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ABSTRACT

Axion, first postulated as a hypothetical particle in high-energy physics, is now extended to describe a novel topological magnetoelectric effect
derived from the Chern-Simons theory in condensed matter systems. The recent discovered intrinsic magnetic topological insulators (MTIs)
MnBi,Te, and its derivatives have attracted great attention because of their potential as a material platform to realize such a quantized axion
field. Since the magnetic exchange gap can bring the “half-quantized” anomalous Hall effect at the surface, an axion insulator manifests as
quantum anomalous Hall and zero Hall plateau effects in the thin films. However, many puzzles about this material family remain elusive
yet, such as the gapless surface state and the direct experimental evidence of the axion insulator. In this Perspective, we discuss the precondi-
tions, manifestations, and signatures of the axion-insulator phase, in the context of the development of the natural magnetic topological het-
erostructure MnBi, Te,(Bi,Te;), family with various intriguing quantum phenomena. Recent theoretical and experimental efforts regarding

the intrinsic magnetic topological insulators are summarized here to pave the way for this phenomenally developing field.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0059447

INTRODUCTION

The interplay between magnetism and topology inaugurated a
new horizon in exploring exotic quantum phenomena. Rich topologi-
cal phases and complex spin textures (e.g., skyrmions) have been
observed over the past decades, among which the magnetic topological
insulator (MTT) is one of the most boosting fields.' * In a MTI, the
long-range magnetic order and a topological nontrivial electronic
structure coexist and couple to each other below the critical tempera-
ture. As a representative example, the out-of-plane magnetization of a
layered MTI breaks the time-reversal symmetry and introduces a mass
term to the linear dispersion of the surface states, described by the
low-energy model Hamiltonian Hy,s = ve(—k,0, + kyoy) + mo,
where vr denotes the Fermi velocity, o, 6, and o, are the Pauli matri-
ces, and m is the effective exchange field. The terms in the parentheses
imply the spin-momentum locking of the massless Dirac electrons of a
nonmagnetic topological insulator (TI), whereas mo, modulates the
bulk-edge correspondence by opening a magnetic surface gap.
Characterized by 1/2 surface Chern number, such an important

modification to the electronic structure provides opportunities to real-
ize the so-called axion insulator, which is viewed as the foundation of
the topological insulators and the emergent phenomena such as quan-
tum anomalous Hall (QAH) effect and Majorana zero modes.” ?

As a long-sought pearl in particle physics, axion is proposed in
the condensed matter field theory to describe the topological magneto-
electric (TME) effect, as an additional term Sy = %%E - B, where E
and B are the electromagnetic fields and 0 is the pseudoscalar axion
angle."*”""” If the time-reversal symmetry T or inversion symmetry
P is preserved, the axion field 0 is quantized to 0 or = (module 27
under periodic boundary conditions), corresponding to topological
trivial and nontrivial cases, respectively. A three-dimensional gapped
system could be identified as an axion insulator when it satisfies: (i)
0= and (ii) a gapped surface state. Such a system yields an interest-
ing and distinct feature—half-quantized surface anomalous Hall con-
ductance 6, = = % 1917 which could be characterized as the direct
evidence of an axion-insulator phase. Note that a 3D nonmagnetic TI
fulfills the precondition (i) but not (ii). As a result, the half-quantized
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Hall conductance is exactly compensated by its gapless surface states
and is, thus, not measurable. Therefore, the T-preserved axion-
insulator phase was typically realized by introducing extrinsic
magnetic dopants to the top and bottom surfaces of a 3D TI to gap the
surface states."* ! On the other hand, bulk magnetic TIs with inver-
sion symmetry, no matter ferromagnetic (FM) or antiferromagnetic
(AFM), are categorized as P-preserved axion insulators.””

In the two-dimensional (2D) limit, two unique quantum trans-
port features could be probed as the manifestation of an axion insula-
tor. Specifically, when the magnetizations of the top and bottom
surfaces are parallel aligned, each of the two surfaces contributes half-
quantized Hall conductance, forming a C=1 (41/2 + 1/2) chiral edge
mode. On the other hand, when the magnetizations are antiparallel, a
zero Hall plateau (ZHP) is anticipated owing to the cancelation of
opposite surface Hall conductance (+1/2 — 1/2). In principle, one can
achieve both of the two transport features in one system with different
coercive fields for the top and bottom surfaces by applying a vertical
magnetic field. The resultant double-step hysteresis loop, as shown in
Fig. 1(a), is the outcome of an axion insulator. However, it is not the
other way around as recent studies revealed that the double-step tran-
sitions with ZHP coincide with some trivial insulators and, thus, do
not serve as sufficient evidence of the axion-insulator phase.”’ *°
Several alternative approaches have also been proposed to detect axion
electrodynamics signals, including the quantized optical response,
charge density waves, etc.””"
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Meanwhile, an ideal MTI candidate, with a high magnetic transi-
tion temperature and a large magnetic gap, is urgently needed. Huge
efforts are devoted to introducing magnetism into T1s in recent years
such as by using magnetic dopants”'®”*****~> and proximity
effect.”””**° A famous successful attempt is the realization of the
QAH effect in Cr-doped (Bi, Sb),Te; thin flakes, in which the mag-
netic gap formation and Fermi level (Ef) fine tuning were achieved
precisely and simultaneously. However, limited by the notorious inho-
mogeneity””” or weak coupling (tiny gap),"”"" it is quite challenging
to achieve observable QAH above ~1K by using these approaches,
which strongly obstructs the potential applications. Such dilemma is
hopefully to be changed by the recently discovered intrinsic magnetic
topological materials, especially the AFM TI MnBi,Te, and its deriva-
tives MnTe-Bi,Te; ternary system.” *° These stoichiometric MTTs,
with an effective exchange field with better homogeneity, hold the
potential to overcome the disadvantages brought by extrinsic ways to
introduce magnetism and are, thus, expected to elevate the realization
temperature of QAH by an order of magnitude.

The born of a MnBi, Te,-related material system has significantly
advanced the field of MTI, as reviewed by the recent literature.”” " In
this Perspective, we aim to offer a perspective of MnBi,Te,-family as
an ideal platform of the long-sought axion-insulator phase with special
focus on the preconditions, manifestations, and direct experimental
signatures. First, unlike the undoubted 0 = & feature, the existence of
the surface gap in MnBi,Te,-family is much more controversial. We

(®)

Spin-orbit coupling
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FIG. 1. Design routes of the topological axion insulator and its material realization. (a) Preconditions: an axion insulator with the topological magnetoelectric (TME) effect need
to fulfill: (i) 0 == and (ii) gapped surface state; manifestations: in the two dimensional limit, the quantum anomalous Hall effect and the zero Hall plateau effect are expected
to be measured when the magnetizations of the top (red arrow) and bottom (blue arrow) surfaces are aligned parallel and antiparallel, respectively. The yellow arrows denote
the direction of chiral edge currents; signatures: magnetic field dependence of Hall conductivity ay, with different coercive fields for the top and bottom surfaces. The cyan
arrow indicates the field sweeping direction. (b) MnBi,Te,(Bi,Tes), compounds with alternating magnetic septuple layers and nonmagnetic quintuple layers. From left to right
(n=0, 1, 2), the interlayer magnetic coupling decreases and the spin—orbit coupling increases, leading the system to gradually approach Bi,Tes side. Reproduced with permis-

sion from Aliev et al., J. Alloy. Compd. 789, 443 (2019). Copyright 2019 Elsevier.
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discuss the surprising deviation between experimental measurements
and theoretical predictions and provide several representative explana-
tions of the gapless surface states. Second, a bunch of high-quality
quantum transport measurements, including the QAH and ZHP
effects, are reviewed as the manifestation of the axion-insulator phase.
Third, we extend the focus to the exploration of the definitive signa-
tures of the axion-insulator phase, including the chiral hinge states,
disorder-induced transition, etc. Finally, we provide a brief outlook of
the possible directions the prosperous field may head to.

GAPPED OR GAPLESS SURFACE STATES?

At a first glance of the crystal structure [Fig. 1(b)], MnBi,Te,
crystalizes in a van der Waals (vdW) structure (space group R3m)
with a MnTe bilayer sandwiched by Bi,Tes, forming a unit cell with a
Te-Bi-Te-Mn-Te-Bi-Te septuple layer (SL).”' " Below the Néel tem-
perature Tyy= 25K, the magnetic orders within each SL are found to
be parallel to the out-of-plane easy axis but antiparallel within the
adjacent SLs. Such an A-type AFM configuration enables unique
thickness-dependent properties for (un)compensated magnetiza-
tion.”” " Zhang et al. and Li et al. found that similar to other well-
known tetradymites, in MnBi,Tey, a strong spin—orbit coupling (SOC)
effect leads to the band inversion between Bi-p, and Te-p, orbitals
near the Fermi level at the I point, while the magnetism originates
from the unpaired local electron moments of the manganese ions
Mn?> """ Hence, bulk MnBi,Te, is known as the first-discovered
AFM TI with a bandgap of about 150 meV. Based on the prediction by
Mong et al,” theoretical calculations also show that the surface state
protected by S = Tt , such as at the (100) surface, exhibits a gapless
Dirac cone, > while at the (001) surface with broken S symmetry,
there is a surface gap of about 60 meV.” °" Within an external mag-
netic field about 5-10 T, MnBi,Te; can be tuned to a FM state.
Indeed, FM MnBi,Te, locates at the transition boundary between a
FM axion insulator and a Weyl semimetal, associated with a slightly
lattice constant extension.””*’ Further exploration has found that
homogeneous heterostructures MnBi, Te,(Bi, Te;),, naturally exist with
alternating MnBi,Te, and Bi,Te; layers while maintaining topological
properties.”’  Such superlattice-like MTIs exhibit termination-
dependent surface states and tunable interlayer exchange coupling
such as MnBi,Te, and MnBigTe,0.” "' As n increases, the whole sys-
tem is driven toward the Bi,Te; side: the interlayer AFM coupling is
gradually weakened as the separation of magnetic layers, while the
global SOC strength gradually increases as the increase in the Bi con-
tent. Thus, these exotic physical properties make the MnBi, Te, family
a promising platform for designing QAH and ZHP effects in the 2D
limit.”>"”

However, in contrast to the predicted surface gap, several high-
quality angle-resolved photoemission spectroscopy (ARPES) measure-
ments observed a nearly gapless surface Dirac cone in MnBi,Te, bulk
crystals”°"°>7*7> [Fig. 2(a)], despite earlier spectroscopic experi-
ments reporting inconsistent results.”>*>°%’° Furthermore, such a
nearly vanishing gap is verified to be insensitive to temperature evolu-
tion and is also observed at the SL termination of MnBi,Te; and
MnBigTe,o."%*"""* The paradox of the surface Dirac cone and bulk
magnetism sparked immediate attention. Various explanations are
proposed, which can be categorized into two types, i.e., magnetic and
geometric reconfigurations. Based on symmetry analysis, three types
of surface spin reorientation, which may give rise to linear dispersion
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inside the bulk gap, are considered, including paramagnetism, in-
plane A-type AFM, and G-type AFM®' [Fig. 2(b)]. Under these
assumed magnetic structures, the mo, term is dismissed or strongly
suppressed. Later, other experiments yielded different microscopic evi-
dence and further brought some new perspectives as well as questions.
By using time-resolved ARPES, Nevola et al. observed Rashba splitting
evolution inside the conduction bands with increasing temperature,
which seemed to indirectly demonstrate the presence of surface ferro-
magnetism, yet contradicted to the persistent gapless surface Dirac
cone.”” Likewise, by using magnetic force microscopy (MEM), Sass
et al. revealed the robust surface AFM order persisting to the top few
SLs and suggested a possible scenario of weak coupling between topol-
ogy and magnetism.”*”® This hand waving conjecture was previously
reported in MnSe/Bi,Se; heterostructures*' but lacks strong theoret-
ical or experimental evidence in MnBi,Te,. Moreover, it seems incon-
sistent with the measured QAH effect in the few-layer limit."®

The second representative explanation of the gapless surface state
is the geometric reconfiguration. Before reviewing the specific pro-
posals, we would first like to mention the defect nature of tetradymites.
It is well known that Bi,Te; and MnBi,Te, single crystals are typical
n-type doped semiconductors with the Fermi level located in the con-
duction band, where point defects play an important role of electron
doping.””*’ The vdW spacings between adjacent layers can serve as
natural containers for impurities and intercalated atoms in the synthe-
sis processes. Eremeev et al. first showed that upon increasing vdW
expansion in Bi,Tes, the Rashba-split band can be gradually shifted
down from the bulk bands, which coincides with ARPES results and,
thus, demonstrates the existence of this structural effect.”’ More
importantly, in MnBi,Te,, the topological surface state is initially
localized mainly in the surface SL, dominated by the magnetization
from the single Mn layer. If the vdW expansion is considered, it starts
to relocate inward the bulk and experiences the opposite magnetiza-
tion provided by Mn atoms of the second SL* [Fig. 2(c)]. Thus, the
net magnetic moment felt by the surface state is reduced, resulting in a
vanishing gap. Sun et al. also calculated the spatial distribution and
penetration depth of the surface states from a model Hamiltonian of
the bulk MnBi,Te,, indicating that the surface states are mainly
embedded in the first two surface SLs.”’ In addition, based on the
scanning transmission electron microscopy (STEM) observations,
Hou et al. provided an insightful view about surface collapse®
[Fig. 2(d)]. Since the Te vacancy and Mn-Te antisite defects inevitably
exist in the exfoliated surface, STEM and density functional theory
(DFT) results show that a phase separation of MnTe and Bi,Te; quin-
tuple layer (QL) tends to occur at the surface of MnBi,Te,, probably
leading to the absence of magnetic moments at some local positions.

Skipping specific speculations of reconfiguration (magnetic or
geometric) that would lead to gapless surface states, a more fundamen-
tal question could be considered: whether the tendency of the gapless
TSS is representative for a group of MTIs with certain features or
material dependent to MnBi,Te,. Chen ef al. noticed a previously
overlooked fact that these as-grown MTI samples are usually self-
doped, where Koopmans’ theorem may be applicable so as to elucidate
the tendency of the surface gap.”” If the energy gains of the doped elec-
trons induced by closing the gap overcome the cost of the relaxation
energy of reconfiguration, a nearly gapless surface state would occur
[Fig. 2(e)]. The generalized theory is confirmed by DFT calculations in
MnBi,;Tey, MnBiyTe; MnBigTe;s, yielding good agreement with the
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FIG. 2. Gapless surface states of MnBi,Te;. (a) A typical surface Dirac cone measured by ARPES at 10K. (b) DFT calculated local density of states with A-type AFM and dis-
ordered moment configurations. Reproduced with permission from Hao et al., Phys. Rev. X 9, 041038 (2019). Copyright 2019 Authors, licensed under a Creative Commons
Attribution (CC BY) license. (c) The distribution of surface charge density with equilibrium structure (upper) and 15.3% expansion of the first van der Waals spacing (lower).
Reproduced with permission from Shikin et al., Sci. Rep. 10, 13226 (2020). Copyright 2020 Authors, licensed under a Creative Commons Attribution (CC BY) license. (d)
Schematic of the surface collapse and reconstruction in the MnBi,Te, crystal induced by the Te vacancy and the Mn-Bi antisite defects. Reproduced with permission from Hou
et al., ACS Nano 14, 11262 (2020). Copyright 2020 American Chemical Society. (€) Schematic of Koopmans’ theorem: a phase transition from gapped to gapless surface state
is likely to occur in the self-doped MTI. The surface (bulk) bands are represented by the red (blue) line. Aer denotes the Fermi energy difference between the gapless and
gapped systems. Reproduced with permission from Chen et al., Phys. Rev. B 103, L201102 (2021). Copyright 2021 American Physical Society.

experimental observations. Such a mechanism is also expected to exist
in other self-doped MTIs with small magnetic anisotropy energy, indi-
cating the delicate interplay between magnetism and topology.

QUANTUM ANOMALOUS HALL AND ZERO HALL
PLATEAU EFFECTS

Interestingly, despite the controversy on the magnetic surface
gap, several groups have already measured the QAH effect in the thin
films exfoliated from MnBi,Te, single crystals.”* “**° As a fundamen-
tal transport response of MTI, the QAH effect is undoubtedly inspir-
ing news for the community. Deng et al. first observed a zero-field
quantized Hall resistance of Pyx=0.97 hle* in 5-SLs flakes at 1.4K,
and the quantization temperature can be elevated to 6.5K under an
external field of 7.6 T." Later, Liu et al. displayed similar field-
dependent results in even-number SL flakes. As shown in Fig. 3(a), the
Hall resistance p,, was initially found to be zero over a wild range
around B=0 T. The AFM ground state is driven to a FM state by
applying a magnetic field of 6-9 T with p,, reaching a plateau of 0.984
hle* at 1.9K."” Moreover, Ge et al. discovered a Chern insulator state

(C=1) in 7-SLs and 8-SLs devices, and an intriguing C=2 state in
10-SLs devices, consistent with the predicted scenario of the FM Weyl
semimetal phase.” Recently, Ying et al. also reproduced a Chern insu-
lator state in a 5-SLs device and confirmed the chirality of edge states
by using nonlocal transport measurements.”" Except for MnBi,Tey,
the QAH conductance was also obtained in the MnBi,Te,(Bi,Tes),
heterostructure at 1.9K.”” We also noticed two outstanding works
unraveled the magnetic hysteresis loop and the spin-flop transition in
odd and even SLs devices by employing reflective magnetic circular
dichroism (RMCD).*** For the odd layer device (5-SLs), it is found
that the Hall resistance p,, and RMCD hysteresis loops are unsyn-
chronized, indicating that the AFM state is likely a trivial magnetic
insulator caused by the sample fabrication process.”” In addition, note
that almost all the probed quantized resistances have to be carried out
in odd-number SLs or under a magnetic field of up to several
Tesla,” “***” which poses a daunting challenge for practical
applications.

Another manifestation of an axion insulator is zero Hall conduc-
tivity (o) plateau with vanishing longitudinal conductivity (o),
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FIG. 3. Observable double-step transitions with zero Hall plateau in (a) MnBi,Te, (b) tricolor structure, and (c) (Crq.12Bip26Sbo.62)2Tes samples. Upper panel: schematics of
the thin film devices and magnetic configurations when zero Hall plateau is measured. Lower panel: Corresponding Hall resistivity/conductivity vs out-of-plane magnetic field.
(@) MnBi,Te, flakes naturally possess an interlayer AFM coupling at zero field. Reproduced with permission from Liu et al., Nat. Mater. 19, 522 (2020). Copyright 2020
Springer Nature. (b) Tricolor structure enables the antiparallel magnetization in the range of 0.2-0.8 T due to the different coercive fields of V-doped and Cr-doped layers.
Reproduced with permission from Mogi et al., Sci. Adv. 3, eaao1669 (2017). Copyright 2017 Authors, licensed under a Creative Commons Attribution (CC BY) license. (c)
Uniformly Cr-doped thin films fail to produce a strong homogeneous magnetization under a moderate field (<0.3 T), resulting in the exchange gap being smaller than the
hybridization gap. Reproduced with permission from Pan et al., Sci. Adv. 6, eaaz3595 (2020). Copyright 2020 Author(s), licensed under a Creative Commons Attribution (CC

BY) license.

where the top and bottom surfaces exhibit opposite magnetization and
s % Hall conductance." This scenario can be traced back to a tricolor
structure proposed by Wang et al,”””' whose design relies on the fact
that the composing materials are well lattice matched and chemically
compatible so as to ensure the magnetic exchange across the interfaces.
It was first successfully grown by molecular beam epitaxy, where a
nonmagnetic layer of (Bi, Sb),Te; is sandwiched by Cr-doped and V-
doped (Bi, Sb),Te; layers with the different coercive fields (B,), as
shown in Fig. 3(b)."* " At 60 mK, double-step quantized transitions
of o, and the double peaks of o, simultaneously occurred at B~ 0.2
T and 0.8 T, while the g, = 0 plateau existed between them and per-
sisted to nearly 1 K.'* However, subsequent magnetic domain imaging
measurements on such modulation-doped systems revealed the pres-
ence of superparamagnetic islands rather than expected antiparallel
magnetization alignment, hindering the formation of the axion state.””

Another transport profile of the double-step transition was
reported at the uniformly Cr-doped (Bi, Sb),Te; samples, which was
indeed caused by the quantum confinement effect.”***> As shown in
Fig. 3(c), for the six quintuple layers (QLs), the top and bottom surfa-
ces couple with each other, resulting in a dominated hybridization gap
and, thus, a trivial insulating phase. When applying an external field of
0.4 T, the exchange gap will overwhelm the hybridization gap, giving
rise to the QAH states. In a thicker device (8 and 10 QLs), the ZHP
between C= *1 states disappears due to the negligible finite-size
effect.”" In both cases, the ,, = 0 plateau was more than likely to
arise from a large enough longitudinal resistance p,, at B; due to the

tensor relation ay = p,,/(p3, + p;,), making it indistinguishable
from a trivial insulator. Another scenario of ZHP without the axion-
insulator phase could be possibly achieved in the recently synthesized
MnSb,Te,. As an isostructural compound of MnBi,Te,, MnSb,Te, is
found to exhibit both interlayer FM and AFM configurations in differ-
ent growth conditions.”””” *° Due to a weaker SOC strength of anti-
mony, theoretical calculations show that MnSb,Te, is likely an AFM
trivial insulator and a FM Weyl semimetal in its ideal crystal struc-
ture.””” In addition, plenty of ARPES experiments have observed
robust gapped surface states on nonmagnetic impurity doped MTI
systems, whose mechanism still remains elusive.”” "’ These systems
are also very likely to enable alternating C =0 and C = *1 states, indi-
cating that the double-step gy, transition in few-layer flakes is not nec-
essarily exclusive for an axion insulator.

As a result, there is a growing consensus among experimentalists
to characterize the axion states by using the directly measured p,,, = 0
rather than 0y =0. In the doped sandwich heterostructures, Xiao
et al. for the first time realized a nearly zero resistivity plateau and step
transitions at 30 mK, and more importantly, they unveiled the magne-
tization reversal process by MFM.”” In MnBi,Tey, Liu et al. observed
Py = 0 plateau in a 6-SL flake and is obviously more stable against
temperature and magnetic field compared with that of the tricolor
structure™ [Fig. 3(a)]. Owing to its natural symmetric structure and
interlayer AFM coupling, the magnetic-field dependence curve of py,
was independent of the field sweeping direction, exhibiting three dis-
tinct regimes (C=0, *1) but not forming a loop. As the Chern
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insulator state existed with the FM configuration, observed p,,, =0
plateau in these systems was believed to arise from the cancelation of
opposite surface Hall currents (41/2 — 1/2), forming an indirect evi-
dence of the axion insulator.” However, exploring the direct experi-
mental signature to distinguish an axion insulator and a trivial
insulator is still highly desirable.

LOOKING FOR THE AXION-INSULATOR PHASE

The direct signature of the axion-insulator phase beyond ZHP is
to utilize the unique surface anomalous Hall conductivity (AHC) that
quantized to e /2h and is currently confined to theoretical proposals.
Chu et al. first considered a lattice model Hamiltonian of 3D TIs, in
order to describe the anomalous transport of the surface electrons in
the presence of magnetization.'® They found chiral surface edge states
existed at the interface of the massive top surface and the massless side
surface. The Landauer-Biittiker calculations further confirmed that
each of these surface edge states (hinge states) carries ¢?/2h quantum
conductance. In such context, a comprehensive study for different
topological phases based on specific material candidates would provide
useful guidance for the actual experimental realization of the half-
quantized surface anomalous Hall effect. Combined model
Hamiltonian and DFT calculations, Gu et al. studied the distinctive
surface anomalous Hall conductivity (AHC) features of various
MnBi,Te,(Bi,Te;), compounds in a phase diagram, including axion
insulators, Weyl semimetals, 3D Chern insulators, and 3D quantum
spin Hall insulators.”” They found that the local Chern marker C (I)
(layer-projected Chern number) in the axion-insulator phase was well

scitation.org/journal/apl

localized at the QL-terminated surface, resulting in a half-quantized
surface AHC either saturated at or oscillating around e*/2h, depend-
ing on the magnetic homogeneity [Fig. 4(d)]. Furthermore, they calcu-
lated the real-space local density of states of the surface and hinge
states in a semi-infinite axion insulator sample.””*> As shown in Figs.
4(b) and 4(c), a remarkable feature of the hinge state is the asymmetric
spectral weight between the left and right-moving modes, indicating
its chiral nature. Therefore, the half-quantized AHC on the top and
bottom surfaces will give rise to unusual chiral hinge modes embedded
in the side surface Bloch states, denoted as “in-band hinge” states.
These states exist within a larger energy range and are, thus, expected
to be an ideal spectral signature to verify the existence of the surface
AHC and the axion-insulator phase.

The recently proposed 2D disorder-induced metal-insulator tran-
sition is also a unique feature of the axion-insulator state.'’" Li et al.
introduced the random magnetic disorder into a 3D TI with top and
bottom surfaces gapped by opposite magnetization and performed a
finite-size scaling analysis about the localization length, which gener-
ally increases with sample width L in a metallic phase and decreases
with L in an insulating phase. For the weak disordered systems, as the
Fermi level Er increases, the axion insulator undergoes a 2D delocal-
ized phase transition to an Anderson insulator and then becomes a
diffusive metal. In the large disorder limit, the axion-insulator phase is
gradually suppressed by the 3D critical point and eventually disap-
pears, ending up with a 3D metal. Moreover, they showed a half-
quantized surface Hall conductance plateau for the axion insulator
existing at the lower energy regime, while gradually approaching zero

z * Vo

Energy (eV)
Energy (eV)

v ® ®

1.0

08 (d) MnBi, Te, /
s %1 :
© 04+t .

FM 8-
0.2 AFM —=—
0.0 ——
0 4 8 12 16 0
Layer index (/)

1 2
E/M, w

-4 A
0.5 1.0 1.5 2.0 2.5 3.0 3.5

FIG. 4. Definitive evidence of an axion insulator. (a) and (b) Schematic of an AFM axion insulator and the topological band spectra at spots @-®. (c) The hinge and side sur-
face local density of states of AFM MnBi,Te, (@ and ®). (d) Integrated local Chern marker (/) as a function of layer index / for a 16-SL slab of MnBi,Te,. Reproduced with
permission from Gu et al., Nat. Commun. 12, 3524 (2021). Copyright 2021 Authors, licensed under a Creative Commons Attribution (CC BY) license. (e) In a weak disordered
system, the Hall conductance of the top surface states, the bottom surface states, and the whole sample. M, denotes the surface Dirac gap. (f) Phase diagram of a disordered
axion insulator in terms of relative Fermi level EF/M, and disorder strength W. Reproduced with permission from Li et al., Phys. Rev. Lett. 126, 156601 (2021). Copyright 2021
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for the Anderson insulator at the high energy regime [Fig. 4(e)]. Such
a universal phase transition behavior is summarized in the phase dia-
gram shown in Fig. 4(f) and is expected to be detected in AFM axion
insulator MnBi,Te,.

Up to now, we have focused our discussion on the “static” axion
field (0 angle is independent of time). It has been proposed that the
existence of the dynamical axion field 60 (r, t) in MTTs, when mag-
netic fluctuations are considered, can also induce exotic responses,
including axionic polariton, dynamical chiral magnetic effect,
etc.”'"”'%” However, a suitable platform is lacking for a long time,
because most MTT candidates are centrosymmetric, resulting in a fixed
axion field 0 =m. Another requirement to obtain a big dynamical
axion field is that, the intrinsic MTIs must be close to the boundary of
the topological phase transition. For these reasons, Zhang et al. pro-
posed that Mn,Bi,Tes and Mn,BisTe;;-related compounds satisfy
these requirements for achieving large dynamical axion field
responses.”"”'”8 For instance, Mn,Bi,Tes can be viewed as intercalat-
ing two Mn-Te bilayers into the center of a Bi,Te; QL, while the mag-
netic ground state is still A-type AFM, thus breaking T and P
symmetry. A huge dynamical axion field factor (1/g) was found near
the pristine Mn,Bi,Tes and EuBi,Tes by slightly adjusting the SOC
strength. They also proposed nonlinear optical spectroscopy and
transport measurement for the experimental detection of the dynami-
cal axion field, which may pave an avenue toward designing future axi-
onic devices.

OUTLOOK

The discovery of intrinsic MTTs has greatly expanded our under-
standing of novel functional materials with unique magnetic and elec-
tronic structures. To invigorate future research in this field, we list
several possible technical and scientific challenges in this section.
Despite great efforts striking to theoretical proposals, the definitive sig-
natures of the axion insulator are barely explored in the experiment,
especially the chiral hinge modes and the half-quantized surface AHC.
The successful measurement of these effects relies foremost on a pre-
mise that the devices with desired flatness and thickness can be accu-
rately fabricated. Since the chiral hinge modes at the top and bottom
surfaces of an axion insulator behave like the spin Hall effect with the
two spin channels separated along the Z direction [Fig. 4(a)], the non-
local transport provides a feasible approach to identify these hinge cur-
rents stemmed from the surface anomalous Hall effect.'””'"”
However, there are interference factors, such as the side surface states
and electrodes thickness, that may prevent the conductance from
being accurately quantized to ¢*/2h.'" Alternatively, the scanning
tunneling microscope (STM) or other advanced spatially resolved elec-
tronic measurements will play a significant role in examining the
thickness-dependent intensity and chirality of topological hinge
states.''! Moreover, recall that the surface Hall current is the manifes-
tation of the bulk TME effect at the surface, whose detection is a more
attractive but challenging topic. It has been proposed that, several spe-
cial configurations (e.g., Qi et al. proposed a cylindrical 3D TI’) would
give rise to a measurable TME response, but the current nanotechnol-
ogy is still premature for realizing such a controllable device design.

Another direction to endeavor on is accelerating the search of
MTI candidates with superior physical properties, where a combinato-
rial network of experimental synthesis, characterization, high-
throughput computation, and machine learning should be established

PERSPECTIVE scitation.org/journal/apl

as soon as possible.''>'"* Notably, the targeting properties of these

“inverse design” studies coincide with the prominent features and
drawbacks of MnBi,Te, family: vdW bonding, magnetic transition
temperature, and nontrivial gap size. To be specific, vdW gap first
avoids the appearance of interlayer dangling bonds during mechanical
exfoliation, and the latter two bring QAH effects close to the condi-
tions when materials are operated as tools and devices. After that, it is
known that the MTI candidates composed of lighter elements can
exhibit stable chemical bonding with great practical value, but mean-
while the global SOC strength will be weakened. By considering the
coupling with other effects, such as the strong correlation effect caused
by transition metals or the Kagome lattice induced flatband structure,
the topological properties are very promising to be enhanced in 2D
MTIs (i.e., d-d band inversion). The extrinsic ways, like chemical sub-
stitution, pressure, and electric field, can also do a favor to tunable
exchange coupling and self-doping compensation.'"* "'® It is expected
that the future studies will be devoted to overcoming these puzzles and
uncovering the mask of the long-sought axion insulator.
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