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The recently discovered antiferromagnetic topological insulators in the Mn-Bi-Te family with intrinsic
magnetic ordering have rapidly drawn broad interest since its cleaved surface state is believed to be gapped,
hosting the unprecedented axion states with a half-integer quantum Hall effect. Here, however, we show
unambiguously by using high-resolution angle resolved photoemission spectroscopy that a gapless Dirac
cone at the (0001) surface of MnBi,Te, exists inside the bulk band gap. Such an unexpected surface state
remains unchanged across the bulk Néel temperature, and is even robust against severe surface degradation,
indicating additional topological protection. Through symmetry analysis and ab initio calculations we
consider different types of surface reconstruction of the magnetic moments as possible origins giving rise to
such linear dispersion. Our results unveil the experimental topological properties of MnBi, Te,, revealing
that the intrinsic magnetic topological insulator hosts a rich platform to realize various topological phases
by tuning the magnetic or structural configurations, and thus push forward the comprehensive under-

standing of magnetic topological materials.
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I. INTRODUCTION

The integration of magnetic order and topological non-
triviality has received much attention since the dawn of the
topological era in condensed matter physics [1-4]. In these
systems, the absence of time-reversal symmetry (7) brings
about a series of exotic quantum phases such as a Chern
insulator [5] and axion insulator [6], leading to potential
applications in the fields of spintronics and quantum
computing. As a renowned example, the quantum anoma-
lous Hall (QAH) effect in Chern insulators promises novel
emergent phenomena such as Majorana fermions and

*chency @sustech.edu.cn
"liugh@sustech.edu.cn
“liuc @sustech.edu.cn

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOL.

2160-3308/19/9(4)/041038(10)

041038-1

Subject Areas: Condensed Matter Physics,
Materials Science,
Topological Insulators

anyon statistics [7]. Another distinct topological phase is
the axion insulator state, signified by a gapped surface state
by magnetization but half-quantized surface Hall conduct-
ance, which was proposed to host the topological magneto-
electric effect and axion electrodynamics [6,8]. The QAH
insulator was first discovered in a magnetically doped
topological insulator (TI) at an ultralow temperature of
30 mK [9]. Proposals of heterostructure engineering based
on magnetic insulators and TIs are also expected to realize the
QAH effect through magnetic proximity effects, but are
challenging in the material choice and interface fabrication
[6]. On the other hand, the realization of an axion insulator
requires a T layer sandwiched by two magnetic layers whose
moments point to opposite directions [10]. Though the QAH
effect and the axion state have been discovered in TIs and
magnetic topological heterostructures where ferromagneti-
cally ordered moments are induced by chemical doping
[9-13], an intrinsic, stoichiometric magnetic topological
insulator (MTI) is highly desired in both cases, as the
emerging temperatures of these macroscopic quantum states
would otherwise be severely suppressed due to disorder.

Published by the American Physical Society
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FIG. 1.

Crystal characterization and magnetic responses of MnBi, Te,. (a) Crystal structure and A-type AFM magnetic configuration.

(b) Single crystal x-ray diffraction data. Inset: Crystal against a millimeter grid. (c¢) Magnetization curves in two different configurations,
H|lab and H||c. The susceptibility at 60 K (y,) is subtracted. (d) Field dependence of magnetization M, measured at different 7', with
field along the ¢ axis. (e) The field-temperature phase diagram with applied field along the ¢ axis. As B increases, the system evolves
from an A-type AFM state (I) to a spin-flop AFM state (II), then to a high-7" PM state (II).

For both QAH insulators and axion insulators, materials
that best fit the above requirement should be magnetic
layered compounds having net magnetization and zero
magnetization, respectively. Interestingly, both conditions
can be achieved in a single material base comprising A-type
antiferromagnetism (AFM) with out-of-plane magnetic
moments, in which the two distinct topological phases
can be switched simply by controlling the number of layers.
Such a three-dimensional material base is an AFM TI
characterized by a novel Z, topological invariant protected
by the product of 7 and a half-cell translation along
the ¢ axis 7{ /20 named S¢ =77 P [14]. While layered
AFM insulators like Crl;y fulfill the magnetic structure
but lack a nonzero topological invariant [15], a novel
family of van der Waals layered single crystalline materials
MnBi,,Tes,,; (n=1,2,...) [16,17], exemplified by
MnBi, Te, [18-36], has been established very recently to
be stoichiometric TIs with an A-type AFM ground state.
The basic magnetic building block of MnBi,Te, consists of
seven atomic layers that arrange as Te-Bi-Te-Mn-Te-Bi-Te
[18-21], called a septuple layer (SL) [Fig. 1(a)]. Its mag-
netic moments in the bulk are theoretically predicted
[22,23], and then confirmed by neutron diffraction experi-
ments [24], to be ferromagnetically (FM) ordered within a
Mn plane pointing along the out-of-plane z direction but
antiferromagnetically aligned between adjacent Mn layers
[Fig. 1(a)]. It was experimentally found that few-SL films
of MnBi,Te, can realize not only the axion state but a
topological transition between the axion state and the QAH
state when switching the number of SLs between even
and odd numbers [25,26]. Furthermore, nine layers of

MnBi, Te, is experimentally reported to be a higher-order
Chern insulator [27]. Such rich emergent physics render
MnBi,Te, an ideal platform for studying the interplay
between magnetism and topology.

Now that several theoretical predictions and experimen-
tal observations point to a simple A-type AFM ground state
in bulk MnBi,Te,, there are still substantial discrepancies
between the ideal scenario and realistic quantum transport
behaviors. For example, while the QAH effect was pre-
dicted to appear in an odd number of MnBi, Te, layers with
uncompensated A-type AFM configuration, such an effect
was observed experimentally only under a strong magnetic
field (>5 T) that forces the AFM ground state to a FM one
[25,26]. This implies that the inherent magnetic configu-
ration, including the magnitude, orientation, domain, and
bulk-surface correspondence, adds complication to the full
understanding of intrinsic MTIs such as MnBi,Te,. Since
the key property for the realization of an axion state is the
gapped Dirac cone induced by intrinsic magnetization, it is
crucial to verify the existence of such a gapped surface
state in bulk MnBi,Te,. In this paper, we profile the
topological nature of MnBi,Te, by our experimental
discovery of the unexpected bulk-surface correspondence
using high-resolution angle resolved photoemission spec-
troscopy (ARPES). Unlike previous theoretical predictions
and experimental observations claiming a sizable mag-
netic gap at the (0001) surface state where S¢ is broken
[18-20,28], we show unambiguously that there exists an
X-shaped, gapless, Dirac cone at this surface, traversing
the bulk band gap of MnBi,Te,. This state is intrinsic to
the MnBi,Te, crystals, reproducible in all samples we
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measured, free of k, dispersion, unchanged across the bulk
magnetic ordering temperature, and is even robust against
severe surface degradation. The gapped bands observed by
previous works near the Dirac point, on the other hand, are
proven to be of bulk nature, having clear k, dispersion. By
performing symmetry analysis and density functional
theory (DFT) calculations, we attribute the origin of
the observed gapless Dirac cone to surface-mediated
reconstruction of magnetic moments that differ from the
bulk, with the discussion of several proposed occasions
including spin disorder, A-type AFM with in-plane moment
and intralayer AFM. The possibility of surface structural
deformation is also discussed. Our work reveals an impor-
tant factor that can significantly affect the topological
property of MnBi,Te,, i.e., the surface magnetic or
structural reconstruction, and thus brings about a more
comprehensive understanding of magnetic topological
materials in general.

II. CRYSTAL AND MAGNETIC PROPERTIES
OF BULK MnBi,Te,

We begin our discussion by presenting the physical
properties measured on the MnBi,Te, samples used in
our ARPES measurements. It is important to point out
that our samples were grown by two different research
groups [University of California, Los Angeles (UCLA)
and Southern University of Science and Technology
(SUSTech)] using slightly different growth procedures,
yet the transport, magnetic, and ARPES measurements
reveal quantitatively the same results, each on multiple
samples, signifying the reliability and repeatability of our
data. Figure 1(b) presents the single crystal x-ray diffrac-
tion data, as well as the appearance of the crystals, which
agree quantitatively with those in the literature. No signal
from other crystalline phases is seen. This proves that our
photoemission data do not come from impurity phases.

In Figs. 1(c)-1(e) we present the magnetic measurement
results, demonstrating that MnBi, Te, has an AFM ground
state and a rich magnetic phase diagram. Figure 1(c) shows
the magnetization versus temperature curves for two differ-
ent configurations, H||ab and H||c. An AFM-paramagnetic
(PM) transition is found at 7T = 24.4 K, consistent
with data from other groups. Figure 1(d) illustrates the
isothermal magnetizations of MnBi,Te, as a function of
applied field along the ¢ axis ranging from 2 to 30 K. All
the magnetization curves for 7 < T, show an abrupt
change around the field between 2 and 3.6 T. This suggests
the occurrence of a spin-flop-type transition, below which
the spin direction of Mn ions turns perpendicular to the
easy axis (c axis). Finally, the magnetization approaches
saturation around M = 3.8 uz/Mn at 2 K above 8 T, well
consistent with previous results [24,29,30]. The field-
temperature phase diagram of MnBi,Te, is depicted in
Fig. 1(e). Below Ty, the critical field of the spin-flop
transition B, divides the phase diagram into two regions.

At region I, MnBi,Te, shows an A-type AFM order
consisting of FM layers coupled antiferromagnetically
along the c¢ axis [24]. Above B, (region II), it is possible
that the moments first turn perpendicular to the ¢ axis due
to the lower ground energy, then rotate continuously
towards the field direction. When the critical field B, is
reached, all the moments are polarized along the applied
field (region III).

ITII. ROBUST SURFACE DIRAC CONE
BY ARPES MEASUREMENTS

We show in Fig. 2 the electronic structure of MnBi, Te,
obtained by high-resolution ARPES experiments. Figure 2(a)
illustrates a typical ARPES k-E cut through the surface zone
center I" we obtained with high-resolution laser ARPES
[37] below Ty (hv = 6.3 eV, T = 10 K). Even at the first
glance, one notices that there undoubtedly exists a gapless
state between the electronlike and holelike conduction and
valence bands, whose dispersion is even more linear than
conventional TTs like Bi,Se; and Bi, Tes. The two branches
of this state intersect at I at a binding energy of 0.290 eV,
forming a prototypical Dirac cone at I without any trace
of gap. This band is one of the sharpest electronic states
ever seen in topological materials, with a full width half
maximum (FWHM) of 0.010 A™" (detailed in Ref. [38]).
Note that an ungapped Dirac cone is also reported in
Ref. [22] for few-SL films of MnBi,Te,, yet the measure-
ments there were done only at the PM state above T'y. The
main purpose of the present paper is to study the spectro-
scopic properties of this state and to propose, based on
reasonable symmetry arguments and DFT calculations, the
origin of this state.

Having established the existence of the gapless Dirac
state, an important question is whether this gapless band
remains unchanged for all k,’s in the Brillouin zone (i.e., it
is a 2D state), or if it gradually opens a gap as k, varies (i.e.,
itis a 3D state). We prove that this state is in fact a quasi-2D
state with little k, dispersion by performing a detailed
photon energy dependent ARPES map from 6 to 20 eV,
corresponding to 3.7 < k, < 5.8 (inunit of 27/ ¢), covering
more than two Brillouin zones in the k, direction
[Fig. 2(b)]. Note that the lattice constant ¢ here represents
the height of a single SL of MnBi,Te, (¢ = 1.37 nm),
which is about 1/3 the height of the conventional unit cell.
For all k, values within this range where the Dirac state is
resolvable, we see negligible change in the (k, E) position
of the Dirac band [38]. Therefore, the Dirac state behaves
as a quasi-2D, surfacelike electronic state. On the other
hand, the bands that form a gap at I, especially the one
below the Dirac band, show clear periodic dispersion
along k. [Fig. 2(b)]. As a result, the size of the I' gap
varies between 0.13 eV at the bulk I" and 0.20 eV at Z
[Figs. 2(c)-2(e)]. In light of this behavior, we assign this
gapped band to be a bulklike electronic state.
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FIG. 2. Surface and bulk electronic structure of MnBi,Te,. (a) A typical ARPES k-E map along K-T-K (k,), taken at 10 K under
photon energy hv = 6.3 eV. A linear, X-shaped, gapless state exists between the valence and the conduction bands. The Dirac point
(DP) energy locates at Ep, = 288 meV for this sample. (b) k. dispersion map at T, taken with 6-20 eV photons. VBM, valence band
maxima; CBM, conduction band minima. Periodic dispersion pattern on the VBM is seen clearly. The bulk I" and Z points are
determined by assigning an inner potential Vi, = 9 eV, estimated from the total bandwidth of the valence bands. (c)—(e) k-E maps along
M-T'-M (k,) taken at the 'y, Z4, and I's points marked in (b) (corresponding to hv = 7.5, 10.5, and 13.5 eV, respectively). It is clear that
the gapless state forming the Dirac cone has no k, dispersion, while the VBM evolves from —0.33 eV (I') to —0.4 eV (Z), consequently
changing the bulk gap from 0.13 to 0.20 eV.

(a) Pristine, 10 K (b) Pristine, 300 K (c) Air cleaved, 10 K
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FIG. 3. Robustness of the Dirac surface state. ARPES raw (left) and second derivative (right) k-E maps taken with 6.3 eV laser light
along K-T'-K (ky) for (a) a pristine sample cleaved and measured at 10 K (below T'y), (b) a pristine sample cleaved and measured at
300 K (well above Ty ), and (c) a sample cleaved in air at room temperature, and measured at 10 K. Despite the overall carrier doping
induced by different cleaving conditions, the gapless Dirac cone is clearly seen for all cases, along with an unchanged bulk band gap
sized 150 meV.
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Next we study whether this Dirac state remains across the
magnetic transition temperature, and whether it is robust
against considerable surface perturbation. Figure 3 gives
positive answers to both questions. When an as-grown,
pristine MnBi, Te, crystal is cleaved in situ at 10 K (below
Ty), it shows a clear ungapped Dirac cone whose Dirac point
lies at E;, = 0.28 eV [Fig. 3(a)] [50]. In case of 6.3 eV
photons, the bulk gap measures to be 150 meV. When we
raise the temperature to 300 K [Fig. 3(b)], the Dirac point
energy changes to £, = 0.27 eV, yet the gapless nature of
the Dirac band, as well as the size of the bulk gap, remains.
Therefore, being in the AFM ground state or the high-
temperature PM state does not seem to affect the integrity of
the cone. To further test the robustness of the cone, we cleave
a sample in air at room temperature before loading it into the
vacuum chamber, and measure the band structure of the
disturbed surface at 10 K [Fig. 3(c)]. Although the band
structure becomes significantly p doped compared with the
pristine one, the Dirac surface state is still visible, without
any sign of gap opening. The bulk gap also keeps its size of
150 meV. The message here is that this Dirac state is as
robust as those in prototypical nonmagnetic TIs like Bi,Se;
[51]. Therefore, it is highly likely that this state is topo-
logically protected by a symmetry of the crystal.

IV. PROPOSED GAPLESS DIRAC CONE FROM
DIFFERENT SURFACE MAGNETIC STRUCTURES

Next we discuss the possible physical origin of the
gapless (0001) surface Dirac cone in MnBi,Te, from the
perspective of surface spin reorientation. For 3D magnetic-
doped TIs, it is reported that the helical surface electrons
can induce a FM order at the surface through Ruderman-
Kittel-Kasuya-Yosida interaction even when the bulk is not
magnetically ordered [52-55]. In MnBi,Te,, previous
neutron diffraction measurements confirmed an A-type
AFM spin configuration with the magnetization along
the ¢ axis [24], which supports a massive surface Dirac
cone if the bulk magnetic configuration remains at the
surface [Fig. 4(a)]. Therefore, our results suggest that the
surface-mediated spin configuration at the few top layers
differs from that in the bulk state, hosting topology-
protected gapless surface states which can be detected
by our surface-sensitive ARPES technique. In the following
we consider several possible magnetic states of the surface
layers that can support the linear-dispersed, gapless surface
Dirac cone, and then discuss their chance of happening based
on the current experimental observations and our corre-
sponding total energy calculations. They are summarized in
Figs. 4(b)—4(d) and Table 1.

Before proposing the possibilities, we make a basic
assumption that the gapless surface states are protected by
T, crystalline symmetry, or their combinations. Starting
from nonmagnetic MnBi,Te, having the same space group
of Bi,Te; (R3m), there are in total five types of symmetry
operations, i.e., threefold rotation along the z axis Cs,,

(a) A-type AFM (z) (b) Disordered moment
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FIG. 4. DFT-calculated surface states of MnBi,Te, for four
prototypical magnetic configurations. (a) A-type AFM with the
magnetic moments along the z axis, (b) disordered magnetic
moments, (c) A-type AFM with the magnetic moments along the
x axis, and (d) G-type AFM. The top drawing in each panel
specifies the magnetic configuration and the symmetries that
preserve in bulk (black) and (0001) surface (red). 7, time
reversal; Tli P (i =a, b, c), half-cell translation along i; M,
mirror plane.

twofold rotation along the x axis C,,, inversion Z, rotoin-
version Sg, = C3,Z, and mirror symmetry M, = C,,Z. At
the (0001) surface of MnBi,Te,, since C,, Z, and Sg
symmetries are broken, the point group is reduced to Cs,.
Therefore, when we take the local magnetic moment of Mn
atoms into account, the symmetry preserved at this surface
can only be C;_, M,, in-plane translation symmetry 7, 7
and their combinations, i.e., C3,7, M,7T, and 7,,7. We
thus expect that the observed gapless surface Dirac cone is
protected by one of these symmetries. Such a symmetry G
should fulfill G> = —1 in our spin-1/2 systems for at least
certain high-symmetry points in the k space, resulting in
Kramers degeneracy and nontrivial topological classifica-
tion. While high-order topology and gapless hinge or
edge states can be protected by symmetry operations like
threefold axis [56], M, 7, Cs,, and C3,7 are excluded in
our following analysis because they do not support gapless
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TABLE L.

Properties of MnBi,Te, with different magnetic configurations considered in our work, including the

calculated total energy with respect to the magnetic structure of ground state, i.e., A-type AFM (z) configuration, the
gap size of surface states (E,), the topological classification, and the corresponding symmetry. The number in
parentheses is the square of the symmetry operation. NM, nonmagnetic; MCN, mirror Chern number.

Phase Energy (meV/Mn) Surface E, (meV) Topological classification Symmetry
A-type AFM (2) 0.00 62 Z, Se (_6—21""‘{/2)
A-type AFM (y) 0.41 0.3 e e
A-type AFM (x) 0.41 0 MCN M, (-1)
G-type AFM 8.34 0 Z, S (_e—Z’kTi’/
C-type AFM 8.38 0 Z, Sa (_6—2”“”2)
PM 5.73 0 Z, 7 (-1)
NM 412 10° 0 Z, 7 (-1

surface states [57]. Hence, the remaining symmetry oper-
ations are 7, M,, and 7,,7 .

The first possibility is that the ordered spin in the bulk
state may show fragility at the surface layers, leading to a
lower transition temperature and a PM state with spin
disorder. In this case, the electron hopping and magnetic
moment decouple with each other and 7 symmetry is
restored, leading to a gapless surface Dirac cone from a 3D
T -preserved TI. To obtain the total energy of such a PM
state, we use a 4 x 4 supercell with special quasirandom
structures to simulate the spin disorder effect [58]. Such an
approach provides the best choice of randomness for a finite-
size supercell in guaranteeing the best match of correlation
functions of the infinite alloy, and thus can be applied in both
cases of composition disorder and spin disorder. The total
energy of such a magnetic configuration is found to be
5.7 meV/Mn compared with the ground state.

Without ordered magnetization, the model Hamiltonian
for a single surface of MnBi,Te, can be written up to the
third order as H = H; + Hj;. The first term H, is the well-
known surface Rashba term,

H, :al<kx6y_ky5x>’ (1)

where ¢ is the Pauli matrix for spin degree of freedom.
H; is the cubic-k term written as

Hy = o[(K + K)ko, = (K + K)k,0.]
+ az(kz — 3k§)kxaz’ (2)

which is derived from the k - p perturbation by considering
all the possible k-polynomial terms that respect the crystal
symmetry [59]. The basis used for this k- p model is the
m; = £1/2 states belonging to the representation Ej/,
[60], because the bulk bands near the Fermi level are
mainly contributed by Te-p, and Bi-p, orbitals with [ =1
and m; = 0. The Hamiltonian H apparently supports a

gapless Dirac cone at the I point. Figure 4(b) shows the
gapless surface Dirac cone of nonmagnetic MnBi,Te,
calculated by DFT as an approximation of the PM state,
indicating a 3D 7 -preserved TI. A careful comparison
between ARPES data and DFT calculation reveals good
consistency for the spin disorder scenario [38], which also
explains the observed almost unchanged band structure
with the temperature across the transition point of 24 K, and
the robustness of the surface Dirac cone against severe
degradation.

The second possible type of symmetry that can protect
the gapless surface state is the mirror symmetry. In this
case, we begin with A-type AFM with in-plane magnetic
moment that is perpendicular to one mirror plane M,
[because of Cs,, there are three equivalent mirror planes at
the (0001) surface]. Such a configuration needs to over-
come only a small magnetic anisotropy energy compared
with the magnetic ground state, i.e., 0.4 meV/Mn. In this
case, MnBi,Te, is calculated to be an AFM TI and an
M -protected AFM topological crystalline insulator (TCI)
with nontrivial mirror Chern number (MCN)—in other
words, a dual AFM TI. This is analogous to Bi,Se; as a
nonmagnetic dual TI [61]. As a result, the TCI phase gives
rise to a gapless Dirac cone slightly off the I point, as

shown in Fig. 4(c). In MnBi,Te, the shift is 0.005 A
along the k direction that is perpendicular to the magnetic
moment. Note that if this is realized at the surface, and the
sizes of the magnetic domains having opposite magnetic
moments are smaller than the size of the ARPES incident
beam (~10 ym for laser ARPES), we would expect a
doubling of the Dirac cone surface states with momentum
separation 0.01 A~!, which is marginally detectable under
the momentum resolution of our ARPES data. The fact that
this is not observed in our dataset would indicate either the
absence of in-plane A-type AFM at the surface or magnetic
domains that are significantly larger than ~10 pm.

We next consider the magnetic moment along a more
general in-plane direction. Without the protection of mirror
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symmetry, we can expect a gap opening at the (0001)
surface. This can be understood by adding a magnetization-
induced Zeeman term H,,, = gB - ¢ with in-plane mag-
netic field to the nonmagnetic Hamiltonian H [see Eqgs. (1)
(2)]. If Hy is omitted, H| + H ,, Will lead to the shift of the
Dirac point perpendicular to the direction of the magnetic
moment without a gap opening. On the other hand, adding
H e to H=H; + H; will open a gap at the Dirac cone
because the inclusion of the high-order term H; introduces
a hexagonal warping term o, that tilts the spin out of the
plane [59,61]. Only if B is perpendicular to one of the
mirror planes (k, =0 or k, = :I:\/gky), the o, term
vanishes at the shifted Dirac point and the gapless Dirac
cone retains. As shown in Table I, the features of the surface
band gaps with different in-plane magnetic moment derived
from the model Hamiltonian are consistent with our DFT
calculation. However, our DFT calculation reveals that the
size of the gap induced by the high-order term H; is as
small as ~0.3 meV, which is negligible within the reso-
lution of ARPES. Hence, a general A-type AFM configu-
ration with in-plane magnetic moment is also compatible
with our experimental observation. Since the total energies
for A-type AFM with different in-plane spin orientations
are almost the same, we suggest that the surface layers of
real samples probably consist of magnetic domains with
different in-plane FM spin moments.

The third type of symmetry is the combination of 7 and
translation symmetry 7,;,. This type of symmetry requires
intralayer AFM spin configuration, exemplified by the
G-type AFM where both intralayer and interlayer align-
ment of magnetic moments are AFM, as shown in Fig. 4(d).
In such a magnetic configuration there exist S’ = 77} P

symmetries along all the three lattice vectors i = a, b, ¢ that
correspond to two independent elements S and S¢ in the
magnetic space group (S¢ and S” are equivalent elements).
The square of S’ equals to —1 at certain time-reversal
invariant momenta that meet the requirement kz' o = N7,

leading to two Z, invariants in this system. Since the only
band inversion occurs at the I' point in G-type AFM
MnBi, Te,, all three topological invariants are nontrivial,
giving rise to a gapless Dirac cone at the (0001) surface
because S remains invariant at this surface. Similarly,
some other magnetic configurations with in-plane AFM
alignment, such as C-type AFM, also host a gapless (0001)
surface state protected by S¢ symmetry with in-plane
fractional translation. However, our DFT calculations show
that forming intralayer AFM alignment in the surface layers
needs to overcome the favored intralayer FM exchange
coupling in the bulk, leading to a large energy cost of about
8.3 meV/Mn [38]. Furthermore, if the intralayer AFM is
realized at the surface, the in-plane Fermi surface should
exhibit a band folding effect, which is not observed by our
ARPES measurements. Overall, to obtain the direct evi-
dence for addressing the origin of the gapless feature, it is

crucial to involve surface-sensitive detection, such as x-ray
magnetic circular dichroism and the NV center technique,
to determine the surface magnetic structure of such intrinsic
magnetic TI in the future.

V. DISCUSSION AND CONCLUSION

Apart from the possible origins of the gapless surface
Dirac cone due to surface spin reorientation in ideal
MnBi, Te, single crystals, we briefly discuss the possibility
of structural deformation owing to the sample imperfection
that could also hint at the deviation of the electronic
structure between ARPES measurements and the theoreti-
cal calculations based on A-type AFM magnetic configu-
ration. For example, the MnBi,Te, thin film could be
grown by coevaporating Mn and Te elements onto a Bi, Te;
surface, corresponding to the coverage of a MnTe layer
[21]. Although the Mn?* ion is energetically favorable
to intercalate into the central layer of a MnBi,Te, SL, the
growing condition determines the existence of cation
mixing between Mn and Bi, or antisite defects [20].
Such an occasion would lead to disordered Mn distribu-
tion when approaching the surface layers as well as
magnetic disorder. In addition, it is reported that the
synthetic MnBi,Te, tends to experience a decomposition
into Bi, Te; and MnTe, phases at a higher temperature [35].
Taking into account the surface potential, the surface
MnBi, Te, layer might also suffer structural reconstruction
or dislocation, such as decaying to a Bi,Te; layer, render-
ing different band dispersions compared with an ideal
MnBi, Te, surface. Finally, the imperfect crystal could lead
to a number of ferromagnetic domains of which the
moments point to different directions, contributing different
values of the Zeeman term H,,, = gB - 6. As a result, the
measurable topological surface states could be compen-
sated by the synergetic effect of different domains.

In summary, we demonstrate unambiguously by system-
atic ARPES measurements that MnBi,Te, is not an ideal
AFM TI. A gapless surface Dirac cone exists experimen-
tally in single crystal MnBi,Te,, hosting massless Dirac
quasiparticles. The Dirac cone is found to be quasi-2D and
stable under massive surface absorbents; the bulk and
surface electronic structures show no observable change
across the bulk magnetic transition temperature. Our first
principles calculation further identifies several magnetic
configurations that could yield such a gapless topological
state. It is important to note that such reconstruction might
not be limited only in MnBi,Te,, but in a group of other
intrinsic magnetic topological materials, because several
competing phases with different structural or magnetic
orders could have small energy differences and thus are
sensitive to surrounding environments and the presence of
surface termination. Therefore, our research also sheds
light on other magnetic topological materials, revealing that
nature deals with AFM TIs in a more intricate way than
previously thought. Motivated by our results, the theme of
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future works should be finding a way to overcome such
surface reconstruction in favor of the long-sought axion
insulators, or make use of such reconstruction to build
devices with novel transport phenomena. Taken collec-
tively, our discovery of the unexpected massless Dirac
quasiparticles in an AFM TI indicates a space-varying
magnetic structure more complex than previously assigned
in these materials, brings about a more complete descrip-
tion of magnetic topological systems, and paves the way for
the exploration of the interplay of massive and massless
Dirac particles in a single material platform.
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