 
arise in 2D honeycomb or kagome lattices, 
such as monolayer graphene, that host a 
non-zero out-of-plane magnetic flux den-
sity, but zero net flux in each unit cell.[8,9] 
Later, it was also proposed that the QAHE 
may be found in Hg1−yMnyTe quantum 
wells without an external magnetic field, 
in which the effect arises purely due to 
the spin polarization of the Mn atoms.[10] 
However, the experimental realization 

of the QAHE was not reported until 2013, when transport in 
3D topological insulators (TIs) doped with magnetic impuri-
ties was studied. TIs refer to a class of materials that is insu-
lating in the bulk, but which possess topologically protected 
conducting surface states. Right from the start, the field was 
(see refs. [6,11–17]), and continues to be (see refs. [18–20]), to a 
large degree driven by theory. Common examples of 3D TIs are 
rhombohedral Bi2Se3, Bi2Te3, and Sb2Te3.[15] The surface state 
of a TI consists of two linearly dispersing states connecting 
the bulk conduction and valence bands. The two states cross at 
one point in reciprocal space, the Dirac point (Figure 1a). The 
charge carriers in this band structure are massless fermions, 
which are described by the relativistic Dirac equation.[15] Due 
to the strong spin–orbit coupling (SOC) in these materials, sur-
face electron spins are locked to their momentum, forming dis-
sipationless, counter-propagating conduction channels in the 
surface state.

By introducing magnetism to a TI, either by impurity doping 
with magnetic elements, by proximity coupling to a magnetic 
insulators (MIs), or other magnetic layers, time-reversal sym-
metry (TRS) can be broken. TRS breaking can induce a bandgap 
in the surface states, leading to the realization of the QAHE 
which is characterized by 1D chiral edge conduction in zero-
field at remanence, as shown in Figure 1. The Chern number, 
here being +1 or –1, corresponds to the direction of the spin-
momentum locked edge current that can be flipped by a (small) 
external field. Using first-principles calculations, Sb2Te3, Bi2Te3, 

Topological insulators (TIs) provide intriguing prospects for the future of spin-
tronics due to their large spin–orbit coupling and dissipationless, counter-
propagating conduction channels in the surface state. The combination of 
topological properties and magnetic order can lead to new quantum states 
including the quantum anomalous Hall effect that was first experimentally 
realized in Cr-doped (Bi,Sb)2Te3 films. Since magnetic doping can introduce 
detrimental effects, requiring very low operational temperatures, alternative 
approaches are explored. Proximity coupling to magnetically ordered systems 
is an obvious option, with the prospect to raise the temperature for observing 
the various quantum effects. Here, an overview of proximity coupling and 
interfacial effects in TI heterostructures is presented, which provides a versa-
tile materials platform for tuning the magnetic and topological properties of 
these exciting materials. An introduction is first given to the heterostructure 
growth by molecular beam epitaxy and suitable structural, electronic, and 
magnetic characterization techniques. Going beyond transition-metal-doped 
and undoped TI heterostructures, examples of heterostructures are dis-
cussed, including rare-earth-doped TIs, magnetic insulators, and antiferro-
magnets, which lead to exotic phenomena such as skyrmions and exchange 
bias. Finally, an outlook on novel heterostructures such as intrinsic magnetic 
TIs and systems including 2D materials is given.

1. Introduction

Quantum transport phenomena such as giant magnetore-
sistance,[1,2] high-temperature superconductivity,[3] and the 
quantum Hall effect (QHE)[4,5] have been extensively studied 
over the last decades. The QHE is particularly important as it 
has been the seed for topological research in condensed matter 
physics. A topologically non-trivial material is characterized 
by a topological number, such as the Chern number, which 
remains unchanged under continuous deformations.[6,7] The 
QHE was first discovered in 2D electron gas systems in large 
out-of-plane magnetic fields.[4] The QHE is the quantized ver-
sion of the classical Hall effect whereby its Hall conductance 
is quantized Ce2/h, where C is the Chern number (an integer), 
e is the elementary charge, and h is the Planck constant. The 
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and Bi2Se3 films were predicted to become possible QAH insu-
lators by doping with magnetic impurities such as Fe or Cr.[21] 
Experimentally, the QAHE was first realized in 5 nm-thick, Cr-
doped (Bi,Sb)2Te3 (Cr:BST) films on SrTiO3 substrates.[22] The 
Hall resistivity of Cr:BST reached the quantized value of h/e2 
at 30 mK, which was significantly below the magnetic transi-
tion temperature of 15 K. This discrepancy between the two 
temperatures was later explained by the large Dirac-mass dis-
order, which has been independently confirmed through sev-
eral experimental techniques, including spectroscopic imaging 
scanning tunneling microscopy,[23] scanning superconducting 
quantum interference device (SQUID) microscopy,[24] and elec-
trical transport.[25,26] An uneven spatial distribution of mag-
netic dopants was discovered in the host material, resulting in 
an inhomogeneous bandgap size across the whole TI surface, 
depending on the local density of the dopants and the subse-
quent variations in magnetic order.

Taking inspiration from ordinary ferromagnetic heterostruc-
tures, proximity coupling has also been used for TI materials 
to achieve magnetic order, and thus enable the observation of 
topological phenomena at higher temperatures.[27,28] In con-
trast to ordinary ferromagnetic heterostructures, however, the 
proximity effect on TIs may be restricted to a shallower depth 
below the interface, and may or may not involve the topological 
surface state carriers to mediate the coupling between the local 
magnetic moments. In addition, the proximity approach brings 
about another advantage—a partial decoupling of the order-
enhancing effect from the doping concentration in the TI. As 
with all doped materials, dopants introduce detrimental effects 
such as lattice defects, microscopic phase segregation, and 
impurity bands. Proximity coupling can break the TRS while 
maintaining the TI surface free from impurities, overcoming 
the problem of large Dirac-mass disorder.
Figure  2 shows the zero-field QAHE temperature (TQAHE) 

chart for the different QAH insulators since 2013, most of 

which are described in detail in Section 2.3. It is apparent that 
a large majority of the successful materials are the result of 
further engineering of (Bi,Sb)2Te3 (BST) films using both mag-
netic doping and proximity coupling, with only three excep-
tions that were reported in early 2020. The year 2015 saw the 
observation of the QAHE in V-doped BST films at 120 mK 
and modulation-doped [Cr:BST/BST] pentalayer heterostruc-
tures at 2 K.[29,30] In 2018, the QAHE was observed in co-doped 
(Cr,V):BST films at 1.5 K[31] and in 2019 in proximity-coupled 
(Zn,Cr)Te/BST/(Zn,Cr)Te heterostructures at 1.5 K,[32] in which 
(Zn,Cr)Te is a ferromagnetic insulator. Finally, in 2020, both the 
QAHE and exchange bias effects were simultaneously observed 
in CST/Cr2O3 (TQAHE = 100 mK), in which Cr2O3 is an antiferro-
magnetic insulator. Also, the topological Hall effect (THE) was 
found in CST/BST/CST heterostructures (TQAHE  = 0.4 K),[33] 
with further experiments confirming the presence of magnetic 
skyrmions. What is most remarkable in 2020 is a departure 
from the established BST family. Twisted bilayer graphene 
(TBG) aligned to hexagonal boron nitride has a TQAHE of 3 K,[34] 
MnBi2Te4 single crystal flakes show a TQAHE of 1.4 K,[35] and its 
close relative, [MnBi2Te4/Bi2Te3] superlattices reach QAHE at a 
record-breaking 7 K.[36] Clearly, using heterostructures not only 
increases the temperature of quantized edge conduction, but 
also leads to the appearance of other exotic phenomena in TIs, 
perhaps leading to room-temperature spintronic devices.

With this review, we try to introduce the field of magnetic 
TI (MTI) heterostructures in the context of the techniques used 
to study their remarkable properties. The review is organized 
as follows: In Section  2, we describe the growth and doping 
of TI films, structural characterization techniques, and angle-
resolved photoemission spectroscopy (ARPES) for band char-
acterization. In Section 3, we present several magnetic charac-
terization techniques with different lateral and depth resolving 
power. In Section  2.3, we provide a detailed review of MTI 
single-layer films and heterostructures of different kinds: QAH 
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Figure 1.  Schematic showing the change in the surface states of TIs by introducing magnetic order. a) Linearly dispersed topological surface state, with 
the Fermi energy (EF) residing at the Dirac point. b) Breaking of time-reversal symmetry by bringing magnetic order to the TI system, either by doping 
with magnetic impurities or proximity coupling to a magnetic insulator (MI). c) Gapped surface state due to the magnetic order, with the Fermi energy 
residing in the bandgap. d) Realization of the QAHE in a TRS-broken TI material, showing quantized edge conduction at the top and bottom surfaces 
of the film, with the spin locked to the momentum.
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insulators, MI/TI heterostructures, rare-earth (RE)-doped films, 
exchange-biased heterostructures, and heterostructures with 
skyrmions. Finally, in Section 5, we draw a conclusion and raise 
perspectives on the future development of MTI heterostruc-
tures and topological quantum materials in general.

2. Topological Insulator Thin Films: Growth, 
Doping, Structural, and Electronic Properties
For brevity, we will focus in this review on the established 3D 
TIs in the (Bi,Sb)2(Se,Te)3 family of solid solutions, most promi-
nently Sb2Te3, Bi2Te3, and Bi2Se3. Much of the knowledge of this 
materials class is connected to their practical use as thermoelec-
tric materials in cooling devices and generators since the late 
1950s,[37] owing to their large room temperature figure-of-merit 
and the ability to easily achieve n- and p-type materials in the 
solid solution series.[38] Further, in the context of engineered TI 
heterostructures, we will restrict ourselves to the most versatile 
growth method, that is, molecular beam epitaxy (MBE). Apart 
from MBE, it is worth mentioning that magnetron sputtering, 
which is a more industry-friendly deposition method, has also 
been proven successful in the growth of TI films and hetero-
structures, including BixSe1−x/Co20Fe60B20 and SmB6.[39,40]

2.1. Thin-Film Growth

First reported for Bi2Te3 by Charles  et  al. in the context of 
thermoelectrics,[41] the MBE growth of TI thin films has been 
covered thoroughly in several excellent reviews.[42–44] We will 
therefore only briefly summarize the key elements of MBE 
growth, which has been achieved on a remarkable wide range 
of substrates owing to the relaxed requirement for lattice 
matching between film and substrate. Substrate for growing TI 
can be semiconductors such as Si,[45–48] Ge,[49,50] and GaAs,[51,52] 
while the most common substrate is Al2O3.[53–57] Amorphous 

substrates have also been used for TI growth such as SiO2 and 
fused silica.[58–60] In all these cases, even with the lattice mis-
match reaching 43.8% for Bi2Te3/ graphene,[43] the TI films usu-
ally grow c-axis oriented owing to their layered nature with weak 
interlayer chalcogen–chalcogen bonds. In fact, (Bi,Sb)2(Se,Te)3 
compounds [space group 3

5D d ( 3R m)] are composed of Se/Te–Bi/
Sb–Se/Te–Bi/Sb–Se/Te quintuple layers (QLs), separated by 
the so-called van der Waals gap (Figure 3d), which is key to the 
much relaxed lattice matching requirement. On lattice-matched 
substrates such as InP[61,62] (lattice mismatch 0.16% for Bi2Se3/
InP(111)B) and BaF2

[63,64] (lattice mismatch <0.04% for Bi2Te3/
BaF2(111)), however, the films show no twinning, that is, they 
are also ordered in-plane. In general, van der Waals epitaxy, 
as introduced by Koma,[65] is characterized by the lack of lat-
tice matching between film and substrate in the presence of the 
van der Waals interaction; however it does not necessarily mean 
that there cannot be in-plane alignment as well.

For the MBE growth of (Bi,Sb)2(Se,Te)3 thin films, Bi and/
or Sb and Se (or Te) are co-evaporated out of conventional effu-
sion or special cracker cells. The growth window is typically very 
wide with substrate temperatures reported between 200 and 
300 °C.[43,66] A two-step growth recipe is often used whereby the 
TI seed layer is grown at a lower temperature than the remainder 
of the layer.[56] For reducing chalcogen vacancy defects, the 
growth is usually conducted with a relatively high chalcogen 
overpressure of >5:1. The film structure, quality, and morphology 
are commonly monitored in situ using reflection high-energy 
electron diffraction (RHEED) to give a direct feedback on the 
growth, and ex situ using atomic force microscopy, X-ray diffrac-
tion, and reflectometry, as well as transmission electron micro
scopy. These techniques will be introduced in Section 2.4.

2.2. Doping

Doping of TI thin films is usually carried out with the goal of 
reducing the detrimental contribution of bulk carriers, to align 
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Figure 2.  Timeline of the temperature performance of QAHE quantum materials (at zero external field). 2013: Cr-doped BST film at 30 mK;[22] 2015: 
V-doped BST film at 120 mK,[29] and modulation-doped [Cr:BST/BST] heterostructure at 2 K;[30] 2018: Co-doped (Cr,V):BST film at 1.5 K;[31] 2019: MI/TI/
MI sandwich structure (Zn,Cr)Te/BST/(Zn,Cr)Te at 100 mK;[32] 2020: twisted bilayer graphene at 3 K,[34] intrinsic magnetic TI MnBi2Te4 flakes at 1.4 K,[35] 
[MnBi2Te4/Bi2Te3] superlattice at 7 K,[36] Cr:BST/BST/Cr:BST sandwich structure at 0.4 K (which also demonstrates the topological Hall effect[232]), and 
Cr:BST/Cr2O3 heterostructure at 20 mK (which also demonstrates exchange bias[33]).
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the Fermi level in the middle of the bandgap, or to introduce 
magnetic ordering in the TI, whereas it is straightforward to 
make the semiconductor Bi2Te3 p- or n-type by alloying with 

Sb2Te3 or Bi2Se3 in the same solid solution, respectively,[38] 
explaining its success as a thermoelectric material, controlled 
impurity doping is more of an issue.[67] Another challenge is 

Adv. Mater. 2023, 35, 2102427

Figure 3.  Structural characterization of TI thin films and heterostructures. Most examples here are results obtained from [Cr:Sb2Te3(CST)/Dy:Bi2Te3(DBT)] 
superlattices (depicted in the center). a) AFM is commonly used to study the surface topology of a sample ex situ. The investigated TI materials are 
characterized by terraced islands. The step height is usually 1 QL (≈1 nm). b) XRD and XRR are used to determine the crystal structure of the films, 
including the effects of doping and growth conditions and the layer thicknesses and interfacial roughnesses, respectively. Reciprocal space mapping is 
generally used to take a closer look at multiple substrate and film reflections, revealing strain effects. X-ray diffraction techniques are usually applied ex 
situ; however, in situ grazing-incidence XRD is possible at synchrotron beamlines. c) In situ RHEED image of the TI heterostructure after 2 and 5 bilayer 
repeats along the [1010] azimuth (upper row) and [1120] azimuth (lower row) of sapphire substrate. d) Ex situ TEM is the most common microscopy tech-
nique for studying TI films. It reveals the layer stacking (here through elemental contrast of the Dy and Cr dopants) and the detailed QL structure with 
the separating van der Waals gap. In combination with energy-dispersive X-ray spectroscopy, electron microscopy reveals the elemental composition as 
well. XRD/XRR plots in (b) and RHEED images in (c): Reproduced with permission.[87] Copyright 2018, American Physical Society. Reciprocal space map: 
Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org.licenses/by/4.0).[83] 
Copyirght 2015, The Authors, published by Springer Nature. d) TEM image: Reproduced with permission.[88] Copyright 2019, American Physical Society.
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making electrical contacts to these thermoelectric materials 
since interfacial reactions are very common,[68–70] with the pos-
sibility of a complete dissolution of the thin film.[70] The for-
mation of secondary metal chalcogenides can prevent further 
deterioration of the film;[69] however, this is not a solution for 
the electronic or magnetic doping of TIs, where such reactions 
have to be prevented and be controlled, and where the goal is to 
achieve substitutional doping of the films.

In an attempt to achieve bulk-insulating TIs with high mobil-
ities, it is most straightforward to stay in the (Bi,Sb)2(Se,Te)3 
solid solution series. Indeed, in quaternary Bi2−xSbxTe3−ySey, 
the topological surface states (TSSs) are well developed and the 
QHE was observed.[71] However, for achieving the QAHE and 
for unlocking other quantum effects, TRS has to be broken 
either by direct magnetic doping or proximity coupling (see 
Section  2.3). In MBE growth, the dopants are co-evaporated 
together with the other constituent elements, and their desired 
concentrations are adjusted via their ratio to the combined 
group V element flux. In the extreme case, doping can be con-
trolled on the level of atomically thin layers. The homogeneous 
magnetic doping of TI thin films has been achieved with both 
transition metal and rare earth elements.

In the case of transition metals, ferromagnetic order has been 
demonstrated for Cr:Bi2Se3,[72] Cr:Sb2Te3,[73] Cr:(Bi,Sb)2Te3,[29] 
V:Bi2Se3,[74] V:(Bi,Sb)2Te3,[29] V:Sb2Te3,[75] and Mn:Bi2Te3.[76] In 
all cases, the dopants are incorporated substitutionally on the 
Bi/Sb sites up to a critical concentration which varies greatly 
between 0.6 % and 21%. The most important systems are 
Cr- and V-doped Sb2Te3, showing out-of-plane anisotropy with 
ferromagnetic transition temperatures of 59  and 104 K, respec-
tively.[29] Long-range magnetic order in these systems is studied 
usually by magnetometry, X-ray magnetic circular dichroism, 
and polarized neutron reflectometry,[72,77–79] which will be dis-
cussed in detail in Section 3.

Rare earth doping was inspired by the prospect to intro-
duce a very high magnetic moment ion into the TI, thereby 
increasing the size of the magnetic gap, and further encouraged 
by the similar ionic radii for substitutional doping. However, 
despite having achieved substitutional doping of high-quality 
Bi2Te3 films with Gd, Dy, and Ho,[80–82] all films remained 
essentially paramagnetic with some hints of antiferromagnetic 
behavior.[80–84] Although Eu-doped Bi2Se3 has demonstrated fer-
romagnetism with over 10% Eu concentration, the doing profile 
in this system is not uniform,[85] which is an issue for trans-
port measurements. Nevertheless, for Dy doping, it is already 
shown that low fields of 0.65 T can result in induced moments 
on the order of ≈1/3 of the full Dy3 + moment in Dy:Bi2Te3.[86] 
Dy dopant therefore lends itself to being incorporated in het-
erostructures, in which the proximity to transition-metal-doped 
ferromagnetic layers “kick” the Dy-doped layer to be ordered as 
well.[87,88]

2.3. Heterostructure Growth

Making TI heterostructures with precisely controllable physical 
properties is a promising way to both add functionality and to 
overcome the challenges of magnetic doping, that is, by not 
adding dopants in the electronically active layers in the first 

place. The key of heterostructure engineering is proximity 
coupling between layers, which can be grown as part of the TI 
stack or separately, that is, in a different deposition chamber or 
transferred into the MBE system through the load-lock. In case 
of non-magnetic TIs, proximity coupling can align the spins of 
the TSS carriers, leading to exchange splitting.

There are a number of strategies for making use of magnetic 
proximity effects in TI heterostructures, which will be described 
in detail in Section 2.3:

(i)	 modulation doping,[30]

(ii)	 coupling to magnetic insulators such as Y3Fe5O12 or 
Tm3Fe5O12 with the desirable perpendicular magnetic 
anisotropy,[89,90]

(iii)	direct evaporation of ferromagnetic layers,[84,91–93]

(iv)	 superlattices of large moment and high transition tempera-
ture layers,[87] and

(v)	 coupling to antiferromagnets.[94] CrSb/Cr:(Bi,Sb)2Te3 is an 
example for the latter,[94] in which the chemical and struc-
tural compatibility between the two materials leads to high 
quality, abrupt interfaces.

This idea has been further developed and brought to per-
fection in the form of MnBi2Te4/Bi2Te3, which is part of the 
(MnBi2Te4)m(Bi2Te3)n homologous series.[95,96] As such, inter-
faces between dissimilar materials are absent since MnBi2Te4 
is effectively terminated by a layer of Bi2Te3, making this so-
called intrinsic MTI the ideal material platform for the explora-
tion of topological quantum effects. In fact, ordered MnBi2Te4/
Bi2Te3 heterostructures can be achieved by doping Bi2Te3 with 
Mn. However, instead of forming disordered Mn:Bi2Te3 layers, 
a self-organized heterostructure with alternating MnBi2Te4 
septuple layers (SLs) and Bi2Te3 QLs has been obtained in 
thin films.[97] A similar observation has been made in case of 
MnBi2Se4/Bi2Se3 heterostructures which form through self-
organization in Mn-doped Bi2Se3 during MBE growth.[98] Note 
that due to the self-organized nature of the heterostructure for-
mation, these ordered heterostructures have in fact been first 
realized in bulk crystals,[95,99] leading to the prediction[18,100] and 
first observation of antiferromagnetic TIs.[18,99] However, as the 
properties of these heterostructures alternate between intrinsic 
QAH insulator and axion insulator depending on even/odd 
layer repeats, thin-film growth is more suitable for fabricating 
device structures.

2.4. Structural Characterization

In this section, the common structural characterization tech-
niques are illustrated, using the results obtained from a 
[Cr:Sb2Te3(CST)/Dy:Bi2Te3(DBT)] superlattice as an example 
(schematic depicted in the center of Figure  3). The structural 
characterization of TI films and heterostructures relies on the 
standard techniques used for any MBE-grown materials, that 
is, ex situ atomic force microscopy (AFM), X-ray diffraction 
(XRD) and reflectivity (XRR), transmission electron micro
scopy (TEM) with energy-dispersive X-ray spectroscopy (EDS) 
for elemental analysis, and in situ RHEED. More rarely, for the 
precise determination of the doping concentration, and sample 

Adv. Mater. 2023, 35, 2102427
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stoichiometry in general, Rutherford backscattering spectro
scopy and particle-induced X-ray emission are employed.[80] 
In addition, synchrotron-based extended X-ray absorption fine 
structure can be used to gain insight into the doping scenario, 
for example, substitutional versus interstitial doping or incor-
poration in the van der Waals gap, along with the oxidation 
state of the dopants.[101,102]

In contrast to many other thin-film materials, the relative 
importance of AFM is undeniable for the study of TI films. This 
very accessible scanning probe technique maps the film mor-
phology, providing insight into the growth mode and mecha-
nism (top right panel in Figure  3a), as well as doping effects 
through structural changes. The key is that the films grow in a 
QL-by-QL fashion, with a QL step height of ≈1 nm being easily 
resolvable (bottom left panel in Figure 3a). The surface of the 
Bi2Te3 film on c-plane sapphire is characterized by terraced 
islands with the characteristic 1-QL steps. These islands show a 
type of spiral surface growth[103] (Figure 3a in the bottom right 
panel), which is explained by the pinning of QL growth fronts 
at irregular substrate steps.[104]

XRR and XRD measurements are usually carried out in lab-
based diffractometers using Cu Kα1 radiation. Typical reflec-
tion and diffraction geometries are illustrated in the top panel 
of Figure  3b. Apart from the layer thicknesses, the reflectivity 
oscillations in XRR (see top right panel in Figure 3b) also reveal 
interfacial roughnesses in heterostructures through compar-
ison with models of the thin-film structure. Using XRD, the 
crystal structure of the films is confirmed via the analysis of the 
film peaks (bottom left panel in Figure 3b) and their structural 
quality is determined via the peak width. Superlattices further 
lead to a series of peaks, reflecting the numbers of repeated 
layers (see inset in the XRD scan on the left of Figure 3b). This 
is particularly useful for doping studies, whereby upon intro-
ducing dopants into the host, the film peaks broaden and shift 
position, allowing for a quantification of undesired degrada-
tion of the crystalline quality.[72,79] Apart from the very common 
out-of-plane θ−2θ XRD scans shown here, in-plane ϕ scans 
give access to the in-plane epitaxial relationships and allow for 
the detection of twinning, which is common for TI growth on 
most substrates.[64] Lattice strain can be revealed through the 
comparison with substrate peaks and by performing reciprocal 
space maps.[83] Although X-ray diffraction is usually an ex situ 
technique, in situ grazing-incidence XRD is also possible using 
synchrotron facilities, giving insight into the structural proper-
ties and their evolution during growth.[105]

The most common in situ characterization technique is 
RHEED, which provides online feedback about the film growth. 
In particular, it helps to optimize substrate preparation and 
growth recipes, by observing the diffraction patterns that are 
characteristic for the respective material. Figure  3c shows 
RHEED images taken along the [1120]  and [1010]  azimuths 
of c-plane sapphire during the growth of a [CST/DBT] super-
lattice after finishing two and five repeats. The streaky pattern 
is indicative of flat, crystalline surfaces, and a transition to a 
more diffuse pattern can be observed upon doping above a crit-
ical limit, which indicates a loss of crystalline order.[80–82] The 
azimuthal characteristic of the pattern (with respect to the sub-
strate pattern) allows for the determination of the in-plane epi-
taxial relationships, and its symmetry shows possible twinning. 

It is important to note that RHEED in case of (Bi,Sb)2(Se,Te)3 
TI films is a destructive technique, as the beam leaves a visible 
damage on the wafer, meaning that RHEED cannot be used 
continuously during growth.

Electron microscopy is particularly useful for the investiga-
tion of TI single layers and heterostructures in terms of film 
quality and defects, but also for acquiring direct microscopic 
evidence of doping-related material issues, such as diffusion 
and interfacial reactions that lead to secondary phases. For 
high-angle annular dark-field scanning transmission electron 
microscopy (HAADF-STEM) imaging, thin membranes of the 
sample are prepared by focused ion beam milling, or traditional 
preparation techniques if possible. A key challenge here is the 
softness and small resistance to shear, that makes it difficult 
to mechanically prepare the TI specimen on hard substrates 
such as sapphire. In Figure 3d, a cross-sectional overview of a 
[CST/DBT] superlattice is depicted on the right, clearly showing 
the Dy-doped (brighter, larger atomic number) and Cr-doped 
(darker, smaller atomic number) layers. Van der Waals gaps 
are located between the layers where no contrast can be seen, 
which are even more clearly visible in the close-up on the left 
where the QLs are fully resolved. For doping studies, EDS 
reveals the elemental composition and the precise location of 
the dopants in the TI host lattice.[83]

2.5. Angle-Resolved Photoemission Spectroscopy

ARPES provides the direct visualization of the electronic band 
structure of a solid.[106,107] Based on the photoelectric effect, 
photons incident on a material with sufficient energy to over-
come the work function (typically a few eV) will result in the 
emission of electrons from the host material into the vacuum. 
These photoexcited electrons are then detected and their kinetic 
energy and emission angle are analyzed (see Figure  4a,b for 
details). Due to the conservation of momentum along the in-
plane direction and the conservation of energy, the photoelec-
tron analysis can be used to map out the 3D band dispersion of 
the material in momentum space.

The incident light used in the study of TIs is often in 
vacuum ultraviolet (VUV) range. The inelastic mean free path 
of electrons from VUV photoemission is on the order of 1 nm, 
meaning that it is mainly sensitive to the topmost layers of 
the sample. The surface sensitivity makes ARPES suitable for 
probing topological surface states of TI films. Some ARPES sys-
tems are based in university laboratories where a laser or dis-
charge lamp is used as the light source, giving the advantage 
of easy integration with other ultrahigh vacuum (UHV) sys-
tems such as material deposition chambers and scanning tun-
neling microscopes, allowing for the investigation of pristine 
TI films. For example, the Dirac cone in the band structure of 
Bi2Se3 films was successfully observed using laser-ARPES.[108] 
However, laser/lamp-based ARPES is limited by the range of 
photon energies and small cross-sections for some materials 
of interest. Meanwhile, many synchrotrons operate ARPES 
beamlines, as synchrotron radiation provides a wide range of 
continuously tunable incident photon energy and high photon 
flux. This gives a more complete map of the bands in 3D 
momentum space, and photon-energy-dependent results can 
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be used to distinguish between the surface and bulk contribu-
tions. As a result, many groundbreaking results reporting TI 
band structures have been obtained using synchrotron-based 
ARPES.[109–112]

Since ARPES experiments require the film surface to be 
mirror-flat and free from contamination, and most TI films 
have to be transferred through air before reaching a synchro-
tron end station, it is important to develop sample prepara-
tion procedures for the recovery of pristine surface in the 
UHV chamber. Ar-ion sputtering and annealing can be partly 
effective in cleaning the TI surface; however, this process can 
also introduce defects and additional surface roughness.[113,114] 
Moreover, when transported through air, especially rare earth 
element doped TI samples are prone to oxidation. Another 
approach is to grow an amorphous Te or Se capping layer in 
situ in the MBE chamber, followed by decapping in the ARPES 
chamber via heating. This process, however, can lead to non-
stoichiometric and rough films. Alternatively, in situ cleaving 
has been established for TI films,[115] similar to the standard 
ARPES preparation technique used for single crystals. First, a 
capped film is glued to the ARPES sample holder, followed by 
a small ceramic post glued to the cap. Then, in UHV, the post 
is struck by a wobble stick such that the TI film cleaves at a van 
der Waals gap, leaving a fresh TI surface exposed, as illustrated 
in Figure 4c. Using this technique, high-quality band structure 
data were obtained from rare-earth-doped Bi2Te3 films,[80,81,116] 
with representative results presented in Figure 4e,f.

3. Magnetic Properties of TI Thin Films and 
Heterostructures

The first step in the magnetic characterization of TI thin-film 
samples is usually to perform lab-based bulk magnetometry 
using SQUID. With SQUID, both the in-plane and out-of-
plane magnetization can be probed; however, this requires the 
remounting of the sample and thereby changing the measure-
ment configuration. The sample environment usually allows for 
measurements from 1.8 to 300 K, in an applied field of typically 
up to 7 T, which conveniently covers the interesting parameter 
range for most MTI materials. As the magnetic information 
obtained by SQUID represents the average over all layers of 
a sample, important information may remain in the dark, for 
example, the contributions of the individual layers or the pres-
ence of canted moments near the interfaces. Also, due to the 
usually very small ferromagnetic signal from MTI layers, the 
comparably huge diamagnetic (or paramagnetic) background 
coming from the substrate has to be carefully subtracted.

In this section, we will give an overview of some of the 
most common advanced magnetic characterization tech-
niques, starting in Section  3.1 with X-ray- and neutron-based 
spectroscopy and reflectometry techniques, mostly giving a 
layer-resolved average of the magnetic properties. Next, we will 
summarize local characterization techniques in Section  3.2, 
both in the sense of microscopy and the local probing of the 
magnetic environment with muons. Finally, in Section  3.3, 
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Figure 4.  Study of TI systems using angle-resolved photoemission spectroscopy (ARPES). a) Schematic showing the working principle of ARPES. 
Incident photons of energy hv can be absorbed by the sample, followed by the ejection of photoexcited electrons at an angle (θ, φ) from the surface of 
the material. These electrons then go through a hemispherical electron analyzer, finally reaching a detector. b) Energy diagram of the photoemission 
process. The difference between the vacuum energy (Evac) and the Fermi level (EF) equals the work function (Φ) of the material. c) Schematic showing 
the in situ cleaving process of a van der Waals thin film (in red) for ARPES. d) 3D band structure of a cleaved (Gd0.1Bi0.9)2Te3 film after K dosing. e) Band 
structure of (Gd0.1Bi0.9)2Te3 along the Γ–K direction, revealing the surface state band (SSB), bulk conduction band (BCB), and Dirac point (DP) with 
linear dispersion. f) Stack of constant energy maps of (Gd0.1Bi0.9)2Te3 at different binding energies. c) Sketch: Reproduced with permission.[115] Copyright 
2014, American Physical Society. d–f) Figures: Reproduced with permission.[116] Copyright 2014, American Physical Society.
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we highlight the techniques capable of directly probing the 
QAH state including THz spectroscopy and standard electrical 
transport. In Figure  5, we summarize and compare the dif-
ferent methods in terms of their probing depth or volume and 
lateral resolution.

3.1. Layer-Resolved Heterostructure Properties

The layer-resolved characterization of magnetic heterostruc-
tures requires large-scale X-ray and neutron facilities that pro-
vide the necessary high intensities of energy-tunable incident 
waves. Whereas X-rays become sensitive to magnetic proper-
ties when tuned to a suitable absorption edge, neutrons carry 
a magnetic moment and interact directly with the magnetically 
ordered layers. In this section, we briefly review X-ray magnetic 
circular and linear dichroism, as well as polarized neutron 
reflectometry, which are most relevant for TI heterostructures 
(illustrated in the lower half of the main panel in Figure 5).

3.1.1. X-ray Magnetic Circular and Linear Dichroism

X-ray absorption spectroscopy (XAS) gives insight into the 
chemical composition and oxidation state of the elements 
of a thin-film sample. In an XAS experiment, the absorption 
of the X-rays is detected as a function of the incident photon 
energy, yielding element-specific core-to-valence state transi-
tions. The absorption can be detected either via the secondary-
electron-induced drain current in total-electron-yield (TEY) 
mode, fluorescence from the core hole decay in fluorescence 
yield (FY) mode, or the X-ray excited optical luminescence in 
the visible or near-visible spectral range in luminescence yield 
(LY) mode. The different modes are illustrated in Figure 5d. All 
three modes probe different depths of the sample depending 
on the element probed. As a rule of thumb, TEY probes sur-
face-sensitively down to ≈4 nm at the Co edge,[117] and ≈6 nm 
at the Dy edge,[118] whereas LY will probe the entire film (for 
thicknesses below 200 nm). The depth sensitivity in FY mode is 
between TEY and LY, and often limited by saturation and self-
absorption effects in highly doped TIs.[119]

In the absorption process on 3d transition metals, a core 
electron is excited from the spin-split 2p core states to the 3d 
valence state. When the incident X-rays are circularly polarized, 
left- and right-circularly polarized light has different transition 
probabilities into the unoccupied states for magnetic mate-
rials. Therefore, the transition probability depends on both 
the helicity of the incident light and the magnetic state of the 
sample. The X-ray magnetic circular dichroism (XMCD) signal 
is the difference between two XAS spectra obtained with dif-
ferent X-ray helicities, or opposite magnetization (for which the 
applied magnetic field would be reversed). As a result, XMCD 
is sensitive to the difference in the density of empty states with 
different spin polarizations. Apart from the L2,3 edges in 3d 
transition metals, soft X-ray (energy typically <2 keV) XMCD 
can also be performed on the lanthanide M4,5 edges. A typical 
XMCD spectrum at the Cr L2,3 edges is shown on the left of 
Figure  5d, obtained by subtracting the XAS spectra measured 
with opposite circular polarizations. The element specificity of 

XMCD is particularly useful for the unambiguous confirmation 
of the electronic and magnetic state of transition metal and rare 
earth magnetic dopants in TIs.[82,120] Using the celebrated sum 
rules[121] on the integrated intensities over the absorption edges 
of the XMCD, the spin and orbital moments of the ground state 
can be determined. For an in-depth coverage of the topic, we 
refer to the reviews in refs. [117,122,123].

In order to precisely determine the critical temperature of 
magnetic transitions, and to gain deeper insight into the micro-
scopic magnetic coupling scenario, Arrott–Noakes analysis of 
the temperature-dependent XMCD data can be performed.[124] 
The critical exponents β and γ can be obtained by plotting the 
isothermal variations of the magnetization M1/β as a function 
of the ratio of applied field H over M in the form of (H/M)1/γ. 
In the case of XMCD, M is given by the background-corrected 
XMCD asymmetry. For Dy-doped Bi2Te3, critical exponents 
were found that are consistent with a 3D Heisenberg model,[84] 
instead of β = 0.5 and γ = 1 for the long-range mean-field model, 
which was found for Cr-doped Bi2Se3 films.[92]

X-ray magnetic linear dichroism (XMLD)[125] relies on the dif-
ference between XAS spectra of horizontal and vertical linear 
polarized light and can be used to study antiferromagnetic 
(AF) spin systems. It is mentioned here for completeness only; 
however, it is relevant as AF-coupled layers are at the core of 
intrinsic TIs,[35] and as AF ordering was found in lanthanide-
doped TIs.[126,127]

To summarize, XMCD and XMLD are extremely useful for 
the study of the magnetic properties of TI films. The element-
selectivity of the probe leaves no doubt about the origin of 
the magnetic ordering, the spin and orbital moments can be 
determined, as well as the oxidation state, and temperature-
dependent studies give an insight into the ordering mecha-
nism. Further, as a result of the depth-sensitivity of the three 
different detection modes, near-surface properties can be dis-
tinguished from the behavior of the bulk of the film, opening 
up ways for raising transition temperatures through proximity 
coupling.[92]

3.1.2. Polarized Neutron Reflectometry

Polarized neutron reflectometry (PNR) is ideally suited for 
determining the magnetic structure of multilayered materials 
systems,[128] not only allowing for the determination of the mag-
netization of the constituent layers but also, for example, of 
extended magnetization patterns, proximity effects, interlayer 
coupling, and the structure and transitions of antiferromag-
nets.[129] Although being a spatially averaging technique, pro-
viding layer resolution only, off-specular reflectivity also gives 
insight into the in-plane correlation of the magnetization.[130] 
The basic principle is similar to XRR in the sense that the 
reflected intensity is measured as a function of incident angle, 
yielding chemical contrast along the surface normal, that is, 
the depth profile of a layered sample. Characteristic periodic 
thickness fringes in the reflectivity are the result of constructive 
interference of the reflections from the different layers, whereas 
the overall fall-off of the curve is the result of interfacial and/
or surface roughness. Different from XRR, however, neutrons 
possess a magnetic moment and therefore interact with the 
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magnetic moments in the sample as well. In particular, when 
polarized neutrons scatter off a given layer magnetization, the 
scattering cross-section depends on their relative orientation. 
Therefore, in principle, the spin of the neutrons may flip in the 
scattering process, giving four different scattering channels, 
that is, flipping and non-flipping channels with spin and neu-
tron moments aligned or anti-aligned. The reflectivity curves 

are commonly fitted using the GenX package,[131] yielding the 
magnetic and chemical depth profiles. Note that for the deter-
mination of the magnetic depth profile of magnetic TI layers, 
PNR without polarization analysis is sufficient, that is, the 
polarization of the reflected neutron is not analyzed.[88]

Figure  5e illustrates the PNR technique: when interacting 
with magnetic moments in the sample, reflectivity curves for 

Adv. Mater. 2023, 35, 2102427

Figure 5.  Comparison of different magnetic characterization techniques. Top row: spatially resolving techniques; bottom row: spatially averaging 
techniques. a) XPEEM provides the spatially resolved, element-specific magnetization near the sample surface with a resolution down to ≈40 nm. The 
image shows magnetic domains in Cr-doped Sb2Te3. b) Scanning probe techniques rely on a probe being mounted on a force-sensing device (here 
a cantilever). In this example, SQUID-on-tip microscopy images show the out-of-plane component of the magnetic stray field of a Cr:BST sample at 
250 mK, in an opposite applied magnetic field of ≈300 mT, that is, the reversal of the magnetic domains is visible. c) MOKE is a surface-sensitive tech-
nique with a lateral resolution of ≈μm, which can be easily integrated within a cryostat.[145] d) XMCD and XMLD, which are carried out at synchrotrons, 
rely on the magnetic field or polarization-dependent XAS spectra and allow for the element-selective probing of the different forms of magnetic order. 
In TEY mode, the probing depth is ≈3–5 nm. In FY mode, the measurement is strongly material-dependent, and often limited by self-absorption and 
saturation effects. LY mode, on the other hand, probes the entire thin-film heterostructure. e) PNR is a neutron-based technique for the determination 
of the magnetic depth-profile down to the monolayer limit. The results shown are for the [CST/DBT] superlattice depicted in Figure 3. f) Electrical 
transport that probes the AHE is the key technique for studying MTIs, giving a magnetic response integrated over the commonly used, micrometer-
sized Hall bars. AHE and MOKE measurements can be combined in a single system.[145] b) Adapted with permission.[24] Copyright 2015, The Authors, 
published by American Association for the Advancement of Science. Reprinted/adapted from ref. [24]. © The Authors, some rights reserved; exclusive 
licensee American Association for the Advancement of Science. Distributed under a CC BY-NC 4.0 license. d) Adapted under the terms of the CC-BY 
Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).[267] Copyright 2019, The Authors, published by 
Springer Nature. e) Adapted with permission.[88] Copyright 2019, American Physical Society.
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oppositely polarized incoming neutrons are different (top plot 
in the middle), giving a spin asymmetry (bottom plot in the 
middle). Both chemical and magnetic depth profiles (plot on 
the right) are obtained after fitting the data with an appropriate 
model. Note that PNR is only sensitive to the in-plane moments 
of the sample; out-of-plane moments cannot be probed. In prin-
ciple, PNR can be sensitive to very thin magnetic layers, down 
to less than a nm, however, strongly depending on the overall 
properties of the specific sample giving enough contrast for that 
specific ultrathin layer. In the context of TIs, PNR has also been 
used to study proximity effects at the interface between mag-
netic insulators and TI layers,[132] antiferromagnets and TIs,[133] 
and the magnetic ordering in the intrinsic TIs as a function of 
septuple layer repeats.

3.2. Local Magnetic Properties

The probing of the magnetic contrast with lateral resolution 
is primarily a means to study magnetic domains.[134] This field 
goes back to the Bitter decoration technique in the 1930s,[135] 
but is still highly relevant nowadays for developing magnetic 
data storage and sensor technologies. As domains can be rather 
large, depending on the magnetic properties of the sample and 
its geometry, the micrometer resolution provided by magneto-
optic Kerr effect (MOKE) microscopy is sufficient for the study 
of many relevant magnetic materials. Regarding MTIs, it is also 
important to spatially resolve domain walls as they can control 
the chiral edge conduction associated with the QAHE.[136] With 
scanning probe microscopy (SPM) techniques and XMCD-
based photoelectron emission microscopy, it is possible to 
acquire a more detailed picture of magnetic domains and the 
structure of domain walls with a lateral resolution on the order 
of tens of nm. Even atomic resolution can be achieved using 
SPM, and, in combination with I−V spectroscopy, access to 
the electronic properties can be gained that is complementary 
to ARPES. Here, we refrain from covering I−V spectroscopy 
and electron microscopy techniques, such as Lorentz trans-
mission electron microscopy,[137] scanning electron microscopy 
with polarization analysis,[138] and spin-polarized low-energy 
electron microscopy,[139] because these techniques have not yet 
been used extensively for MTI research. The capabilities of the 
local probes covered here are illustrated in the upper half of the 
main panel in Figure 5.

3.2.1. Magneto-Optical Kerr Effect Magnetometry

The magneto-optical Kerr effect describes the changes of light 
polarization upon reflection from a magnetic material.[140] This 
effect originates from the spin–orbit coupling of the magnetic 
medium, as the incoming light provides a perturbing electric 
field to the orbital momentum of the electrons in the material, 
which is coupled to the spin momentum.[141] The change in 
the polarization angle or ellipticity of the reflected beam is (to 
first order) proportional to the magnetization of the medium. 
Following the Rayleigh criterion, the incident light can be 
focused down to sub-micrometer in diameter using a laser of 
visible wavelength, making it a powerful tool to non-invasively  

investigate the local magnetic properties of thin films and 
microstructures. Analogous to the Kerr effect that tracks the 
change in the reflection, the Faraday effect describes the polari-
zation change of the transmitted light, which is more conven-
ient for investigating optically transparent materials.

With the measurement geometry depicted in Figure  5c, 
MOKE has been employed to supplement magneto-transport 
and SQUID magnetometry in confirming magnetism of MTI 
films.[142] Although the detection depth of MOKE is in this 
case not precisely known, the penetration of a visible laser into 
heavy metals is known to be around 30 nm,[143] which provides 
an estimate for the relevant lengthscale. A systematic study of 
CST films has been conducted, which showed good agreement 
between the MOKE and transport results for various doping 
levels.[144,145] Furthermore, by scanning the laser spot across the 
film, MOKE magnetometry was used to determine the position 
of the edge of the EuS layer in EuS/Bi2Se3 heterostructures.[146] 
Moreover, a high-power laser can locally heat up a small area 
of the film and reduce the coercivity of a small spot, thereby 
allowing writing and erasing of arbitrary patterns in MTI 
films.[147] Finally, depending on the angle of incidence, polar 
MOKE and longitudinal MOKE can detect spins in out-of-plane 
and in-plane directions, respectively, giving insight into the 
domain wall of flipping spins in Bi2Se3/Y3Fe5O12.[148]

Apart from the laser scanning microscopes discussed above, 
wide-field MOKE microscopy provides a direct 2D visualization 
of magnetic features in a thin film, with a broadband source 
to evenly illuminate the whole sample of interest by polar-
ized light.[149] Utilizing its real-time resolving power, wide-field 
MOKE microscopes have been used to image magnetic skyr-
mion bubbles in heavy-metal/ferromagnet bilayer films.[150] 
Another application example is the real-time imaging of mag-
netization switching in Bi2Se3/Py heterostructures, which is 
driven by spin–orbit torques.[151]

3.2.2. Scanning Probe Microscopy

SPM offers a versatile platform for the exploration of the mag-
netic properties of thin-film samples and devices, and more-
over, of their electric and structural properties.[152] Here, we will 
focus on AFM-based techniques and leave scanning tunneling 
microscopy based techniques aside, as they have been mostly 
very successfully used for electronic spectroscopy of TIs.[153]

As illustrated in Figure 5b, a force sensor (here a cantilever) 
with an attached probe is raster-scanned over the sample at a 
certain distance above the surface, measuring the effective 
interaction force, and thereby collecting the desired magnetic 
information along with the topography signal. The most direct 
way of obtaining magnetic contrast is to use ferromagnetically 
coated cantilevers. In magnetic force microscopy (MFM), the 
magnetic contrast, stemming from the interaction of the out-
of-plane component of the magnetic stray field with the tip, is 
convoluted with the topographical contrast. The lateral reso-
lution is on the order of 30 nm.[154] MFM can be carried out 
in applied fields in atmosphere,[155] or in a superconducting 
magnet at low temperatures.[156] Note, however, that the max-
imum field applied to the sample is in practice limited by the 
coercive field of the tip.

Adv. Mater. 2023, 35, 2102427
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As stated above, the AFM principle offers a versatile plat-
form for the integration of other sensors, some of which are 
sensitive to magnetic sample properties, for example, scanning 
Hall probe microscopy,[157] SQUID microscopy,[158] and mag-
netic exchange force microscopy.[159] Especially SQUID micro
scopy (in form of the improved SQUID-on-tip design) has been 
used to investigate the magnetic domain pattern in Cr-doped 
(Sb,Bi)2Te3 films as shown in Figure  5b.[24] In their field- and 
temperature-dependent measurements, Lachman  et  al.[24] 
found that the magnetic order in these films is not long-
range, but, instead, superparamagnetic or superferromagnetic 
domains emerge, while paramagnetic patches remain visible 
far below TC.

Since magnetic order and electric transport are strongly 
intertwined in magnetic TIs, it is worth noting that there are 
also probes for the local conductivity of a thin-film sample. 
Microwave impedance microscopy has been developed to char-
acterize the local complex conductivity of a material.[160] In the 
context of TIs, it has been used to directly visualize edge states 
in QAH systems, and to study their magnetic field evolution.[161] 
Finally, scanning gate microscopy is a simple way to perturb 
transport in a device under investigation by providing a local 
biasing field. It has been used in an impressive demonstration 
of its abilities to spatially resolve scattering sites in quantum 
spin Hall systems, that is, 2D TI systems, limiting non-dissipa-
tive transport in the helical edge channels.[162]

3.2.3. X-ray Photoemission Electron Microscopy

In combination with photoemission electron microscopy 
(PEEM), XMCD and XMLD (see Section 3.1.1) are at the core of 
the X-ray PEEM magnetic microscopy technique,[163] or XPEEM 
for short, with an element-selective lateral resolution of ≈30 nm 
(Figure  5a). In theory, the lateral resolution can be further 
improved down to a few nm using aberration-corrected electron 
optics.[164] XMCD-PEEM is well-suited for the study of ferro-
magnetic domains in, for example, Cr:Sb2Te3,[165] and XMLD-
PEEM allows for the study of antiferromagnetic films. Note, 
however, that the films have to be conductive. The depth sen-
sitivity of XPEEM is determined by the mean free path of the 
secondary electrons, which is on the order of a few nm. While 
the temperature in XPEEM can be varied (typically between 
≈100 K and elevated temperatures) due to a UHV environment, 
its precise control and stabilization is in practice not possible 
in most synchrotron-based setups. Further, the measurements 
can effectively only be carried out in small fields (of up to some 
10 mT).[166] Finally, XPEEM also allows for time-resolved pump–
probe experiments with a temporal resolution of 30–50 ps.[167]

3.2.4. Muon Spin Rotation

Muon spin resonance (μ+SR) is the odd one out in this sec-
tion, as “local” does not refer to the ability to produce laterally 
resolved images, but to probe the magnetic properties in the 
local environment of an implanted muon.[168] In a nutshell, in 
a μ+SR experiment, a beam of highly spin polarized muons 
is implanted into the sample. Using accelerated high-energy 

protons to react with a graphite target, muons are obtained via 
the production of pions. At its stopping position, a muon expe-
riences an effective magnetic field, which is the sum of local 
internal and applied external fields, leading to a characteristic 
precession of its spin at the Lamor frequency. Once the muon 
decays after a mean lifetime of 2.2 μs, a positron is emitted pref-
erably along the direction of the muon spin at the time of the 
decay. By mapping the angular distribution of the positrons as 
a function of time, the time evolution of the statistical average 
direction of the spin polarization of the muon ensemble is 
obtained as the asymmetry function A(t). Its decay is generally 
fast if static magnetic fields are present, whereas it is slow in a 
paramagnetic environment. As the decay of A(t) is also sensi-
tive to the spatial distribution and dynamical fluctuations of the 
local magnetic environment, valuable information about, for 
example, the spatial homogeneity of the magnetic order can be 
obtained. In combination with the ability to implant muons in 
a shallow region below the surface, so-called low-energy μ+SR 
has proven invaluable for developing a microscopic picture 
of magnetic ordering in dilute magnetic semiconductor thin 
films,[169] which are in many ways comparable to magnetically 
doped TI films in that they show a coexistence of ferromagnetic 
and paramagnetic regions.[170]

3.3. Conductivity Probes for the Quantum Anomalous Hall State

3.3.1. Magneto-Transport

Magneto-transport measurements provide direct access to 
quantum conductance phenomena such as the QAHE and 
axion insulator state. Depending on the lowest temperature 
required, the measurement can be carried out in a 4He cryostat 
(base temperature of ≈1.6 K), a 3He cryostat (base temperature 
of ≈300 mK), or a dilution refrigerator (base temperature of 
≈10 mK). The standard four-terminal measurement scheme is 
advantageous over the two-terminal counterparts, as it reduces 
the contribution of the resistance from the contact pads and 
wires. In order to measure the longitudinal and transverse 
resistances of the TI film, the sample needs to be fabricated into 
micrometer-sized Hall bar devices. The common Hall bar struc-
ture and experimental geometry are illustrated in Figure  5f, 
with an example hysteresis loop showing the AHE. For meas-
urements on TIs, a gate voltage is applied to tune the location of 
the Fermi level with respect to the band edges. The gate poten-
tial can be applied from the top of the device through a nm-thin 
layer of dielectric material such as Al2O3, or, from the bottom 
of the device via a thin insulating or semi-insulating substrate.

Regarding the fabrication of Hall bar devices, in most cases, 
standard photolithography is used for TIs, followed by wet 
etching using acid solutions,[32] or dry etching using Ar ion 
beam bombardment.[171] Next, a Ti/Au layer is evaporated onto 
the sample to provide electrical contacts to the TI. The sample 
is then placed in a chip carrier and electrically connected up 
using Au wire bonding. Photolithography and wet/dry etching 
have been widely applied to fabricate TI heterostructures 
including QAH insulator structures.[30]

Apart from photolithography and wet/dry etching, mechan-
ical scratching was initially used to produce Hall bar devices 
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from TI films.[31,172] In fact, the first QAH insulator device 
reported in the literature was fabricated via mechanical 
scratching.[22] In this approach, the TI film is first scratched by 
metal tips or scalpels to form a Hall bar, and then glued to a 
chip carrier using conductive silver paste. Ohmic contacts are 
formed by manually pressing In electrodes onto the Hall bar 
and then connecting them via Au wires to the chip carrier. This 
crude approach may have the advantage that the contamina-
tion is reduced since the sample is not exposed to acids or ion 
beams, however, the scratched devices are usually very large 
(a few millimeters). Also, they can only be fabricated one-by-
one with very little control over the quality, making repetitive 
measurements impossible.

3.3.2. Terahertz Time-Domain Spectroscopy

As the photon energy of visible light is on the order of 1 eV, 
that is, significantly larger than the surface bandgap of MTIs 
(tens of meV), MOKE and Faraday effect measurements on TI 
films can excite charge carriers. On the other hand, the photon 
energy of terahertz (THz) radiation is only a few meV, which 
means that it is transmitted through MTI films without exciting 
carriers. Therefore, terahertz time-domain spectroscopy (THz-
TDS) works as a powerful optical probe to investigate magneto-
optical properties of topological surface states. In a THz-TDS 
experiment, ultrafast laser pulses excite a photoconductive 
emitter and receiver in the THz range, and the complex con-
ductance of the material is obtained from analyzing the THz 
transmission through the TI film and substrate.

The complex Faraday and Kerr rotation of the TI material can 
also be detected using THz-TDS, by adding two wire-grid polar-
izers and a fast-rotating polarizer in the transmission geometry 
for polarization modulation.[173,174] In this case, the substrate 
works as an optical resonator to separate the transmitted light 
pulses in the time domain, with each pulse going through sub-
sequently more reflections between TI surfaces before the final 
transmission. The first transmitted pulse provides information 
on the Faraday rotation and its subtraction from the second 
pulse provides the Kerr rotation. Using polarized THz-DES, the 
realization of the QAHE has been successfully confirmed in 
MTI heterostructures,[175] which revealed itself through quanti-
zation of the Faraday/Kerr angle that is related to the fine struc-
ture constant.[173,176]

4. Magnetic Heterostructures

4.1. Magnetic-Doped Quantum Anomalous Hall Insulators

Following the theoretical prediction that the magnetic dopants 
Fe and Cr can introduce the QAH insulator state in Sb2Te3, 
Bi2Te3 and Bi2Se3,[21] the structural, magnetic, and electronic 
properties of MBE-grown CST films were systematically 
investigated.[77,93,144] The crystal structure schematic is pre-
sented in Figure 6a, illustrating a rhombohedral lattice with Cr 
replacing Sb. Using XMCD, we have found that Cr 3d and Sb 
5p moments are aligned parallel to each other, while the Te 5p 
moment is antiparallel to the former two.[93] Figure  6b shows 

the XRD spectra of CrxSb2−xTe3 for various doping levels. We 
have found that all CrxSb2−xTe3 films can remain of good crys-
tallinity even for the highest doping level of x = 0.76. The mag-
neto-transport results for Cr0.58Sb1.42Te3 and Cr0.76Sb1.24Te3 films 
are illustrated in Figure 6c. The longitudinal resistances of both 
films below the Curie temperature demonstrate a butterfly 
shape due to spin-dependent carrier scattering, which reaches 
a maximum around the magnetization reversal. The hysteresis 
loops revealed in the Hall resistance graph confirm the out-of-
plane long range ferromagnetic order. Using Kouvel–Fisher 
plots, we obtain Curie temperatures of 132 K for x = 0.58, and 
176 K for x  = 0.76, respectively.[144] The record transition tem-
perature reported for CrxSb2−xTe3 is 190 K for x = 0.59.[73] Note 
that the differences in transition temperatures for a nominal 
doping concentration are due to both, the different definition 
and method used for obtaining the transition temperature, and 
the technique used for determining the doping concentration. 
In general, the transition temperatures for MBE-grown thin 
films are much higher than for doped bulk crystals owing to 
the lower solubility limit in the bulk (e.g., x  = 0.095 in bulk 
CrxSb2−xTe3 leading to a transition temperature of 20 K[177]).

While our studies on Cr:Sb2Te3 were underway, the QAHE 
was first experimentally realized in 5 nm-thick Cr:BST films.[22] 
By tuning the voltage of the back gate (VG) to –1.5 V, the Fermi 
level resided in the surface bandgap, and the Hall resistivity 
reached the quantized value of h/e2 at 30 mK, a temperature 
accessible by dilution refrigerators but not by He cryostats. As 
mentioned earlier, this temperature is significantly below the 
Curie temperature at 15 K due to the large Dirac-mass dis-
order.[23] After the initial success of observing quantized edge 
conductance in Cr-doped BST at 30 mK and then in V-doped 
BST at 120 mK,[29] many experimental attempts have been made 
to increase the realization temperature of the QAHE, mostly by 
changing the doping scheme in BST.[30,31,171,178] Among these 
attempts, two specific approaches of material doping can be 
highlighted in particular. The first approach is the co-doping. By 
co-doping BST with both Cr and V simultaneously, the Hall con-
ductance of the material can stay close to the quantum regime 
up to 1.5 K.[31] It was suggested that the co-doping provides the 
combined effect of a large magnetic moment (from Cr) and a 
strong perpendicular anisotropy (from V), overall resulting in a 
large out-of-plane moment in the host material. As a result the 
surface bandgap can be sustained to a higher temperature in 
the co-doped BST film. It should be noted though that we also 
experimented the co-doping scheme of Cr and V but on Sb2Te3 
films. We found that V works as a surfactant which undesirably 
prevents the substitutional doping of Cr into Sb sites, leading to 
the formation of the secondary phase Cr2Te3.[145,179]

Apart from co-doping, the other highlighted approach to 
QAH insulators is modulation doping in heterostructures,[30] 
that is, periodically inserting a doped Cr:BST layer during the 
growth of non-doped BST films, a technique that had been 
applied to GaAs/AlxGa1−x. As semiconductor heterostructures 
to achieve a high carrier mobility.[180] In the study of modulation 
doping, several types of [Cr:BST/BST] films were engineered: 
Cr:BST single-layer, Cr:BST/BST/Cr:BST bilayer, and BST/
Cr:BST/BST/ Cr:BST/BST pentalayer. The layer schematics and 
corresponding transport results are demonstrated in Figure 6d. 
It can be seen that, the Hall resistance of the single-layer film 
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is fully quantized at 50 mK (see inset) and decreases to 0.8h/e2 
when the temperature rises to 0.5 K, at which the QAHE is still 
preserved in the heterostructure samples. This is because, in the 
heterostructure films, 1 nm-thick heavily-doped Cr:BST layers 
induce a large-bandgap due to the high Cr concentration, while 
the edge conduction in the surface states is preserved due to 
the reduced impurity scattering. The QAHE temperature of the 
pentalayer film is therefore increased to 2 K through the sepa-
ration of magnetic dopants and surface conduction channels.

4.2. Magnetic-Insulator/Topological-Insulator Heterostructures

Since magnetic dopants inevitably introduces defects to the 
surface states of a single-layer TI film, magnetic proximity cou-
pling has been raised as an alternative approach to break the 
time-reversal symmetry while maintaining the TI surface free 
from impurities.[27,28] Magnetic insulators such as EuS have 
Curie temperatures above the mK range and their insulating 
nature keeps them away from interfering quantum conduct-
ance in MI/TI heterostructures.[170,181–184] EuS films with a TC 
of ≈17 K have an in-plane magnetic easy axis, yet there are hints 
that the magnetic moments are canted at the interface of EuS/
Bi2Se3 heterostructures.[146,185] Based on PNR measurements, 
Katmis  et  al. claimed the existence of interfacial ferromag-
netism in EuS/Bi2Se3, with the magnetic ordering extending 

up to 2 nm into the Bi2Se3 layer.[186] This short-range ferromag-
netism was still observable at room temperature despite the low 
TC of EuS, which is very peculiar and was argued to be due to 
the strong SOC from the surface of Bi2Se3. In another study 
of EuS/Bi2Se3, Lee  et  al. found both in-plane and out-of-plane 
ferromagnetic moments using magnetic second-harmonic gen-
eration.[187] Both claims have been challenged by a more recent 
XMCD study of EuS/Bi2Se3 and EuS/BST, in which neither sig-
nificant induced magnetism in the TIs nor an enhancement of 
the magnetic moment of Eu near the interface was found.[188] 
In fact, the induced magnetic moments were below the typical 
XMCD detection limit of ≈10−3 μB for these materials (see Sup-
porting Information in ref. [188]).

Apart from EuS, interfacial magnetism has been studied 
in TIs in proximity to other MI materials, such as Tm3Fe5O12 
(TIG),[90,189,190] Y3Fe5O12 (YIG),[148,191–197] Cr2Ge2Te6,[198–200] and 
BaFe12O19.[201,202] Tang  et  al. observed an robust AHE in BST 
films at 400 K which were proximity-coupled to TIG, a ferri-
magnetic insulator material with a TC of 560 K.[90] The magnetic 
interaction in TIG is through superexchange leading to antifer-
romagnetic coupling between Fe moments. Figures 7a and 7b 
show the schematic of the BST/TIG heterostructure studied by 
Tang  et  al. and its corresponding band structure, respectively. 
The TIG layer is grown on a substituted gadolinium gallium 
garnet (SGGG) substrate, so it experiences tensile strain which 
helps to establish out-of-plane anisotropy, breaking the TRS in 
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Figure 6.  Cr-doped TI single-layer films and heterostructures. a) Crystal structure of Sb2Te3 with substitutional Cr doping (on Sb sites). The spin orienta-
tions of the individual elements were determined using XMCD. b) Out-of-plane XRD spectra of CrxSb2−xTe3 films for several Cr doping concentrations. 
c) Temperature-dependent transport results for CrxSb2−xTe3 films (x = 0.58 [below] and 0.76 [above]). Left: longitudinal resistance versus magnetic field; 
right: Hall resistance versus magnetic field. d) Transport results (at 0.5 K) for a Cr:BST single-layer (top), a modulation-doped trilayer (middle), and 
a pentatuple layer (bottom) structure (in which the second type of layer is undoped BST). The QAHE was observed in all films, but up to different 
temperatures. Insert in the top panel: transport results of the single-layer film at 50 mK. a) Adapted under the terms of the CC-BY Creative Commons 
Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).[93] Copyright 2017, American Physical Society. b,c) Adapted under 
the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).[144] © Copyright 2018, 
The Authors, published by Springer Nature. d) Reproduced with permission.[30] Copyright 2015, AIP Publishing.
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the BST layer and inducing an exchange gap (Δex) in its sur-
face states. Smooth interfaces are found in the BST/TIG film 
without visible defects or secondary phases, as revealed by the 
cross-sectional TEM image (Figure 7c). Figure  7d,e shows the 
results of Hall resistance measurements in the BST/TIG het-
erostructures at 400 K with different Bi to Te ratios (x  = 0.20 
and 0.30 in (BixSb1−x)2Te3). These ratios were chosen to tune 
the carrier type in BST by positioning the chemical poten-
tial just below (x = 0.20) and above (x = 0.30) the Dirac point, 
respectively, as indicated in the lower insert of the figures. The 
square-shaped hysteresis loops confirm the existence of out-
of-plane ferromagnetic ordering in TIG/BST. Since TIG has a 
significantly larger resistivity than BST, and therefore contrib-
utes an insignificant number of carriers, the opposite polarities 
of the linear slope corresponds to the different carrier types in 
BST, that is, holes for x = 0.20 and electrons for x = 0.30. The 
longitudinal resistance of both films decreases monotonically 
as the temperature increases (see upper inset), matching the 
behavior of bulk semiconductors where the chemical potential 
resides in the bulk gap.

The ferrimagnetic insulator YIG that shares similar struc-
tural and magnetic properties to TIG. Che  et  al. produced 
Bi2Se3/YIG heterostructures with high crystallinity and abrupt 
interface (see Figure  7f for the cross-sectional HAADF-STEM 

image).[195] The schematics of the three films investigated are 
depicted in Figure  7g. Apart from the main Bi2Se3/YIG film 
marked as BS1, there are two other samples introduced in this 
study for reference: Bi2Se3/AlOx/YIG (BS2) in which the inter-
facial coupling between MI and TI is suppressed by the inser-
tion of an AlOx layer, and Bi2Se3/GaAs (BS3) to verify if the 
origin of magnetization in BS1 is coming from YIG. Figure 7h 
shows the Hall resistance results for the three samples at 1.9 K 
before (lower insert) and after (main figure) subtraction of the 
linear background aligned at high fields, and the upper insert 
shows the measurement geometry of the Hall bars. The AHE 
becomes visible for the BS1 sample after background removal, 
proving the broken TRS in the heterostructure in an external 
magnetic field. In contrast, there is no sign of an AHE in the 
reference samples. A detailed temperature-dependent study 
was carried out for BS1, which reveals a gradual reduction of 
the AHE signal as the temperature is increased from 1.9 to 30 K 
(Figure 7i). This behavior is in contrast to the magnetic proper-
ties of bare YIG, for which an out-of-plane magnetic moment is 
found at 300 K as shown in the lower insert of Figure 7i.

It should be mentioned that a reciprocal effect has also been 
found in MI/TI heterostructures, that is, magnetism in an MI 
can also be significantly influenced by the interfacing of a TI. 
In a recent study of YIG/Bi2Se3 heterostructures,[197] the TSS in 
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Figure 7.  Magnetic-insulator/TI heterostructures: BST/TIG and Bi2Se3/YIG. a) Schematic of the TI/TIG heterostructure with spins pointing out-of-
plane. b) Schematic showing the opening of the surface bandgap (Δex) due to exchange interaction. c) Cross-sectional HR-TEM image of the TIG/BST 
(20 QL) bilayer structure. d,e) Hall resistance of TIG/(BixSb1−x)2Te3 (5 QL) at 400 K, with x = 0.20 and x = 0.30, respectively. Upper insert: temperature 
dependence of the longitudinal resistance of the film. Lower insert: schematic illustrating the chemical potential of the surface state. f) Cross-sectional 
HAADF-STEM image of the YIG/Bi2Se3 bilayer structure. g) Schematic showing the layered structures of three different YIG/Bi2Se3 films, marked as 
BS1, BS2, and BS3, respectively. h) Hall resistance of the three YIG/Bi2Se3 films at 1.9 K, after subtracting the linear background. Upper insert: geometry 
of the electrical transport measurements. Lower insert: Hall resistance results before subtracting the linear background. i) Hall resistance of BS1 at 
different temperatures. Upper insert: schematic of the bilayer film demonstrating interfacial exchange. Lower insert: magnetization of the YIG film at 
300 K measured by polar MOKE. a–e) Adapted with permission.[90] Copyright 2017, The Authors, published by American Association for the Advance-
ment of Science. Reprinted/Adapted from ref. [90] © The Authors, some rights reserved; exclusive licensee American Association for the Advancement 
of Science. Distributed under a CC BY-NC 4.0 license. f–i) Adapted with permission.[195] Copyright 2018, American Chemical Society.
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Bi2Se3 can produce a perpendicular magnetic anisotropy, which 
results in a decrease in the gyromagnetic ratio and enhance-
ment of the damping in YIG. This new approach of controlling 
magnetism of ferromagnetic layers through proximity to TIs is 
worth further investigations.

Despite the success of establishing short-range magnetic 
order and independently tuning the electronic and magnetic 
properties of TI layers,[193] the Hall resistances demonstrated 
in most MI/TI heterostructures are still far from the quantum 
regime. One possible explanation of this shortcoming is the 
weak exchange interaction between the MI and the TI layer 
due to their distinctly different lattice structures, resulting in 
a small bandgap in the topological surface states. It is worth 
noting the exceptional case of (Zn,Cr)Te/BST/(Zn,Cr)Te, a 
MI/TI/MI system in which the QAHE was demonstrated at 
0.1 K,[32] resulting from the strong exchange coupling between 
the Te atoms in (Zn,Cr)Te and BST, and the smooth interfaces 
between these lattice-matched layers. It is therefore desirable 
to improve the design of TI heterostructures to combine mate-
rials with similar structural properties in adjacent layers, one 
example being the rare-earth-doped TI superlattice systems 
described in the next section.

4.3. Rare-Earth-Doped Single-Layer Films and Heterostructures

It is known that the bandgap size of the topological surface 
states is proportional to the magnetic moment in MTI films. So 
far, all QAH insulators have been doped with transition metal 
elements with an atomic moment of less than, or on the order 
of (for Cr), 3 μB. To overcome the dilemma of small bandgap 
(low doping scenario) and large surface disorder (high doping 
scenario), RE elements with large atomic moments have been 
considered as alternative dopants to raise the QAHE temper-
ature.[203] Although there is still no evidence of QAHE, novel 
electronic and magnetic properties have been demonstrated 
in RE-doped TIs. For instance, Gd-doped (Bi,Sb)2(Te,Se)3 was 
found to transform from a paramagnetic to antiferromagnetic 
phase upon cooling, a phenomenon explained by Gd–Gd 
exchange coupling through Te ions.[127,204,205] Sm-doped Bi2Se3 
which can exhibit ferromagnetism up to 52 K[206] has also been 
proposed as a possible magnetic axion insulator system to 
realize chiral hinge states and surface QAHE.[207]

We grew Bi2Te3 thin films doped with Ho, Gd, or Dy, and 
confirmed good crystal structure with substitutional doping 
in all films, with a RE concentration of up to x = 0.355 in the 
form of (RExBi1−x)2Te3.[80–82,84,116,126,208] Using SQUID mag-
netometry, we have found that all the (RExBi1−x)2Te3 films 
investigated are paramagnetic (Figure  8a). While the atomic 
moments of RE elements in(HoxBi1−x)2Te3 and (GdxBi1−x)2Te3 
films are independent of doping concentration, a monotonic 
increase in the atomic moment is observed in (DyxBi1−x)2Te3 
following the decreasing doping, reaching up to 12.6 μB in the 
lowest doped film (x = 0.046),[81] which is shown in Figure 8b. 
This may be explained by antiferromagnetic ordering in highly 
doped Dy:Bi2Te3 reminiscent of elemental Dy.[209] Interestingly, 
despite the absence of ferromagnetic ordering, a gap opening 
was observed in (Dy0.113Bi0.887)2Te3 using ARPES at both low 
temperature and room temperature,[83] while the surface Dirac 

point was found to preserve in Ho- and Gd-doped films.[80,116] 
Figure  8c shows the band structure and energy distribution 
curve of (Dy0.113Bi0.887)2Te3 along the Γ−K direction. A gap 
opening can be found at the Dirac point (indicated with arrow) 
of the linear-dispersed surface band, which is also reflected as 
a local intensity peak in the energy distribution curve. Mean-
while, the surface band of (Dy0.055Bi0.945)2Te3 is gapless (not 
shown here), similar to Ho- and Go-doped films. Further, inho-
mogeneous and short-ranged ferromagnetic patches have been 
revealed in Dy:Bi2Te3 surrounded by a paramagnetic matrix, 
indicating the possibility of establishing magnetic order by 
proximity coupling to FM layers.[86]

Following the experimental results listed above, we designed 
a magnetic TI superlattice system with alternating transition 
metal and rare earth doping, that is, [CST/DBT].[87] XMCD 
measurements were applied to the superlattice in order to 
probe the magnetism in a element-specific way. Figure  8d 
shows the Arrott plots of the XMCD peak asymmetries at Cr L3 
(in TEY) and Dy M5 (in LY) edges. By producing a linear fit at 
the high magnetic field region, we find ferromagnetic order at 
remanence in both CST and DBT layers of the sample, with a 
Curie temperature of 70 and 17 K, respectively. First-principles 
calculations demonstrate that ferromagnetism extends over 
several atomic layers from the interfaces into DBT, which origi-
nates from strong antiferromagnetic coupling between Cr and 
Dy across the interface. The predicted Curie temperature of the 
DBT layers is 23 K, in good agreement with the experimental 
results. Due to the limitation of XMCD itself that is either sen-
sitive only to the surface or the entire film stack, we also carried 
out PNR measurements to layer-resolve the magnetic profile 
of another [CST/DBT] superlattice sample.[86] The PNR results 
are shown in Figure 8e, with an in-plane external field applied 
at 3 and 30 K. Through developing a model that best fits the 
experimental data under a field of 0.65 T (top and middle 
panels of Figure 8e), we find that magnetization of the superlat-
tice looks homogeneous throughout individual layers without 
apparent interfacial effects. Another PNR measurement under 
a small field of 0.02 T (bottom panel of Figure  8e) demon-
strated small but existent net moment in Dy-doped layers, indi-
cating that a complex spin arrangement may be present, such 
as antiferromagnetic order or twisted spin structures. Finally, 
we have also discovered exchange bias effect in the [CST/DBT] 
superlattice system,[210] which will be discussed in detail in the 
following section.

4.4. Exchange-Biased Heterostructures

The exchange bias effect reveals itself as a horizontal shift in 
magnetic hysteresis loops after field-cooling (FC).[211] Exchange 
bias has been found in many FM/AF heterostructures, as the 
spins of the FM layer close to the interface are pinned by the 
AF layer via the exchange interaction, changing the magnitude 
of external field required to complete a magnetization reversal. 
Further, extra uniaxial anisotropy has been identified in sev-
eral ferromagnetic materials due to the exchange coupling to 
antiferromagnets, resulting in an increased TC of the ferromag-
netic layer.[212–214] He et al. demonstrated exchange bias in [CST/
CrSb]n superlattices,[215] in which antiferromagnetic CrSb is well 

Adv. Mater. 2023, 35, 2102427
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lattice-matched to CST, allowing for the growth of high-quality 
epitaxial CST films. Proximity coupling to CrSb modulates the 
spin textures in CST close to the interface, and elevates its TC 
monotonically from 40 to 90 K when [CST/CrSb]n is stacked up 
from n = 0 (only CST layer) to n = 10. Apart from CrSb, antifer-
romagnetic Cr2O3 is also lattice-matched to the (Bi,Sb)2(Te,Se)3 
family. Wang  et  al. found that by increasing the thickness of 
the Cr2O3 layer from 1 to 35 unit cells (1 unit cell is ≈1.36 nm 
thick), the TC of CST/Cr2O3 heterostructures increases from 
39 to 50 K compared to the CST single-layer film.[216] In addi-
tion, due to the competition between the Zeeman energy of the 
Cr2O3 layer and the antiferromagnetic coupling energy between 
CST and Cr2O3, both positive and negative exchange bias can 
be demonstrated in CST/Cr2O3 heterostructures, by tuning the 
magnitude of the external magnetic field during the cooling 
process. Recently, both exchange bias and the QAHE have been 
realized in a CST/Cr2O3 system.[33] The QAHE temperature 
was 20 mK and only positive exchange bias was observed in 
the system.

Exchange bias has also been demonstrated in [CST/DBT]10 
superlattices.[210] Using HAADF-STEM, abrupt interfaces and 
constant layer thicknesses throughout the stack were con-
firmed (Figure  9a). Figure  9b shows the hysteresis loops of 
[CST/DBT]10 measured at 1.8 K after out-of-plane field cooling 
from room temperature. Clearly, positive-field-cooling (PFC, 
in orange) and negative-field-cooling (NFC, in purple) induces 
loop shifts towards the opposite direction. The hysteresis 
recorded after zero-field-cooling (ZFC, in black) is also demon-
strated as a reference, showing no sign of a horizontal shift. 
The exchange bias field (HEB), defined as the shift of the center 
of the loop from the unbiased case, decreases monotonically 
from 0.08 T at 1.8 to 0 at 100 K (Figure  9c). This finding is 
rather unexpected in the [CST/DBT] system as DBT itself is par-
amagnetic instead of antiferromagnetic.[86] In order to under-
stand the microscopic origin of the exchange-biased magnetic 
response, density functional theory calculations were carried 
out showing that when [CST/DBT]10 is positive-field-cooled, 
the most stable spin configuration of the Cr-Dy-Dy chain at the 

Adv. Mater. 2023, 35, 2102427

Figure 8.  Rare-earth-doped MTIs. a) Out-of-plane magnetometry results of the (RExSb1−x)2Te3 films, with RE = Dy, Ho, or Gd. b) Atomic magnetic 
moment of the RE dopants in the (RexSb1−x)2Te3 films with different doping concentrations. c) ARPES results for a (Dy0.113Bi0.887)2Te3 thin film, showing 
the band structures along the K−Γ−K direction (left) and energy distribution curves (right), at 20 and 300 K, respectively. The locations of Dirac point 
are indicated by arrows. d) Arrott plots extracted from XMCD results of a [CST/DBT] superlattice sample. The XMCD peak asymmetry of the Cr L3 and 
Dy M5 edges are obtained in TEY and LY modes, respectively. e) PNR data and associated fits of another [CST/DBT] superlattice sample with an in-plane 
magnetic field. Top: reflectivity curve for spin-up and spin-down neutrons at 3 K in a field of 0.65 T; middle/bottom: spin asymmetries at 3 and 30 K 
in a field of 0.65 and 0.02 T, respectively. a,b) Reproduced with permission.[203] Copyright 2019, Wiley VCH. c) Adapted under the terms of the CC-BY 
Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).[83] Copyright 2015, The Authors, published by 
Springer Nature. d) Reproduced with permission.[87] Copyright 2018, The American Physical Society. e) Adapted with permission.[88] Copyright 2019, 
The American Physical Society.
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interface is the “up–down–up” configuration. Figure 9d depicts 
the interfacial spin configurations of Cr-Dy-Dy in a hysteresis 
loop after PFC. The calculation therefore indicates possible 
antiferromagnetic ordering in DBT induced by proximity cou-
pling to CST at the interface. The density-of-states of the Cr-
Dy-Dy chain in the “up–down–up” configuration is shown in 
Figure 9e. The distribution of Cr states is mainly concentrated 
at around EF, while Dy states mostly reside at –22 eV, indicating 
Cr dopants contribute carriers and increase the conductivity 
of the film, whereas Dy dopants have a marginal effect on the 
conductivity. This finding echoes the high-resistivity that was 
found in DBT single-layer films.[210] Further, as illustrated in 
Figure 9f, by comparing the temperature-dependent magnetiza-
tion, an increase of TC by 60 K was observed in the [CST/DBT]10 
superlattice (TC = 140 K, in red), compared to a CST single-layer 
film (TC = 80 K, in green) grown under the same conditions.

Based on the examples illustrated above, exchange-biased 
heterostructure engineering can be a promising route to 
increase the magnetic ordering temperature of MTI films 
without decreasing their crystalline quality, and various QAH 
insulators, such as Cr-doped and V-doped BST, are encouraging 
choices for the integration into advanced MTI/AF systems. 
Apart from ferromagnetic TI films, the anomalous Hall and 
exchange bias effects have also been observed in undoped BST 
films in proximity to antiferromagnetic MnTe. Seeding of topo-
logical charges was found in BST/MnTe heterostructures which 
was ascribed to interfacial spin pinning,[217] leading to the topo-
logical Hall effect in electrical transport. When first observed, 
the THE was considered as being intimately connected to chiral 

spin textures in real space, such as magnetic skyrmions,[218] as 
will be discussed in detail in the next section.

4.5. Magnetic Skyrmions and Topological Hall Effect

Magnetic skyrmions are small, concentric whirls of gradually 
canting spins, which can be regarded as quasiparticles origi-
nating from topological defects in real space.[219] Depending 
on their symmetry, most skyrmions can be categorized into 
two types shown in Figure  10a: Bloch-type skyrmions with a 
swirl, which can be clockwise or counter-clockwise, and Néel-
type skyrmions in which the in-plane component of the spins 
is either pointing towards the center or away from it. Skyr-
mions can be as small as some nanometers in diameter, dic-
tated by the strength of the symmetric exchange interaction, 
the antisymmetric Dzyaloshinskii–Moriya interaction (DMI), 
and the anisotropy of a material.[220] They can be created, trans-
lated and annihilated, making them ideal candidates for, for 
example, racetrack memory,[221] radio-frequency devices,[222] 
logic gate devices,[223] and magnonic crystal applications.[224] 
The DMI, which is a prerequisite for the formation of skyr-
mions, arises from strong SOC. Considering that strong SOC 
is also a fundamental materials requirement for TIs, it is not 
entirely surprising that skyrmions may also be observed in 
TI heterostructures.

In fact, skyrmionium (a composite skyrmions with a double-
twisted core) has been observed in NiFe/CST heterostruc-
tures,[165] where the NiFe film was grown as a wedge, allowing 

Adv. Mater. 2023, 35, 2102427

Figure 9.  Exchange-biased [CST/DBT]10 superlattice. a) Schematic and cross-sectional HAADF-TEM images of the [CST/DBT]10 superlattice. b) Exchange-
biased hysteresis loops of the superlattice measured at 1.8 K, after positive-field-cooling (PFC), negative-field-cooling (NFC), and zero-field-cooling 
(ZFC) from room temperature. c) Temperature-dependent exchange bias field of the superlattice. d) Schematic of the spin configurations at the Cr/Dy 
interface after PFC. e) Density-of-states of the interfacial Cr-Dy-Dy chain in the “up–down–up” configuration. f) Temperature-dependent magnetization 
of the [CST/DBT]10 superlattice and CST single-layer film. Adapted under the terms of the CC-BY Creative Commons Attribution 4.0 International license 
(https://creativecommons.org/licenses/by/4.0).[210] Copyright 2020, The Authors, published by American Chemical Society.
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for the convenient imaging of the thickness dependence of 
skyrmionium formation. Figure  10b shows the schematic of 
the heterostructure, illustrating the presence of interfacial DMI 
and the topological surface state in the TI layer. Using XPEEM 
mapping at the Fe L3 absorption edge, it is clear that skyrmio-
nium solely forms in the NiFe layer, however, only below the 
Curie temperature of CST, indicating an intimate relationship 
between the real-space spin texture and the ferromagnetic 
ordering of the MTI layer. Figure 10c shows an XPEEM image 
of an isolated skyrmionium, with X-rays incident from dif-
ferent directions. Further, skyrmionium was only observable at 
an intermediate thickness range of the NiFe layer, where NiFe 
is thick enough to establish long-range magnetic order, yet 
thin enough to have proximity coupling dominating over the 
demagnetization energy. The formation of skyrmionium can 
also be manipulated by applying an external magnetic field. By 
gradually increasing the out-of-plane field from 0 to 12.8 mT, 
individual skyrmioniums can be generated and moved away 
from the sample edge, with variable diameters at different field 
magnitudes (see Figure 10d for detail).

As was mentioned in the previous section, the THE was 
observed in exchange-biased BST/MnTe heterostructures.[217] 
Revealing itself as an additional hump in the Hall resist-
ance usually around the magnetization reversal, the THE is 
a transport signature tied to non-trivial spin textures such as 

magnetic skyrmions. This hump originates from the extra scat-
tering factor to the conduction carriers induced by an emergent 
magnetic field from skyrmions.[225] Apart from BST/MnTe, 
the THE has also been found in Mn-doped Bi2Te3 films,[226] 
Cr:BST/BST,[227] Cr2Te3/Bi2Te3,[228] BaFe12O19/Bi2Se3,[229] GdFeO/
BST,[230] and Sb2Te3/V:Sb2Te3 heterostructures.[231] Recently, 
the concurrence of both QAHE and THE was realized in 
Cr:BST/BST/Cr:BST sandwich structures (schematic shown in 
Figure  10e).[232] Figure  10f shows the Hall resistance (middle 
panel) and longitudinal resistance (bottom panel) of the film 
at 30 mK with different bottom gate voltages (Vg): i) –220 V, 
ii) –140 V, iii) –100 V, iv) 0 V. When Vg < 0, extra humps (shaded 
in green) can be found in the loops, and a zoom-in of this THE 
feature is illustrated in the top panel. Further, the QAHE is 
realized in the film when Vg  = 0. The size of the THE hump 
decreases monotonically with increasing temperature and dis-
appears at 5 K (Figure 10g).

It should also be noted that the observation of the THE alone 
does not conclusively prove the presence of magnetic skyr-
mions, as has been pointed out in several studies.[233–239] This is 
because the ferromagnetism in different parts of a sample, for 
example, surface and bulk, may have different coercivities and 
temperature dependencies, such that the combined hysteresis 
loop can have humps mimicking a skyrmion-induced topolog-
ical Hall signal.[240,241] It is therefore important not to solely rely 

Adv. Mater. 2023, 35, 2102427

Figure 10.  Magnetic skyrmions and topological Hall effect in MTI heterostructures. a) Schematic showing the two most common types of magnetic 
skyrmions: Bloch- (left) and Néel-type skyrmions (right). b) Schematic of the NiFe/CST heterostructure, illustrating a skyrmionium in the NiFe layer, the 
origin of the DMI, and the connection with topological surface states in the CST layer. c) Skyrmionium mapped by XPEEM at 44 K with the X-ray energy 
tuned to the Fe L3 absorption edge. The X-rays were incident from two perpendicular directions. d) XPEEM results showing the creation and manipula-
tion of skyrmionium by applying an out-of-plane field in a wedge-shaped NiFe film on CST. e) Schematic of the CST/BST/CST structure in which both 
the QAHE and THE occur at the same time. f) Transport results of the CST/BST/CST structure at 30 mK obtained with different gate voltages. Top: 
zoom-in of the THE-hump (shaded in green); middle: Hall resistance versus applied field; bottom: longitudinal resistance versus applied field. g) Zoom-
in of the THE-hump at different temperatures. b–d) Adapted with permission.[165] Copyright 2018, American Chemical Society. e–g) Reproduced with 
permission.[232] Copyright 2020, The Authors, published by Springer Nature.
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on transport measurements to probe skyrmions in magnetic 
films, but to conduct supporting measurements by, that is, 
resonant soft X-ray scattering for ordered systems or real-space 
magnetic imaging for individual skyrmions.[242–245]

5. Conclusions and Perspectives: MnBi2Te4 and 
Beyond
We have given a broad overview of different aspects of mag-
netic topological insulator heterostructures, covering their 
growth and structure, their electronic and magnetic proper-
ties and most common characterization techniques, followed 
by an illustration of QAH insulators, MI/TI heterostructures, 
RE-doped TI materials, exchange-biased heterostructures, and 
heterostructures hosting skyrmions or showing the THE. The 
synthesis of heterostructures provides the freedom to design 
materials for use at the quantum limit, such as the QAH insu-
lator state or the magnetoelectric effect, especially in terms of 
material choice, thickness control and interface engineering. 
The fast-paced advancement of materials growth, device fabri-
cation, and theoretical studies will further promote the field of 
topological condensed matter physics in the form of MTI het-
erostructures and beyond.

The prerequisites for QAH insulators are: i) a strong SOC 
that leads to the formation of linearly dispersing surface states, 
and ii) magnetic order that induces a gap at the Dirac point. In 
terms of materials properties, these are contradicting require-
ments: Strong SOC is favored by heavy elements, while high 
temperature magnetic order is commonly found in systems 
made of light 3d elements. Both magnetic doping and hetero-
structure engineering of BST films were adapted to resolve 
this issue, nevertheless room temperature QAH insulators are 
still nowhere in sight, begging the question if there is a way 
to optimize heterostructures further. The new QAH insulator 
MnBi2Te4 was designed in the spirit of combining strong SOC 
with magnetic ordering in a single, intrinsic MTI.[246] The ter-
nary van der Waals compound MnBi2Te4 consists of Te–Bi–Te–
Mn–Te–Bi–Te septuple layers, which can be viewed as a Bi2Te3 
quintuple layer with an intercalated Mn–Te bilayer. While 
Mn–Te orders ferromagnetically in the plane, neighboring 
planes couple antiferromagnetically across septuple layers. 
Most importantly, in zero applied field, the overall behavior 
is antiferromagnetic for an even number of septuple layers, 
and ferromagnetic for an odd number.[35,247] The theoretically 
predicted topologically non-trivial behavior of MnBi2Te4 was 
first experimentally confirmed through XMCD, ARPES, and 
electron spin resonance experiments in 2019,[18] followed by 
a number of complementary studies that same year.[246,248–252] 
Following this series of groundbreaking discoveries, the zero-
field QAHE was successfully realized in 5-SL MnBi2Te4 flakes 
at 1.4 K, which were exfoliated from a single crystal.[35] On the 
other hand, in 6-SL MnBi2Te4, the QAH insulator state was 
found above 9 T, while at zero field, a robust axion insulator 
state was reported.[253]

A controversial aspect of MnBi2Te4 remains the band struc-
ture of its topological surface state. There have been sig-
nificant differences in surface bandgap sizes observed in 

ARPES experiments, ranging from 50 meV to hundreds of 
meV.[18,96,99,250,252] Moreover, there are also ARPES studies 
finding that the surface Dirac cone is gapless,[189,255,256] with 
no observable dependence on the temperature variation even 
across the antiferromagnetic-to-paramagnetic phase transition 
at 25 K. This phenomenon may be explained by the possible 
presence of magnetic domains at the surface.[189]

On the basis of the discovery of the QAH insulator MnBi2Te4, 
alternating stacks of Bi2Te3 and MnBi2Te4 have been grown to 
form superlattice (MnBi2Te4)m(Bi2Te3)n, for example, MnBi4Te7 
(m  = 1, n  = 1) and Mn2Bi6Te10 (m  = 1, n  = 2).[96,257,258] Eventu-
ally, the QAHE has been found in the bulk single crystal of 
MnBi2Te4/(Bi2Te3)4 superlattice,[36] which has a ferromagnetic 
ground state in contrast to AF-ordered MnBi2Te4. Through 
high-energy electron irradiation and afterwards thermal 
annealing, a uniform distribution of donor vacancies is cre-
ated to counterbalance the n-type carriers and then the surface 
bands are uplifted relative to the bulk bands, resulting in the 
QAHE and an elevated temperature.

Apart from stacking MnBi2Te4 with Bi2Te3 QLs, proximity 
coupling to 2D magnetic materials has also been proposed 
as a possible solution, such as CrI3/MnBi2Te4 with possible 
exchange bias[259] (CrI3 is one of the first confirmed 2D ferro-
magnets in the family of van der Waals materials[260]). We antic-
ipate many more theoretical and experimental studies to be 
devoted to (MnBi2Te4)m(Bi2Te3)n and heterostructures involving 
the fast-growing family of 2D magnetic materials.[261]

Over the recent years, comprehensive catalogs of topological 
materials have been compiled with the help of first-principles 
calculations to guide the search for new materials.[262–264] A vast 
variety of MTI single crystals, thin films, and proximity-coupled 
heterostructures have been predicted to yield exciting physics 
that are waiting to be synthesized. Regarding the currently 
used MTI materials, such as Cr:BST, further advancements in 
sample growth are needed to achieve uniform doping, and care-
fully designed measurement schemes are required to enable 
technological applications as low-dissipation spintronic devices. 
Beyond MTIs, new classes of quantum materials have appeared 
on the horizon,[266] such as twisted 2D layered crystals, topolog-
ical semimetals, and ultrathin layered superconductors, which 
may provide intriguing solutions for current and future chal-
lenges in information technologies.
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