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PHYSICS

Progress on antiferromagnetic topological
insulator MnBi2Te4

Shuai Li1,2,3,4, Tianyu Liu2,3,4, Chang Liu5,6,9, Yayu Wang5,7, Hai-Zhou
Lu2,3,4,∗ and X. C. Xie8,9,10

ABSTRACT

Topological materials, which feature robust surface and/or edge states, have now been a research
focus in condensed matter physics. They represent a new class of materials exhibiting nontrivial
topological phases, and provide a platform for exploring exotic transport phenomena, such as the
quantum anomalous Hall effect and the quantum spin Hall effect. Recently, magnetic topological
materials have attracted considerable interests due to the possibility to study the interplay between
topological and magnetic orders. In particular, the quantum anomalous Hall and axion insulator
phases can be realized in topological insulators with magnetic order. MnBi2Te4, as the first intrinsic
antiferromagnetic topological insulator discovered, allows the examination of existing theoretical
predictions; it has been extensively studied, and many new discoveries have been made. Here we
review the progress made in MnBi2Te4 from both experimental and theoretical aspects. The bulk
crystal and magnetic structures are surveyed first, followed by a review of theoretical calculations
and experimental probes on the band structure and surface states, and a discussion of various exotic
phases that can be realized in MnBi2Te4. The properties of MnBi2Te4 thin films and the
corresponding transport studies are then reviewed, with an emphasis on the edge state transport.
Possible future research directions in this field are also discussed.
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INTRODUCTION

The discovery of the quantum Hall effect (QHE)
opens a new chapter in condensed matter physics
[1]. The quantized conductance is a manifesta-
tion of the quantum effect on the macroscopic
scale; it is precisely determined in terms of fun-
damental constants: the electron charge e and
the Planck constant h. Studies on QHE have
led to a revolution in the classification of dif-
ferent topological phases of matter [2,3]. The
concept of topological insulators (TIs) was pro-
posed, and the corresponding materials were
then found in experiments [2,3]. Subsequently,
topological semimetals were theoretically pre-
dicted and experimentally realized [4,5]. In turn,
these topological materials provide an ideal plat-
form for exploring exotic transport phenomena.
The quantum spin Hall effect (QSHE) and the
quantum anomalous Hall effect (QAHE) were
realized [6–9], both of which are supported by

the distinguished edge states of topological ma-
terials in the absence of magnetic fields. Other
generalizations of QHE such as the 3D QHE
and the nonlinear Hall effect have also been
explored [10]. In recent years, magnetic TIs
have attracted great interests because they can
host QAHE and offer opportunities to investi-
gate the intertwined topological and magnetic or-
ders [11]. MnBi2Te4, as the first intrinsic antifer-
romagnetic (AFM) topological insulator discov-
ered, has been extensively studied.

MnBi2Te4 was first discovered and synthe-
sized in 2013, with its thermoelectric proper-
ties investigated [12]. Riding on a wave of
research on topological insulators, researchers
started to pay attention to MnBi2Te4 be-
cause of its magnetism contributed by the Mn
atoms. In 2017, the (MnBi2Te4 layer)-(TI film)-
(MnBi2Te4 layer) heterostructure was proposed
as a platform for QAHE [13]. Through first-
principles calculations, the authors found a large
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PERSPECTIVE OPEN

3D quantum Hall effects and nonlinear Hall effect
Shuai Li 1,2,3, C. M. Wang2,3,4, Z. Z. Du2,3, Fang Qin 2,3, Hai-Zhou Lu2,3✉ and X. C. Xie5,6,7

The classical and quantum Hall effects are important subjects in condensed matter physics. The emergent 3D quantum Hall effects
and nonlinear Hall effect have attracted considerable interest recently, with the former elevating the quantum Hall effect to a
higher dimension and the latter extending the Hall effect to higher-order responses. In this perspective, we briefly introduce these
two new members of the Hall family and discuss the open questions and future research directions.
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INTRODUCTION
The Hall effects have long been research focus in condensed
matter physics1–3. In particular, the quantum Hall effect4,5, which
manifests as the quantized Hall resistance and zero longitudinal
resistance of the two-dimensional electron gas in a strong
magnetic field, is one of the greatest discoveries in physics. Thus
far, there have been four main generalizations of the quantum
Hall effect: fractionalization, no magnetic field, higher dimension,
and nonlinearity. The first generalization, the fractional quantum
Hall effect, was the subject of the 1998 Nobel Prize in Physics6,7.
The study of the quantum Hall effect in the absence of a magnetic
field has led to the discoveries of several topological states of
matter8–17. Recently, rapid progress has been made on the latter
two generalizations, that is, the 3D quantum Hall effects and the
nonlinear Hall effect. In this perspective, we introduce these two
new members of the Hall family, focusing on both experimental
and theoretical aspects, and discuss the open questions and
future directions.

3D QUANTUM HALL EFFECTS
Researchers have been attempting to realize the quantum Hall
effect in 3D systems over 30 years18–31. Recently, the quantizations
of Hall conductance and Hall conductivity have been observed in
3D devices of Cd3As232–37 and ZrTe538, respectively. The former is
based on topologically protected Fermi arcs in topological
semimetals, and the latter is believed to arise from the charge-
density wave (CDW) of the Landau bands.
In topological semimetals, the conduction and valence bands

touch at the Weyl points. The Fermi arcs are the Fermi surface of
the topologically protected surface states of the topological
semimetals (Fig. 1a). At a single surface, the Fermi-arc surface
states cannot form a complete 2D electron gas to support the
cyclotron motion of electrons, which rules out the Landau levels
and quantum Hall effect. It has been proposed that the 2D Fermi-
arc surface states from different surfaces can be connected at the
Weyl points39–41 to form a complete 2D electron gas to support
the 3D quantum Hall effect32,33 (Fig. 1b). In real space, driven by a
perpendicular magnetic field, an electron performs half of a
cyclotron motion on the top surface and then tunnels to the
bottom surface to complete the cyclotron motion. This Fermi-arc

mechanism of the 3D quantum Hall effect is characterized by the
one-sided edge states, which reside at one side on the top surface
but the opposite side on the bottom. The quantized Hall
conductance has been observed in the topological Dirac
semimetal Cd3As234–37. However, the Dirac semimetal consists of
two time-reversed Weyl semimetals; thus, on a single surface, the
time-reversed Fermi-arc surface states could also support a
conventional 2D quantum Hall effect. To identify the top-bottom
Fermi-arc 3D quantum Hall effect, a wedge-shaped Hall bar has
been used, in which an extra in-plane magnetic field can induce a
geometric phase that depends on the sample thickness37. As the
measurement position of the Hall voltage electrodes is changed,
the effective thickness is changed, and a systematic shift of the
quantum Hall conductance plateaus occurs (Fig. 1c), strongly
supporting the Fermi-arc origin of this 3D quantum Hall effect.
The quantum Hall effect observed in ZrTe538 has a different

mechanism, owing to the formation of CDW. For 3D materials
under magnetic fields, the Fermi energy usually crosses the
Landau bands. Thus, the bulk states contribute unquantized Hall
conductance. However, forming of CDW states can open a band
gap at the Fermi energy (Fig. 1e). In real space, the electrons, that
form the CDW states along the magnetic field direction, are
distributed periodically with the period λ (half of the Fermi
wavelength). This makes the material look like a stack of 2D
electron layers. Therefore, the quantized Hall resistivity is,

ρxy ¼
h
e2

λ (1)

In the experiment38, there are several evidences to support the
CDW mechanism of the 3D quantum Hall effect. First, the 3D
ellipsoidal Fermi surface of the samples is confirmed by the
Shubnikov-de Haas oscillation measurements. This excludes the
possibility that the system is originally composed of 2D electron
layers. Second, the Hall resistivity shows plateaus when the
magnetic field strength is approximately 2 T, at which time the
longitudinal resistivity also drops to zero (Fig. 1d). The value of
quantized Hall resistivity is consistent with Eq. (1), and λ is found
to be approximately half of the Fermi wavelength along the
magnetic field direction for all four samples, i.e., λ= π/kF,z,
consistent with the feature of the CDW wavelength. Third, the
existence of the CDW is supported by the non-Ohmic I-V
characteristic (Fig. 1f). The non-Ohmic I-V characteristic is another
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