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Spectral signatures of the surface anomalous Hall
effect in magnetic axion insulators

Minggiang Gu® ®, Jiayu Li® ®, Hongyi Sun', Yufei Zhao® !, Chang Liu', Jianpeng Liu® 23 Haizhou Lu' &
Qihang Liul45%

The topological surface states of magnetic topological systems, such as Weyl semimetals and
axion insulators, are associated with unconventional transport properties such as nonzero or
half-quantized surface anomalous Hall effect. Here we study the surface anomalous Hall
effect and its spectral signatures in different magnetic topological phases using both model
Hamiltonian and first-principles calculations. We demonstrate that by tailoring the magne-
tization and interlayer electron hopping, a rich three-dimensional topological phase diagram
can be established, including three types of topologically distinct insulating phases bridged by
Weyl semimetals, and can be directly mapped to realistic materials such as MnBi,Te,/
(Bi;Tes), systems. Among them, we find that the surface anomalous Hall conductivity in the
axion-insulator phase is a well-localized quantity either saturated at or oscillating around e2/
2h, depending on the magnetic homogeneity. We also discuss the resultant chiral hinge
modes embedded inside the side surface bands as the potential experimental signatures for
transport measurements. Our study is a significant step forward towards the direct realiza-
tion of the long-sought axion insulators in realistic material systems.
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agnetic topological systems have drawn significant

attention recently due to their unconventional bulk

transport properties and surface states!. The topological
properties of these magnetic topological phases are typically
described by nontrivial bulk topological indices2. On the other
hand, the topological nature of the surface states also implies that
there would be nontrivial surface transport behavior in these
magnetic topological systems, which is closely related to their
exotic bulk response properties. Typical examples are three-
dimensional (3D) insulators with non-vanishing Chern-Simons
orbital magnetoelectric coupling exhibiting effective axion elec-
trodynamics, which are characterized by fractionalized surface
anomalous Hall effect3-6. If either time-reversal (T) or inversion
symmetry (I) is present, the coupling phase angle 8 must be
quantized as 0 or  (modulo 2n), the latter of which (0 = m) with
an energy gap at the surface is also known as “axion insulators”
defined in 3D systems>*7. Thus, the axion insulator exhibits a
quantized bulk magnetoelectric coupling coefficient, which is
equivalent to a half-quantized surface anomalous Hall con-
ductivity (AHC) e2/2h34.

3D T-preserved topological insulators (TIs) possess the 8=
condition. However, the resulting half-quantized surface AHC is
totally compensated by the gapless surface Dirac cones of TIs®.
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®12, while
keeping the bulk still nonmagnetic. On the other hand, bulk
magnetic TIs with inversion symmetry are categorized as I-pre-
served axion insulators!3. Examples include the recently dis-
covered superlattice-like stoichiometric compounds MnBi,Te,/
(Bi,Tes), in either ferromagnetic (FM) or antiferromagnetic
(AFM) phases!4-21. Besides, this Van der Waals (VdW) layered
material family also provides an ideal platform for realizing
fruitful topological phases, such as Chern insulator, quantum spin
Hall (QSH) insulator, and high-order TI?2-2°,

Compared with the quantum anomalous Hall state where the
topological nature is well established by the chiral edge states
carrying a nonzero Chern number, the direct evidences of an
axion insulator, such as the topological magnetoelectric effect or
the resultant surface AHC, are much more challenging to
measure3?31. Conventional quantum transport measurements
inevitably count the top and bottom surface together, giving rise
to a (% + %) or (2 — %) quantized AHC, depending on the
relative magnetic orientation of the two surfaces. To avoid
indistinguishable signature with quantum anomalous Hall effect,
a T-preserved axion insulator typically requires different mag-
netic doping to the top and bottom surfaces. In a magnetic
hysteresis loop, this slab setup would give rise to two quantum
anomalous Hall states with opposite Chern numbers connected
by an intermediate insulating phase with zero Hall plateau32. In
even-layer MnBi,Te, slabs, zero Hall plateau is observed as an
indirect evidence of the I-preserved axion insulator phase?3.
However, such zero Hall plateau can also be presented by a trivial
case where both surface gaps are dominated by finite-size effect
and thus do not contribute any surface anomalous Hall con-
ductivity at all33-3>. Therefore, despite being a fascinating theo-
retical concept, some key issues about the surface AHC of axion
insulators, such as the locality and the device design, still remain
elusive. More importantly, a clear prediction of the unique sig-
nature of axion insulators that can be experimentally detected is
still lacking.

In this work, by tuning the interlayer coupling and magneti-
zation of a generic model Hamiltonian, we construct a topological
phase diagram with direct mappings to 3D MnBi,Te,/(Bi,Te;),
compounds, including axion insulators, Weyl semimetals, 3D
Chern insulators, and 3D QSH insulators. Their distinctive

surface AHC features are comprehensively studied. In addition to
the model study, we then construct atomistic Hamiltonians from
density-functional theory (DFT) with close reliance on realistic
attributes of materials, yielding a direct comparison with the
angle-resolved photoemission spectroscopy (ARPES) measure-
ments for the band dispersions. By projecting the Chern number
of a thick slab onto each VAW layer, we find that such real-space,
local Chern marker in the axion insulator phase is well localized
at the surface and results in a surface AHC either saturated at or
oscillating around e?*/2h, depending on the magnetic homo-
geneity. In comparison, the 3D Chern insulator phase, as well as
the Weyl semimetal phase, does not manifest a well-defined
surface AHC. Remarkably, we propose that the surface anom-
alous Hall effect in the axion insulator phase of MnBi,Te,/
(Bi,Tes),, leads to an unusual chiral hinge mode embedded in the
side surface Bloch states, which clearly distinguishes from that in
a trivial insulator. Such a clear signature is supposed to be
detectable by appropriate surface transport measurements.

Multiple topological phases from model Hamiltonian
calculations

To begin with, we tune the hopping parameter between the VdW
layers in MnBi,Te,/(Bi,Tes), to realize different 3D topological
phases, and illustrate that a well-localized, half-quantized surface
AHC is the signature of the axion insulator phase. Recall that a
MnBi,Te, monolayer can be effectively described by a Bi,Te;
monolayer under a FM exchange field”’, we consider a 3D-
layered structure composed by vertically stacking 2D TIs, i.e.,
bilayer Bi,Tes, with variable separation between bilayers (d) and
magnetization (M). Thanks to the successful synthesis of single-
crystal Mn-Bi-Te family and molecular beam epitaxy technique,
such multilayer heterostructure could be realized by intercalating
an atomic or VAW buffer layer, e.g., BN or In,Ses, into MnBi, Te,/
(BiyTes),. The model Hamiltonian is written as

H = hvjt(0x k), + m, + Mo, )
+ iy (0,7 Fv_y) + g (v T P+ o_T_eTRP),
where k = (kx,ky,kz) = (k;.k.) is the momentum, 0, 7 and v
are Pauli matrices acting on spin, surface, and layer, respectively,
with s, = (s, %is,) /2 (s = 7,v; here “surface” refers to the two
surface states of each TI monolayer, which are coupled together
by the hybridization term my 7,). The first two terms describe a
monolayer Bi,Te; with Fermi velocity vy and Dirac mass
my = (A — Bkj)3%¥, while the third term denotes the FM
exchange coupling between the magnetization M and electrons’
spin. The last two terms describe the intra-bilayer and inter-
bilayer tunneling, respectively, with % the intra-bilayer hopping
integral and D the superlattice period. For the inter-bilayer
hopping, we introduce an exponentially decaying scaling, i.e.,
tp = t% - e~ d—do)/ d where d, and d are the intra- and inter-
bilayer spacing. The inversion symmetry I = 7,0, is preserved in
this Hamiltonian. The model parameters and the analytical
solutions of Eq. (1) are provided in Supplementary Note 1.

As shown in Fig. 1, the origin of the phase diagram represents a
3D Bi,Te; TI phase. Varying the inter-bilayer coupling with
preserved T leads to a Z, classification, denoted by the horizontal
axis. When the inter-bilayer coupling is weakened, the phase
transition between strong TI (Z, = 1) and weak TI (Z, = 0)
occurs. With increasing magnetization, the two TI phases evolve
to axion insulator and 3D QSH insulator, respectively, the latter
of which can be considered as a trivial stacking of T-broken QSH
insulator3®. When the exchange field is strong enough, a 3D
Chern insulator phase with chiral side surface states emerges,
which is adiabatically connected to a vertical stacking of 2D
Chern insulators3®-4l. Under a finite exchange field, the
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Fig. 1 Topological phase diagram. Phase diagram of the multilayer topological heterostructure in terms of relative spacing (d — do)/dO and magnetization
M (rescaled as the number of Mn layers per VAW layer) derived from Eg. (1). Insets show the sketch of the heterostructure and Z, indices with parities.
Four pristine topological materials in FM phase Bi;Tes (M = 0), MnBisTe; (M =1/2), MnBi,Tes (M = 1), and Mn,Bi,;Tes (M = 2) are mapped at the

vertical axis.

transition between these three topologically distinct insulating
phases inevitably passes an intermediate region, i.e., the Weyl
semimetal phase®2.

Depending on the magnetization per VAW layer, the different
pristine FM MnBi,Te,/(Bi,Te;),, compounds can be mapped onto
the vertical axis of the phase diagram with d = d,, as marked by
the red stars in Fig. 1. The mapping follows two assumptions: (i)
the exchange field in different MnBi,Te,/(Bi,Te;), materials is
homogeneous; such assumption works well previously for the
mapping of MnBi,Te,/(Bi,Tes), slabs to the 2D topological phase
diagram?’. (ii) The band inversion only occurs at T' = (0, 0, 0)and
Z= (0, 0, n/D), which means that the band orders at the other
inversion-invariant momenta remain the same as that of the
nonmagnetic 2D limit (M = 0,D — o0), ie., bilayer Bi,Tes.
Since the Hamiltonian in Eq. (1) has I, one can compute the
symmetry indicator of I, a 7, invariant, to determine their
topological nature#3-4>:

8 mb — -
Z,=3% —~—<mod4= > n_mod 4,
k=1 2 k=T.Z

()

where n/n; is the number of occupied states with even/odd
parity at one of the eight inversion-invariant momenta k. By
adding a small magnetization, each doubly degenerate band of the
weak TT and strong TI phases splits into two bands with the same
parity, leading to 7, = 0 and 7, = 2, respectively. The former,
i.e., 3D QSH insulator, is equivalent to the vertical stacking of 2D
T-broken QSH insulators with the parities shown in Fig. 1. Such a
phase cannot be described by symmetric Wannier functions,
while the Wannier obstruction can be removed upon adding a set
of trivial elementary band representations (see Supplementary
Note 2 for details). Therefore, it corresponds to a distinct type of
“fragile topology”, manifesting a novel twisted bulk-boundary
correspondence?®47, The latter corresponds to an axion-insulator
phase, as predicted by previous studies using a single 7,
invariant!81928 Nevertheless, we find that the 3D Chern insu-
lator phase also yields Z, = 2 but a different parity distribution
compared with the axion insulator. Therefore, the full indicator
group of inversion symmetry Z,x Z,x Z,x 7., is required to
further distinguish these two phases*$, where the Z, indicators
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can be chosen as the parity of the Chern number in the k; = nt
(i = x, y, z) plane. As shown in Fig. 1, the full symmetry indicator
of the axion insulator phase and the 3D Chern insulator phase are
2:(000) and 2:(111), respectively.

In the phase diagram derived from Eq. (1), T symmetry is
always broken, except for the horizontal line with M = 0. We find
that that the three magnetic insulating phases are isolated from
each other by an intermediate Weyl-semimetal phase, which is
also consistent with the parity analysis. Our symmetry analysis
based on DFT calculations shows that all the pristine FM
MnBi,Te,/(Bi,Tes), (n = 0-3) compounds are I-preserved axion
insulators. For comparison, we also calculate Mn,Bi,Tes; where
the magnetic moments per VAW layer are twice as that in
MnBi,Te,, and obtain an unambiguous Weyl semimetal phase, as
marked in Fig. 1.

DFT-calculated surface AHC of magnetic topological phases
in MnBi,Te,/(BiTes),
Having established the phase diagram, we next calculate the
profile of the local Chern marker®® of the topological phases with
nontrivial Z, numbers. In principle, one can define a local AHC
0anc = C, - €2/h, with C, being the real-space projected Chern
number in the z-direction. Using the Wannier-representation
tight-binding Hamiltonians obtained by DFT-calculated Bloch
eigenstates, we compute the local Chern marker C_(I) projected
onto each VAW layer®0-31, expressed as
—4n 1
C.()= Tlml\_f (3)

. % 1;C‘chk YI'EkaV'k(l)7

where X and Y are the position operators along the x and y
directions, respectively. p,,,(J) is the projection matrix on to the
corresponding layer I, which implies a summation over all atoms
within a VAW layer (see Methods).

The results for the pristine FM MnBi,Te, slabs are shown in
Fig. 2a. We find that the integrated layer-projected Chern marker
C(l) = 22,C,()) is stabilized at 1/2 for I > 2, and rises up to 1 when
it passes over the last two layers, giving rise to a Chern insulator
as a whole with C = 1. In this sense, the penetration depth of the
surface AHC is about two SLs, while the internal layers do not
contribute to the AHC due to the homogeneous spin alignment.
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Fig. 2 Local Chern marker of various topological phases. a-c Integrated local Chern marker C(/) for MnBi,Te, slabs in a axion insulator, b 3D Chern
insulator, and ¢ Weyl semimetal phases. In panel a-¢, the color lines terminate at different positions, denoting the total thickness of the calculated slabs up
to 16 VdW layers. d, e Integrated local Chern marker C(/) as a function of layer index | for a 16-layer slab of d MnBi,Te, and e MnBisTe;.

Such behavior is similar to the prediction of the axion insulator
phase in a nonmagnetic bulk TI with a gapped surface’. In
addition, the slabs with more than 4 SLs are thick enough to
reveal the half-quantized AHC localized at both surfaces, indi-
cating an I-preserved, FM axion insulator phase.

The FM MnBi,Te, turns into a 3D Chern insulator when
d>1.7d,, for which the Chern number of a 2D slice within the
k,~k, plane at an arbitrary k, equals to 1 (Supplementary Note 3).
Despite sharing the same 7, invariant with the axion insulator,
the integrated local Chern number C(J) of the 3D Chern insulator
behaves quite differently. As shown in Fig. 2b, each bilayer
contributes to an exact quantized Chern number 1, giving rise to
a C(I) proportional to I. Therefore, there is no well-defined sur-
face AHC, instead, the total AHC of the slab is proportional to
the total number of primitive cells in the slab.

We note in Fig. 1 that bulk FM MnBi,Te, falls in the vicinity of
the boundary between axion insulator and Weyl semimetal®?,
which is thus sensitive to numerical details such as the choice of
exchange-correlation functionals and lattice constants?426, Fig-
ure 2¢ shows the corresponding C(J) for the Weyl semimetal
phase obtained by applying a 1% lattice expansion. It is found
that for the insulating slabs (Supplementary Note 3), the surface
AHC is no longer quantized to 1/2 due to the bulk contribution.
Especially for the slabs thicker than five VAW layers, the surface
AHC contribution from the top and bottom two layers ranges

from 0.42 to 0.35, while the internal-layer contribution increases
linearly with the number of layers due to the bulk AHC?2. For all
these slabs, the distribution of the surface AHC is not localized at
one surface, but extends to the center of the slab.

Half-quantized surface AHC in the axion insulator phases

We now focus on the axion insulator phase and its surface AHC
in FM and AFM MnBi,Te,/(Bi,Tes), compounds. The magnetic
ground states for MnBi,Tey, MnBi,Te;, and MnBigTe;, (n = 0-2)
are A-type AFM along the z-axis with the local moments of Mn
FM ordered within each MnBi,Te, layer!7->3, while MnBigTe, 3 (n
= 3) is a ferromagnet!®21. From the perspective of 7, indices, all
of the above-mentioned compounds, no matter FM or AFM
states, are [-preserved axion insulators according to our DFT
calculations. For slab calculations, the total Chern number
depends on whether I is preserved in the slab geometry. There-
fore, for FM and odd-layer AFM MnBi,Te, slabs with I, the total
Chern number reaches to 1 because both top and bottom surfaces
contribute the same AHC ¢2/2h. On the other hand, as shown in
Fig. 2d, the topmost layer of the even-layer AFM phase (with
broken I) contributes almost half-quantized AHC, i.e,
C,(1) = 0.49, while the bottom layer contributes an opposite
AHC C,(16) = —0.49, leading to a zero Hall plateau state and a
zero total Chern number. Starting from the second layer, C(J) no
longer saturates but oscillates around 1/2 with a period of the unit
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cell in the z-direction, i.e., two VAW layers. Every additional layer
contributes reversely to o,c due to the flipping spin direction,
leading to the oscillation with the amplitude as large as 0.21e%/h.
Such behavior is in sharp contrast to T-preserved axion insulators
proposed before. For the case of FM and AFM MnBi,Te,, the
layer-projected AHC at MnBi,Te, termination reaches the half-
quantized value after three or four VAW layers, then oscillates
around e?/2h, again, due to the inhomogeneity of the magnetic
moments. The oscillation period is also determined by the
thickness of a unit cell, i.e, 2 (4) VAW layers for FM (AFM)
phase. The details are provided in Supplementary Note 4.

It is worthwhile to note that the half-quantized AHC of an
axion insulator is a local property at the gapped surface®*. To
demonstrate this, we consider a thick slab of FM MnBi,Te,,
which is insulating for the MnBi, Te, termination but metallic for
the Bi,Te; termination. We find that as long as the Fermi level
(Ep) locates within the surface gap of the MnBi,Te, termination,
the corresponding surface AHC would stay around e%/2h. On the
other hand, the surface AHC with the metallic Bi,Te; termination
varies with different choices of Ef (see Supplementary Note 4).
Overall, the locality of the surface AHC does not rely on the
metallicity of the whole slab, but is due to the vanishing con-
tribution of the local Chern marker from the bulk state, i.e.,
Zf;r;';malC(l) = 0. This can also be used as a criterion to distin-
guish the “surface” and “bulk” layers.

Spectral signatures of the surface AHC—hinge states

It is of great importance to consider how the computed local
Chern marker and surface AHC corresponds to a measurable
physical quantity?, thus providing direct evidence for the axion-
insulator phase. To be specific, one might wonder what kind of
“mode” carries the half-quantized AHC in a realistic material.
Unlike the 2D system with the well-defined 1D edge, 2D surfaces
of a 3D material are terminated by hinges between different
surfaces. While the top and bottom surfaces of MnBi,Te,/
(Bi,Tes), are both gapped by the out-of-plane magnetization, the
side surfaces are either gapless or gapped depending on the AFM
or FM configuration, respectively. Combining DFT calculations
and recursive Green’s function approaches (see Methods), we
calculate the real-space local density of states (LDOS) of the

surface and hinge states of a semi-infinite sample, as shown in
Fig. 3. Fortunately, the hinge states of both AFM and FM axion-
insulator phases provide effective signatures that could be
detected by experiments. We next discuss the two cases
separately.

For the side surface of AFM MnBi,Te,, a gapless Dirac cone
occurs due to the combined symmetry T, /,, where 7, /, denotes
the half-cell translation along the stacking axis®. Similar to the
nonmagnetic TI, the manifestation of the bulk magnetoelectric
response at the side surface is compensated by the opposite
contribution from the surface Dirac cone, leading to vanishing
side-surface AHC. Instead, there exists helical modes with the
opposite spin channels propagating through opposite directions.
The terminated AFM MnBi,Te, sample and the calculated LDOS
of the top hinge and side surface states are shown in Fig. 3a—c
(position @ and ®). Compared with the helical gapless side sur-
face states, we find that a remarkable feature of the hinge state is
the asymmetric spectral weight between the left-and right-moving
modes, indicating its chiral nature. We denote such chiral hinge
modes embedded inside the side surface bands as “in-band hinge”
states, and attribute them to the difference of the surface AHCs of
the top and the side surfaces! (see Supplementary Note 6 for
details). For even-layer AFM slabs where the top and bottom
surfaces have opposite magnetizations, the top and bottom in-
band hinge states manifest opposite chiralities accordingly.

For FM MnBi,Te,, the side surface is gapped by the z-direction
magnetization and a lower crystal symmetry, stemming from a
high k-order effect of spin-momentum locking. In such a situa-
tion, the in-band hinge states still exist, with the top and bottom
hinges having the same chirality, as shown in Figs. 3e and 3f. In
addition, such a side surface exhibits a half-quantized local Chern
marker, leading to a single chiral mode (% + %) at the top hinge
and no chiral modes (%2 — %) at the bottom hinge, inside the side
surface gap (position @ and @, see Fig. 3f). Such a chiral hinge
mode with integer AHC denoted as in-gap hinge mode, is
equivalent to the chiral domain wall state in high-order topolo-
gical insulators®®°7, which is also predicted in FM MnBi,Te,/
(Bi,Tes),, by model calculations?8. However, we note that such in-
gap hinge mode only exists within a small energy range, i.e., 6
meV for FM MnBi,Te, because its side surface gap is a high-
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order magnetization gap. On the other hand, the in-band hinge
modes for both of the top and bottom hinge, originated from the
half-quantized surface AHC, remain robust within a much larger
energy range, i.e., the top/bottom surface gap (52 meV), which is
favorable for experimental detection.

Besides the non-integer and integer topological charge, another
feature to compare the in-band hinge states and the in-gap hinge
states is their decay length in the real space, which clearly reflects
their distinct topological origins. Figure 4 shows the LDOS of the
hinge states projected onto different positions of the top surface
(along the x-direction, Fig. 4a—e) and the side surface (along the
z-direction, Fig. 4f-j), respectively. We find that the in-gap hinge
state decays rapidly along the horizontal (x) direction at the top
surface, while it decays much more slowly along the vertical (z)
direction at the side surface. Specifically, five-unit-cell along the
x-direction at the top surface is long enough for the in-gap hinge
states to drop to below 1/10 of the maximal spectral intensity at
the hinge, while at the side surface, the in-gap hinge states only
decay to 1/7 of the maximal spectral weight within a thickness of
30 VAW layers along the z-direction. This seems counterintuitive
due to the weak VAW interaction between layers along the z-
direction. However, it can be understood by taking into account
the surface bandgap: the side surface gap is much smaller than the
top surface gap due to the magnetization direction, leading to a
much longer wavefunction decay length8. On the other hand, the
in-band hinge states reverse their chiralities on different sides of
the top surface (see Figs. 4b, 4d and 4e), and decay rapidly
through both of the top and the side surfaces (blue curves in

Figs. 4e and 4j), which agrees well with the locality of the surface
AHC shown in Fig. 2d. Such consistency again demonstrates that
the in-band hinge state is an ideal physical quantity to verify the
existence of the surface AHC of the axion insulator phase. Note
that the in-band hinge profile in Fig. 4j also distinguishes that of a
FM trivial insulator and a Chern insulator on top of a trivial
insulator.

The in-band hinge states will contribute to unique transport
signatures when Ef crosses the side surface bands. As shown in
Fig. 3d, compared with nonchiral top and side surface states,
these localized chiral in-band hinge states exhibit imbalanced
spectral weight for the left-moving and right-moving modes. We
note that even for FM axion insulators, one can probe a specific
hinge with only in-band hinge contribution (position @ in
Fig. 3f). We thus propose a device setup with a thick-enough
sample and multiterminal leads attached to one surface covering
only a few VAW layers. While the signal of in-band hinge modes
is buried by the metallic side surface states for typical two-
terminal transport measurements, one can expect nonzero signal
through nonlocal surface transport measurements®®. Although
the exact number of e2/2h conductance is not topologically pro-
tected and not immune from subtle device structure and disorder
effects, the chiral in-band hinge states still give rise to unam-
biguous transport signature as the direct evidence of axion
insulators, which is in sharp contrast to the case of a trivial
insulator®, We also provide a spectral comparison between a FM
axion insulator and a FM trivial insulator in Supplementary
Note 7.
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Discussion

A gapped surface state is the kernel to realize the axion insu-
lators. While recent ARPES measurements unexpectedly show
an almost gapless surface Dirac cone in MnBi, Te 00762, we
briefly provide two promising candidates with surface gaps in
MnBi,Te,/(Bi,Tes), family in Supplementary Fig. 8. By com-
parison of our ARPES and DFT results, we can distinguish two
different types of surface gaps depending on the specific ter-
minations. Type I originates from the typical surface magne-
tization that introduces a M_,o, term to a gapless Dirac
fermion, exemplified by the (001) surface of MnBi,Te,, and the
MnBi,Te, termination of MnBi,Te,/(Bi,Tes),. Although the
surface states of MnBi,Te, are reported to be gapless due to
the possible reconstruction of the geometric or magnetic
configurations at the surface®0-62, there are still unambiguous
surface gaps observed in various conditions, including Sb-
doped MnBi,Te, and the MnBi,Te; termination of
MnBigTe, 5210364 Type II, on the other hand, is caused by the
hybridization effect between the Dirac cone and the bulk
valence band, exemplified by the Bi,Te; termination of
MnBi;Te,%. Compared with the magnetization gap, the
hybridization gap exchanges the orbital characters of the sur-
face band and bulk band. Nevertheless, the broken T also gives
rise to an imbalanced Berry curvature with opposite momenta
and thus a half-quantized AHC, which is also provided in
Supplementary Note 8.

To summarize, we demonstrate that the half-quantized surface
AHC in MnBi,Te,/(Bi,Te3),, series is well localized at a few layers
from the top/bottom surfaces, which could be an experimental
observable. The surface AHC is represented by the chiral hinge
mode embedded inside the side surface bands, providing guide-
lines for nonlocal transport measurements. Our finding estab-
lishes an ideal platform to realize the long-sought axion states and
the related topological magnetoelectric phenomena. Besides, the
fruitful topological phase diagram, including 3D Chern insula-
tors, Weyl semimetals, and fragile 3D QSH insulators, attributes
new possibility to this family in the search of novel quantum
materials.

Methods
DFT calculations. DFT calculations are performed using Vienna Ab-initio
Simulation Package (VASP) % to provide insights on electronic structures in the
MnBi,Te,/(Bi,Te;), system. The generalized gradient approximation developed
by Perdew, Burke, and Ernzerhof (PBE)®7 is used to describe the exchange-
correlation energy in our calculation. The projector augmented wave (PAW)
method is used to treat the core and valence electrons using the following
electronic configurations: 3p®4s23d” for Mn, 5d106s26p3 for Bi, and 5s25p* for
Te. The electron correlation effects of Mn-3d states are considered by the
inclusion of the Hubbard U (PBE+U), with U(Mn) = 5 eV. The Brillouin zone is
sampled by an 8 x 8 x 1 I'-centered Monkhorst-Pack k-point mesh. Once the
electronic structure is converged, the Bloch states are projected to the Wannier
functions®®9? of the Mn-3d, Bi-6p, and Te-5p orbitals to build the tight-binding
Hamiltonian.

The calculation of local Chern number for a particular VAW layer (I) is
systematically derived by Varnava et al. in ref. °1, and expressed as Eq. (3) in the

Jitm,
main text, where A is the unit cell area, X(Y);; = W
ik~ Ej

element for the position operator along the x or y directions, and the band indices
go through the conduction (c) and valence (v) bands as denoted for the summation.
N, is the number of k-points and p(/) the projection matrix onto the orbitals of the
atoms within the corresponding VdW layer.

is the matrix

Calculation of the hinge states. We have employed two DFT-based methods to
compute the hinge states, as plotted in Fig. 3 and Fig. 4. Both methods show
consistent chiral states at the hinge of the MnBi,Te, system. In Fig. 3, the hinge
states are calculated using a bi-semi-infinite open-boundary geometry condition,
which is also used in ref. 70, The structure is semi-infinite along the x- and z-
directions, while the periodic boundary condition (PBC) is maintained along the
y-direction so that k, remains a good quantum number. The Hamiltonian can be

written in terms of a quasi-block-tridiagonal form as follows:
Hy H 0 0 - H' 0
HY Hy HY 0

5
o H' H, H}

o0 0o H' H,
H= . 4
H Hy H} 0
0 H:' H, H?

0

where H, Hf and H7 are the ground-state Hamiltonian and hopping matrices along
the x- or z-directions, respectively. Such a tight-binding Hamiltonian is obtained from
the maximally localized Wannier functions constructed by the wannier90 package
interfaced to the VASP code. Then the Hamiltonian can be written into

Hy, H;
H=| ! . ®)
Hp Hy
One can immediately define a Green’s function for such Hamiltonian following
the traditional scheme, i.e.,
G, G
G= < I ) : ®)
G Gy

Note that Gy includes the surface Green’s function along both the x- and z-
directions, which can be computed iteratively.

In Fig. 4, the evolution of the hinge states is investigated as a function of
distance away from the hinge. Then a supercell with finite width along the x- (for
the top surface) or the z-direction (for the side surface) is needed. The system
geometries are a) For the top surface, finite along x (20-unit-cell-thick), semi-
infinite along z, PBC along y; b) For the side surface, finite along z (30-unit-cell-
thick), semi-infinite along x, PBC along y. Surface states are computed iteratively as
the retarded Green’s function along the semi-infinite direction. More details can be
found in Supplementary Note 5.

Data availability
The supportive data for the findings in this study are available from the corresponding
authors upon reasonable request.

Code availability
The computation code for getting the theoretical prediction is available from the
corresponding authors upon reasonable request.

Received: 2 September 2020; Accepted: 19 May 2021;
Published online: 10 June 2021

References

1. Tokura, Y., Yasuda, K. & Tsukazaki, A. Magnetic topological insulators. Nat.
Rev. Phys. 1, 126-143 (2019).

2. Pozo, O., Repellin, C. & Grushin, A. G. Quantization in chiral higher order
topological insulators: circular dichroism and local Chern marker. Phys. Rev.
Lett. 123, 247401 (2019).

3. Qi, X.-L., Hughes, T. L. & Zhang, S.-C. Topological field theory of time-
reversal invariant insulators. Phys. Rev. B 78, 195424 (2008).

4. Essin, A. M., Moore, J. E. & Vanderbilt, D. Magnetoelectric polarizability and
axion electrodynamics in crystalline insulators. Phys. Rev. Lett. 102, 146805 (2009).

5. Fu, L. & Kane, C. L. Topological insulators with inversion symmetry. Phys.
Rev. B 76, 045302 (2007).

6. Qi X-L, Li, R, Zang, J. & Zhang, S.-C. Inducing a magnetic monopole with
topological surface states. Science 323, 1184-1187 (2009).

7. Armitage, N. P. & Wu, L. On the matter of topological insulators as
magnetoelectrics. SciPost Phys. 6, 046 (2019).

8. Malashevich, A,, Souza, I, Coh, S. & Vanderbilt, D. Theory of orbital
magnetoelectric response. New J. Phys.12, 053032 (2010).

9. Mogi, M. et al. A magnetic heterostructure of topological insulators as a
candidate for an axion insulator. Nat. Mater. 16, 516-521 (2017).

10. Mogi, M. et al. Tailoring tricolor structure of magnetic topological insulator
for robust axion insulator. Sci. Adv. 3, eaa01669 (2017).

11. Allen, M. et al. Visualization of an axion insulating state at the transition
between 2 chiral quantum anomalous Hall states. Proc. Natl. Acad. Sci. USA
116, 14511-14515 (2019).

| (2021)12:3524 | https://doi.org/10.1038/s41467-021-23844-z | www.nature.com/naturecommunications 7


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Xiao, D. et al. Realization of the axion insulator state in quantum anomalous
Hall Sandwich heterostructures. Phys. Rev. Lett. 120, 056801 (2018).

Wan, X., Vishwanath, A. & Savrasov, S. Y. Computational design of axion
insulators based on 5d spinel compounds. Phys. Rev. Lett. 108, 146601 (2012).
Otrokov, M. M. et al. Prediction and observation of an antiferromagnetic
topological insulator. Nature 576, 416-422 (2019).

Rienks, E. D. L. et al. Large magnetic gap at the Dirac point in Bi,Tes/
MnBi,Te, heterostructures. Nature 576, 423-428 (2019).

Gong, Y. et al. Experimental realization of an intrinsic magnetic topological
insulator. Chin. Phys. Lett. 36, 076801 (2019).

Hu, C. et al. A van der Waals antiferromagnetic topological insulator with
weak interlayer magnetic coupling. Nat. Commun. 11, 97 (2020).

Hu, C. et al. Realization of an intrinsic ferromagnetic topological state in
MnBigTe;s. Sci. Adv. 6, eaba4275 (2020).

Tian, S. et al. Magnetic topological insulator MnBigTe,, with a zero-field
ferromagnetic state and gapped Dirac surface states. Phys. Rev. B 102, 035144
(2020).

Wu, J. et al. Natural van der Waals heterostructural single crystals with both
magnetic and topological properties. Sci. Adv. 5, eaax9989 (2019).

Lu, R. et al. Half-magnetic topological insulator with magnetization-induced
Dirac gap at a selected surface. Phys. Rev. X 11, 011039 (2021).

Deng, Y. et al. Quantum anomalous Hall effect in intrinsic magnetic
topological insulator MnBi,Te,. Science 367, 895-900 (2020).

Liu, C. et al. Robust axion insulator and Chern insulator phases in a two-
dimensional antiferromagnetic topological insulator. Nat. Mater. 19, 522-527
(2020).

Zhang, D. et al. Topological axion states in the magnetic insulator MnBi,Te,
with the quantized magnetoelectric effect. Phys. Rev. Lett. 122, 206401 (2019).
Li, J. et al. Intrinsic magnetic topological insulators in van der Waals layered
MnBi, Te,-family materials. Sci. Adv. 5, eaaw5685 (2019).

Ge, J. et al. High-Chern-number and high-temperature quantum Hall effect
without Landau levels. Natl. Sci. Rev. 7, 1280-1287 (2020).

Sun, H. et al. Rational design principles of the quantum anomalous Hall effect
in superlatticelike magnetic topological insulators. Phys. Rev. Lett. 123, 096401
(2019).

Zhang, R.-X., Wu, F. & Das Sarma, S. Mobius insulator and higher-order
topology in MnBi,, Tes, 1. Phys. Rev. Lett. 124, 136407 (2020).

Otrokov, M. M. et al. Unique thickness-dependent properties of the van der Waals
interlayer antiferromagnet MnBi,Te, films. Phys. Rev. Lett. 122, 107202 (2019).
Koenig, E. J. & Ostrovsky, P. M. Protopopov IV, Gornyi IV, Burmistrov IS,
Mirlin AD. Half-integer quantum Hall effect of disordered Dirac fermions at a
topological insulator surface. Phys. Rev. B 90, 165435 (2014).

Chu, R--L., Shi, J. & Shen, S.-Q. Surface edge state and half-quantized Hall
conductance in topological insulators. Phys. Rev. B 84, 085312 (2011).
Wang, J., Lian, B., Qi, X.-L. & Zhang, S.-C. Quantized topological
magnetoelectric effect of the zero-plateau quantum anomalous Hall state.
Phys. Rev. B 92, 081107 (2015).

Kou, X. et al. Metal-to-insulator switching in quantum anomalous Hall states.
Nat. Commun. 6, 8474 (2015).

He, Q. L. et al. Chiral Majorana fermion modes in a quantum anomalous Hall
insulator-superconductor structure. Science 357, 294 (2017).

Pan, L. et al. Probing the low-temperature limit of the quantum anomalous
Hall effect. Sci. Adv. 6, eaaz3595 (2020).

Bernevig, B. A., Hughes, T. L. & Zhang, S.-C. Quantum spin Hall effect and
topological phase transition in HgTe quantum wells. Science 314, 1757 (2006).
Lu, H.-Z., Zhao, A. & Shen, S.-Q. Quantum transport in magnetic topological
insulator thin films. Phys. Rev. Lett. 111, 146802 (2013).

Yang, Y. et al. Time-reversal-symmetry-broken quantum spin Hall effect.
Phys. Rev. Lett. 107, 066602 (2011).

Halperin, B. I. Possible states for a three-dimensional electron gas in a strong
magnetic field. Jpn. J. Appl. Phys. 26, 1913-1919 (1987).

Bernevig, B. A., Hughes, T. L., Raghu, S. & Arovas, D. P. Theory of the three-
dimensional quantum hall effect in graphite. Phys. Rev. Lett. 99, 146804 (2007).
Jin, Y. J., Wang, R, Xia, B. W., Zheng, B. B. & Xu, H. Three-dimensional quantum
anomalous Hall effect in ferromagnetic insulators. Phys. Rev. B 98, 081101 (2018).
Burkov, A. A. & Balents, L. Weyl semimetal in a topological insulator
multilayer. Phys. Rev. Lett. 107, 127205 (2011).

Kruthoff, J., de Boer, J., van Wezel, J., Kane, C. L. & Slager, R.-J. Topological
classification of crystalline insulators through band structure combinatorics.
Phys. Rev. X 7, 041069 (2017).

Watanabe, H., Po, H. C. & Vishwanath, A. Structure and topology of band
structures in the 1651 magnetic space groups. Sci. Adv. 4, eaat8685 (2018).
Ono, S. & Watanabe, H. Unified understanding of symmetry indicators for all
internal symmetry classes. Phys. Rev. B 98, 115150 (2018).

Po, H. C,, Watanabe, H. & Vishwanath, A. Fragile topology and Wannier
obstructions. Phys. Rev. Lett. 121, 126402 (2018).

Song, Z.-D., Elcoro, L. & Bernevig, B. A. Twisted bulk-boundary
correspondence of fragile topology. Science 367, 794-797 (2020).

48. Po, H. C, Vishwanath, A. & Watanabe, H. Symmetry-based indicators of
band topology in the 230 space groups. Nat. Commun. 8, 50 (2017).

49. Bianco, R. & Resta, R. Mapping topological order in coordinate space. Phys.
Rev. B 84, 241106 (2011).

50. Rauch, T., Olsen, T., Vanderbilt, D. & Souza, I. Geometric and nongeometric
contributions to the surface anomalous Hall conductivity. Phys. Rev. B 98,
115108 (2018).

51. Varnava, N. & Vanderbilt, D. Surfaces of axion insulators. Phys. Rev. B 98,
245117 (2018).

52. Wan, X,, Turner, A. M., Vishwanath, A. & Savrasov, S. Y. Topological
semimetal and Fermi-arc surface states in the electronic structure of
pyrochlore iridates. Phys. Rev. B 83, 205101 (2011).

53. Yan,J. Q. et al. Crystal growth and magnetic structure of MnBi,Te,. Phys. Rev.
Mater. 3, 064202 (2019).

54. Marrazzo, A. & Resta, R. Locality of the anomalous Hall conductivity. Phys.
Rev. B 95, 121114 (2017).

55. Mong, R. S. K,, Essin, A. M. & Moore, J. E. Antiferromagnetic topological
insulators. Phys. Rev. B 81, 245209 (2010).

56. Khalaf, E. Higher-order topological insulators and superconductors protected
by inversion symmetry. Phys. Rev. B 97, 205136 (2018).

57. Okuma, N,, Sato, M. & Shiozaki, K. Topological classification under
nonmagnetic and magnetic point group symmetry: application of real-space
Atiyah-Hirzebruch spectral sequence to higher-order topology. Phys. Rev. B
99, 085127 (2019).

58. Shen, S.-Q. Starting from the Dirac Equation. in Topological Insulators: Dirac
Equation in Condensed Matter (ed. Shen, S.-Q.) (Springer, 2017).

59. Chen, R. et al. Using nonlocal surface transport to identify the axion insulator.
Preprint at https://arxiv.org/abs/2005.14074 (2020).

60. Hao, Y.-J. et al. Gapless surface Dirac cone in antiferromagnetic topological
insulator MnBi,Te,. Phys. Rev. X 9, 041038 (2019).

61. Li, H. et al. Dirac surface states in intrinsic magnetic topological insulators
EuSn,As, and MnBi,,Tes, ;. Phys. Rev. X 9, 041039 (2019).

62. Chen, Y.]. et al. Topological electronic structure and its temperature evolution in
antiferromagnetic topological insulator MnBi, Te,. Phys. Rev. X 9, 041040 (2019).

63. Ma, X.-M. et al. Realization of a tunable surface Dirac gap in Sb-doped
MnBi,Te,. Phys. Rev. B 103, L121112 (2021).

64. Shikin, A. M. et al. Nature of the Dirac gap modulation and surface magnetic
interaction in axion antiferromagnetic topological insulator MnBi,Te,. Scient.
Rep. 10, 13226 (2020).

65. Wu, X. et al. Distinct topological surface states on the two terminations of
MnBi,Te;. Phys. Rev. X 10, 031013 (2020).

66. Kresse, G. & Furthmiiller, J. Efficiency of ab-initio total energy calculations for
metals and semiconductors using a plane-wave basis set. Comput. Mater. Sci.
6, 15-50 (1996).

67. Ropo, M., Kokko, K. & Vitos, L. Assessing the Perdew-Burke-Ernzerhof
exchange-correlation density functional revised for metallic bulk and surface
systems. Phys. Rev. B 77, 195445 (2008).

68. Mostofi, A. A. et al. wannier90: a tool for obtaining maximally-localised
Wannier functions. Comput. Phys. Commun. 178, 685-699 (2008).

69. Marzari, N., Mostofi, A. A, Yates, J. R., Souza, I. & Vanderbilt, D. Maximally
localized Wannier functions: theory and applications. Rev. Mod. Phys. 84,
1419 (2012).

70. Yue, C. et al. Symmetry-enforced chiral hinge states and surface quantum
anomalous Hall effect in the magnetic axion insulator Bi, ,Sm,Se;. Nat. Phys.
15, 577-581 (2019).

Acknowledgements

We thank Ni Ni, Yue Zhao, and Zhongjia Chen for helpful discussions. This work was
supported by the National Key R&D Program of China under Grant Nos. 2020YFA0308900
and 2019YFA0704900, the National Natural Science Foundation of China under Grant No.
11874195, Guangdong Innovative and Entrepreneurial Research Team Program under
Grant No. 20172T07C062, Guangdong Provincial Key Laboratory for Computational Sci-
ence and Material Design under Grant No. 2019B030301001, the Shenzhen Science and
Technology Program (Grant No. KQTD20190929173815000), and Center for Computa-
tional Science and Engineering of Southern University of Science and Technology.

Author contributions

Q.L. conceived the idea and supervised the research with J.-P.L, M.G., H.S,, and Y.Z.
performed DFT calculations. M.G. and J.-P.L. developed the Wannier orbital-based tight-
binding model to compute the layered Chern marker and hinge states. J.-Y.L. constructed
the model Hamiltonians and computed the topological phase diagram. H.L. contributed
to the proposal of nonlocal transport measurements. C.L. provided the ARPES data for
comparison. Q.L. wrote the paper with the input from all authors.

Competing interests
The authors declare no competing interests.

| (2021)12:3524 | https://doi.org/10.1038/s41467-021-23844-z | www.nature.com/naturecommunications


https://arxiv.org/abs/2005.14074
www.nature.com/naturecommunications

ARTICLE

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-23844-z.

Correspondence and requests for materials should be addressed to J.L. or Q.L.

Peer review information Nature Communications thanks the anonymous reviewer(s) for
their contribution to the peer review of this work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
BY

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

| (2021)12:3524 | https://doi.org/10.1038/s41467-021-23844-z | www.nature.com/naturecommunications 9


https://doi.org/10.1038/s41467-021-23844-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Spectral signatures of the surface anomalous Hall effect in magnetic axion insulators
	Multiple topological phases from model Hamiltonian calculations
	DFT-calculated surface AHC of magnetic topological phases in MnBi2Te4/(Bi2Te3)n
	Half-quantized surface AHC in the axion insulator phases
	Spectral signatures of the surface AHC—hinge states
	Discussion
	Methods
	DFT calculations
	Calculation of the hinge states

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




