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Gapless Surface Dirac Cone in Antiferromagnetic Topological Insulator MnBi,Te,
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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.

DOI: 10.1103/PhysRevX.9.041038

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
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"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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45 5.0
k, (27/c)

Max

Min
Max

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

E-E; (eV)

4
01001 01001 -01001 01001 -010 01 -010 0.1
o -1 o -1 o -1

k, (A7) k, (A7) k, (A7)

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

8658, Ay
33331Y;] [Shese
tEeetd =7, [Seray[V ¢

>
)
<9
=
=
MM
(c) A-type AFM (x) (d) G-type AFM
z4 SBSS 4,
20208% i ltltl% s°= T,
00000% s -7, TITIY s-714,
S
)
K
3]

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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ABSTRACT: MnBi,Te, is an antiferromagnetic topological
insulator that has stimulated intense interest due to its exotic
quantum phenomena and promising device applications. The
surface structure is a determinant factor to understand the
magnetic and topological behavior of MnBi,Te,, yet its precise
atomic structure remains elusive. Here we discovered a surface
collapse and reconstruction of few-layer MnBi,Te, exfoliated
under delicate protection. Instead of the ideal septuple-layer
structure in the bulk, the collapsed surface is shown to
reconstruct as a Mn-doped Bi,Te; quintuple layer and a
Mn,BiTe double layer with a clear van der Waals gap in
between. Combined with first-principles calculations, such
surface collapse is attributed to the abundant intrinsic Mn—Bi
antisite defects and the tellurium vacancy in the exfoliated surface, which is further supported by in situ annealing and electron
irradiation experiments. Our results shed light on the understanding of the intricate surface-bulk correspondence of MnBi,Te,
and provide an insightful perspective on the surface-related quantum measurements in MnBi,Te, few-layer devices.

KEYWORDS: surface reconstruction, MnBi, Te,, magnetic topological insulator, antisite defects, tellurium vacancy, in situ surface dynamics

MnBi,Te, provides an ideal platform for magnetic TI to realize
the QAHE, the axion insulator state,">'”**
On the contrary, there are still discrepancies between

agnetic topological quantum materials have stimu-
lated intense research interest due to the interplay and so on.

between magnetism and topology that results in an

emerging quantum phenomenon.'”* Examples include the
quantum anomalous Hall effect (QAHE),’™> Weyl semi-
metallic states,”” topological axion states,” Majorana fer-
mions,” and so on, enabling potential applications in
dissipationless electronic and quantum computing.'’ In the
early research, a magnetic topological insulator (TI) was
achieved by magnetically doping a TI thin film to study the
QAHE.*> However, the random distribution of magnetic
dopants introduces impurity scattering together with the
ferromagnetic ordering, limiting the temperature for the
realization of the QAHE. Very recently, the tetradymite-type
MnBj,Te, compound was discovered as an intrinsic anti-
ferromagnetic (AFM) T1 in the A-type AFM ground state with
out-of-plane magnetic moments."'~"” Although the existence
of long-range magnetic order explicitly breaks the time-reversal
symmetry, which is nevertheless preserved in conventional Z,
TL"* another type of Z, invariant can be defined in MnBi,Te,
as long as a combined symmetry between the time reversal and
the fractional translation is pres.erved.u’zo’21 As a result,

© 2020 American Chemical Society
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theoretical expectations and experimental facts in MnBi,Te,.
For instance, theoretical predictions and some experimental
observations declared a sizable magnetic gap at the surface of
bulk MnBi,Te,,'' ™"° whereas a recent report shows an
unambiguously gapless Dirac cone at the (00l) surface of
MnBi,Te, crystal by using the high-resolution angle-resolved
photoemission spectroscopy (ARPES).'***** Such inconsis-
tency implies that the surface structure is a key factor requiring
precise measurements, which may affect many of the
corresponding magnetic and topological behaviors in
MnBi,Te,, such as the QAHE in odd layers and the zero
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Figure 1. Atomic characterizations of the MnBi,Te, surface structure. (a) X-ray diffraction (XRD) pattern (red) and the referenced (001)
peaks (blue) from standard PDF file of the parent single MnBi,Te, crystal. (b) Large-scale high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) image of the cross section of the layered MnBi,Te, crystal viewed along the [110]
direction, with the overlaid graphite as surface protection. (c—e) Zoom-in atomic-resolution HAADF-STEM images of the surface and bulk
highlighted in panel b, respectively. A quintuple layer (QL) with a double-layer (DL) crystalline/amorphous structure, instead of the ideal
septuple-layer (SL) MnBi,Te,, is seen at the surface. The arrows highlight the crystalline DL islands on the surface. (d,f) Corresponding
atomic models from the images, respectively. (g) Large-scale atomic structure of the MnBi,Te, surface showing the omnipresent crystalline
DL islands indicated by arrows. (h,i) Corresponding energy-dispersive spectrum (EDS) maps for the surface QL and DL crystalline/
amorphous structures, respectively. Cu and C come from the grid and substrate.

Hall plateau as an indicator of the axion state in even
layers.'"'”'® Apparently, most of the previous results consider
the surface structure using the ideal septuple-layer (SL)
MnBi,Te, lattice,'"" ™' which, on the contrary, lacks direct
proof to connect the bridge between theory and experiments.

Because the surface-bulk correspondence is the kernel of the
topological properties, in this Article, we systematically studied
the atomic structure of the surface in MnBi,Te, few-layer
devices with intended surface protection. Using cross-sectional
scanning transmission electron microscopy (STEM) imaging,
atomic electron energy loss spectroscopy (EELS), and energy-
dispersive spectroscopy (EDS), we unambiguously determined
the surface of few-layer MnBi,Te, to be a Mn-doped Bi,Te;
quintuple layer (QL) decorated with a crystalline/amorphous

11263

Mn,Bi Te double layer (DL) rather than the ideal SL-layered
structure; that is, a surface collapse and reconstruction
occurred during the mechanical exfoliation. Such surface
collapse is highly reproducible in all samples we measured. We
further discovered that Bi—Mn antisite defects were
omnipresent in bulk MnBi,Te,. Combining the density
functional theory (DFT) calculations, we unveiled the origin
of the surface collapse in few-layer MnBi,Te, to be a result of
the synergistic interaction between the Bi—Mn antisite defects
and the surface tellurium vacancies. Our result shows that such
defects are inevitable, even in an inert gas environment, due to
trace oxygen, which makes the as-observed reconstructed
surface preferential in the energy landscape. Similar surface
collapse and reconstruction can be reproduced by heating the

https://dx.doi.org/10.1021/acsnano.0c03149
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Figure 2. Chemical analysis of the exchange Mn—Bi defects at the surface and bulk. (a,b) Atomic-resolution cross-sectional HAADF images
of the single-crystal MnBi, Te, with the arrow indicating the position and direction of the electron energy loss spectrometry (EELS) linescan
acquisition. The corresponding background-subtracted atom-by-atom EELS data for the (a) surface QL and (b) bulk SL are shown below.
The numbers mark the different atomic columns corresponding to the labeled EELS data. The onset energies of Te (M, 5 edge at 572 eV),
Mn (L, ; edge at 640 eV), and Bi (M, 5 edge at 2580 eV) are highlighted by dashed lines as a guide to the eye. (c) Histogram of the intensity
distribution mapped from the Te (cyanine), Bi (blue), and Mn (red) atomic columns in bulk MnBi,Te,, respectively. The HAADF image
shows the location of different atomic columns marked by corresponding colors, viewed from the [110] direction. The dark-gray dashed
lines represent the normalized intensities of Te, Mn, and Bi columns from the simulation without any Mn—Bi exchange defect. (d) Atomic-
resolution HAADF image of the SL structure in MnBi,Te, with corresponding EDS mapping for individual elements of Mn, Bi, and Te. The

red dashed lines highlight an individual SL.

intact SL surface exfoliated in an ultrahigh vacaum (UHV) and
probing by atomic scanning tunneling microscopy (STM) and
by electron irradiation in STEM, which simultaneously
monitor the dynamical surface collapse and reconstruction
process atom-by-atom. These experiments further verified that
the surface collapse and reconstruction that occurred in a well-
controlled inert gas environment were indeed induced by the
surface Te vacancy. Our findings of the vacancy-induced
surface collapse and reconstruction in exfoliated MnBi,Te,
under a well-controlled inert gas environment not only shed
light on the fabrication of MnBi,Te, few-layer devices but also
bring valuable insights into understanding the discrepancies
and controversial arguments from many laboratories that are
dedicated to MnBi,Te, research, such as the discrepancies in

the surface electronic structure in previous investiga-
tions L1 ~16:23:24

RESULTS AND DISCUSSION

Atomic Structure of the Collapsed Surface in
Exfoliated MnBi,Te, Few-Layer Devices. The MnBi,Te,
single crystal is a member of the van der Waals (VDW) layered
materials. A single VDW layer of MnBi,Te, consists of

alternating Bi—Mn—Bi layer intercalated by Te, forming an SL
structure. Its antiferromagnetism originates from the middle
Mn cations with a superexchanged interlayer interaction
between adjacent Mn layers. Figure la shows the X-ray
diffraction (XRD) measurement of the parent MnBi,Te,
crystal with sharp and intense peaks that follow the (001), !
= 3n, diffraction rule, which quantitatively agree with those in
the standard PDF files. In addition, the X-ray photoelectron
spectroscopy (XPS) characterization of the MnBi,Te, single
crystal reveals the core-level peaks of Mn 2p, Bi 4f, and Te 3d
(Figure S1) without any impurity signal from other crystalline
phases and elements, indicating the high quality of the parent
single crystal. The fresh cleaved surface of the MnBi,Te,
crystal was initially investigated by high-resolution atomic
force microscopy (AFM) operated in the same inert gas
environment. A rough surface was seen with steps ranging from
2 to 6 A (one to three atomic layers) (Figure S2), suggesting a
possible disordered surface structure. We then performed a
cross-section study to obtain atomic information on the
surface. The surface was intentionally protected by graphite,
which merely serves as a protective layer on the MnBi,Te,
surface, ensuring minimum surface degradation during cross-
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section sample fabrication. (See the Materials and Methods for
more details.)

Figure 1b shows a low-magnified high-angle annular dark-
field (HAADF) STEM image of the as-prepared MnBi,Te,
few-layer cross-section, taken from the [110] direction. The
graphite appears in dark contrast due to its relative light atomic
weight in the STEM image. Zoom-in images with the atomic
resolution of the surface and bulk are exhibited in Figure Ic,e,
respectively. A comparison of the two readily shows an
apparent deviation of the surface structure: It is a five-atom
layer instead of seven, similar to the atomic structure of TI
Bi,Te; (Te—Bi—Te—Bi—Te) viewed along the ¢ axis, known as
the QL structure. (The atomic model is shown in Figure 1d.)
In contrast, the atomic structure of the bulk MnBi, Te, (Figure
le) is consistent with the previous reports,'”'>'* showing an
SL structure (Tel—Bi—Te2—Mn—Te2—Bi—Tel), as depicted
by the atomic model in Figure 1f. Quantitative EDS mapping
(see the Methods) further revealed the chemical composition
of the surface to mainly consist of Bi and Te, with trivial Mn.
The ratio of Mn, Bi, and Te at the surface QL layer,
highlighted by the red dashed rectangle in Figure 1g, is
estimated to be ~0.3:1.8:3 (Figure 1h), whereas it reaches the
normal 1:2:4 ratio below the surface (Figure S3).

Above the QL structure, an amorphous layer with brighter
contrast than the nearby graphite protection layer is observed.
This amorphous layer separated from the QL surface with a
clear VDW gap, as highlighted by red dashed lines in Figure 1c.
Moreover, the crystalline structure with a DL height was
occasionally observed to be embedded in such an amorphous
layer, which is highlighted by the white arrows. A larger view of
the surface (Figure lg) further manifested that these tiny
crystalline structures are omnipresent above the surface yet
gapped by amorphous layers in between. EDS results of such
an amorphous layer and an embedded crystalline quantum
island (highlighted by the red dashed rectangle in Figure 1g)
clearly reveal that in contrast with the QL layer, the major
elements are Mn and Te, with trivial Bi. The element ratio
among Mn, Bi, and Te is ~0.7:0.2:1 (Figure 1i).

The cross-sectional results pointed to a critical finding that
the surface of the as-prepared MnBi,Te, few-layer sample
underwent a surface collapse even with intentional surface
protection during the mechanical exfoliation in an inert gas
environment. Instead of the ideal SL model with the chemical
composition Mn:Bi:Te of 1:2:4, which is the case below the
surface, as verified by quantitative EDS, the realistic surface
layer splits into a Bi-rich QL plus a Mn-rich DL crystalline/
amorphous layer, with a complementary elemental distribution
of 0.3:1.8:3 and 0.7:0.2:1, respectively. Such surface collapse
and reconstruction are highly reproducible in all of the samples
we measured, even in a mild transfer without heating during
the drop-down process of the protection graphite layer. Mn-
doped QL Bi,Te; is stable, as previously reported,’” but the
DL Bi-doped MnTe is theoretically unstable (see Supporting
Information Section II for more details) and has high
reactivity. The existence of the island-like DL crystalline
structure is presumably due to the VDW interaction from the
underlying layers and the local chemical composition
fluctuation during the surface reconstruction.

Detection of the Mn—Bi Exchange Antisite Defects
by Atomic EELS, EDS, and Intensity Quantification
Analysis. The unexpected surface collapse and reconstruction
may be related to the superficial chemical stoichiometry
variation or surface defects.”” To further find out the cause of

the surface collapse, we carried out atom-by-atom EELS across
the reconstructed surface. Figure 2a shows the EELS of each
atomic column in the surface QL structure, with the
simultaneously collected HAADF image shown on the right.
The identity of Bi shown by the M, edge at 2688 eV shows up
only at the second and fourth layers, corresponding to the two
brightest spots, which is consistent with the expected STEM
HAADF intensity due to its large atomic number. The atomic
EELS and simulated STEM HAADF image (see Figure SS5)
suggest that the surface QL is an alternating Te—Bi—Te—Bi—
Te QL, similar to the Bi,Te; structure. However, it is
surprising that a clear Mn signal, labeled by the L,; edge at
640 eV, also shows up exactly in the Bi columns. This suggests
that antisite defects, Biy;, or Mng;, may have been present on
the surface even before the surface collapse occurred.

To further confirm the scenario of Biy,, or Mng, we also
collected atomic EELS and EDS maps from the bulk SL
structure. Figure 2b shows the EELS across the SL structure.
Surprisingly, we found that a clear Bi signal appeared in the Mn
layer (fourth atomic column in Figure 2b), whereas a strong
Mn signal appeared in both of the Bi layers (second and sixth
layers), evidencing the presence of Biy, and Mny;. As a result,
the Mn layer has much brighter intensity than the simulated
STEM HAADF image, which used the ideal SL model (Figure
S5), due to the inclusion of the heavier Bi atoms and vice versa.
In contrast, Te layers showed no Mn or Bi signals, excluding
the presence of other types of antisite defects. Such behavior
was also shown by the atomic-resolution EDS mapping in the
bulk SL structure, as shown in Figure 2d, where clear Bi and
Mn intermixing signals are detected in all Bi and Mn atomic
columns but not in the Te layers. However, the elemental
distribution of an SL in the bulk was exactly 1:2:4, as probed
by EDS, which implied the occurrence of intralayer exchange
between Bi and Mn atoms. Therefore, such Mn—Bi intralayer
exchange results in an almost equal amount of Biyy, and Mny;
in both Mn and Bi layers.

To further investigate the Mn—Bi intralayer exchange effect
quantitatively, we mapped the intensity of all atomic columns
in the SL structure on a large scale using a peak intensity
finding software’® and performed the quantitative statistical
analysis. Figure 2c shows the intensity histogram. Mn, Bi, and
Te sites are mapped separately, as indicated by the markers
shown on the representative STEM image. To quantitatively
study the intralayer exchange between the Mn and Bi layers,
we compared the experimental value to the simulations. The
dark-gray dashed lines in Figure 2c are the simulated intensities
of Mn, Bi, and Te columns using the ideal SL structure without
any antisite defects, where the Te column is normalized to the
experimental value for direct comparison. As expected, the
intensity of all Mn columns is much higher than the simulated
one, whereas the intensity of Bi is lower, and both had a wider
distribution than Te, which is direct evidence of intralayer
Mn—Bi intermixing. From the simulated intensity, when the
concentration of Biy, reaches 30% in the Mn layer, the
intensity of the Mn atomic column is almost similar to that of
Te. (See Figure S5c.) The average concentration of the antisite
defects in both Mn and Bi layers can be qualitatively estimated
by comparing the full width at half-maximum (fwhm) of the
intensity distribution with the simulation. The Biy, concen-
tration in the Mn layer is found to be 40~50%, which is
approximately twice the value of Mny; concentration in Bi
atomic layers. The atomic EDS analysis also supports such a
high Mn—Bi interchangeable ratio, with the Biy, concentration
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Figure 3. Physical origin of the surface collapse in MnBi,Te,. (a) Allowed chemical potential domain (green area) for MnBi,Te, shown in
the (Aptyy, Apg;) parameter space, which is sketched out by points A, B, C, and D. The other regions are excluded due to the formation of
competing phases specified in the figure. (b,c) Formation energies of defects in MnBi,Te, for chemical potential sets A and B shown in panel
a. Formation energies at C and D are shown in the Supporting Information. (d) Calculated formation energy of V., for different tellurium
oxides. (e) Relative surface energy as a function of defect concentration under chemical potential set A. The dashed line indicates the energy
of the surface terminating with Bi,Te; and MnTe islands. (f) Schematic of the surface collapse and reconstruction in the MnBi,Te, crystal
induced by the formation of an oxygen-driven Te vacancy and the subsequent Mn—Bi exchange effect.

in the Mn layer being 40~50% and the Mng; concentration in
the Bi atomic layers being approximately 20~30%. These
results are consistent with our previous analysis that the
amount of Biy;, and Mng; should be equal due to the intralayer
exchange, whereas the amount of Bi is double the amount of
Mn due to the 1:2:4 chemical stoichiometry.

Physical Origin of the Defect-Triggered Surface
Collapse and Reconstruction. To uncover the physical
origin of the observed surface reconstruction in MnBi,Te, we
carried out comprehensive thermodynamic defect calculations
by using the DFT. By far, our experiments evidenced that high
concentrations of intrinsic antisite defects (Biy, and Mny;) are
presented in the Mn and Bi layers, and thus we first examined
the formation of antisite defects due to the Bi—Mn exchange in
MnBj,Te,. The chemical potential substantially affects the
calculations of defect formation energy. Therefore, we
determined the accessible range of the chemical potential,
that is, the growth condition, of MnBi,Te, in the (Apy, Apg;)
parameter space with the constraints imposed by competing
binary compounds, as shown in the green area of Figure 3a. In
the unstable regions (white area), MnBi,Te, tends to
decompose to various competing phases. Therefore, the
formation energies of native defects were calculated under
merely two representative environments, that is, the Bi-rich
condition (Aug; =~ 0 eV) and the Te-rich condition (A, ~ 0
eV), denoted by the A and B points in Figure 3a, respectively.
More information about the defect calculations is provided in
Supporting Information Sections III—IV.

For the Bi-rich condition (see Figure 3b), Biy, having the
lowest formation energy, is the dominant donor defect due to
the excess valence electrons of Bi compared with Mn. On the
contrary, the cation-to-cation antisite defect (Mng) has a
much lower formation energy than the anion-to-cation antisite

11266

defect (Teg;), even under Te-rich conditions (Figure S7), and
thus Biy;, and Mng; are two dominant defects in MnBi,Te,.
The combination of these two antisite defects creates a double
defect of Mn—Bi exchange (Mn"), with relatively small
formation energies shown as the dark-green line of Figure 3b,c.
This explains the high concentration of the cation-to-cation
antisite exchange defects observed in the STEM cross-section
image. Note that to form Mn® no atom exchange between
MnBi,Te, and the reservoirs is required.

The physical origin of the ideal SL to the as-observed
reconstructed surface (QL+DL structure) should be closely
related to the defect landscape of MnBi,Te,. First, we consider
the total energy of MnBi,Te, with Mn® exchange defects at
the surface and compare with the total energy of Bi,Te; and
MnTe islands under surface reconstruction. The latter is set to
0 as the reference, denoted by the dashed line in Figure 3e. We
find that the energy of the defective SL surface increases
monotonically with the increasing Mn® concentration, which
is consistent with its positive defect formation energy from our
calculation. (See Supporting Information Section V for
calculation models and methods.) To pass the reference line
and thus realize the collapse from SL to QL, the required
concentration of Mn® is extremely high (>50%). Such a high
defect concentration is not observed in our experiments
because the bulk still has a stable SL framework against
reconstruction; only the surface did undergo such reconstruc-
tion. In other words, although Mn® is the dominant defect
under the equilibrium growth conditions, Mn® alone can
hardly promote the SL surface collapse into the QL. Therefore,
the driving force of the surface collapse should be something
else, most likely some defects that may form at the surface
regardless of their relatively large formation energies in the

bulk.
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Figure 4. In situ heating of the exfoliated MnBi,Te, surface in an ultrahigh vacuum. (a) Large-scale STM image of MnBi,Te, (00]) surface
exfoliated in an ultrahigh vacuum and the corresponding height line profile along the blue line. (b) Zoom-in STM image of the MnBi,Te,
(001) surface with defects. (c) Atomic-resolution image of the MnBi,Te, surface. The dark spots are concluded to be the Bi™" antisite defects
under the Te layer. The SL height and the crystalline surface imply that the intact MnBi,Te, surface can be preserved in an ultrahigh
vacuum. (d) Large-scale STM image of the in situ heated MnBi,Te, surface and the corresponding height line profile along the blue line.
Holes with DL heights appear after heating. (e) Zoom-in image of the annealed surface. (f,g) Atomically resolved STM images of the
annealed surface marked by black and green boxes in panel e, respectively. Tunneling parameters: (a) V};,,= 1 V, I= 200 pA; (b) V., = 1V, I,
=50 pA; () Vius= —1 V, Ii= 3 nA; (d) Vo= 1.2V, I = 20 pA; (&) Vio= 1.5V, Ii= 1 nA; (f) V= =1V, L= 1 nA; (g) Vie= 0.2V, I= 500 pA.

From bulk to surface, the outermost layer (Tel layer in
MnBi,Te,) suffers the strongest environmental perturbation,
such as unintentionally introduced atomic vacancies upon
cleavage. It is known that tellurides like MnBi,Te, are readily
oxidized, which would break the equilibrium growth condition.
Taking tellurium oxides into account, we reevaluated the
formation energy of Tel vacancy Vr.. (See Supporting
Information Section VI for calculation details.) As illustrated in
Figure 3d, under equilibrium Te-poor conditions, the
formation energy of Vi is ~1.1 €V, indicating the relatively
low Vr,; concentration in bulk. However, with the assistance of
oxygen, instead of forming an elemental Te solid, Te forms
tellurium oxides, with the Vr,, formation energy dramatically
decreased. We consider three tellurium oxides, TeO,, Te,Os,
and TeO;. For all cases, the calculated Vr,, formation energies
are about —2 eV, indicating an exothermal reaction. The total
energy of MnBi,Te, with V., defects at the surface quickly
increases with the increase in V., concentration, as shown in
Figure 3e. To realize the SL to QL collapse, the required
surface Vi, concentration is ~20% under the Bi-rich
condition. With the assistance of Mn®, the surface collapse
may take place at an even lower V., concentration. Overall, as
illustrated by the schematic in Figure 3f, oxygen at the surface
reacts with the Tel sublayer, leaving tellurium vacancies. Such
surface Vi, serves as the dominant driving force to trigger the
surface collapse and QL+DL reconstruction in the original SL
MnBi,Te, structure by accelerating the Bi—Mn exchange,
which leads to the depletion of Mn in the QL, consistent with

the EDS results in Figure 1h. The exchange barrier between
the Bi and Mn atoms in the lattice is quite small (0.28 eV,
Figure 3b), and the depletion of Mn is essential to form a QL
(Bi,Te;) + DL (MnTe) reconstructed structure, which is
energetically more favorable than the defective SL MnBi,Te,
structure with a Te vacancy, as shown in Figure 3e. Indeed, we
observed a small amount of oxygen signal at the interface
between the QL structure and the graphite, as detected by
both EELS and EDS (see Figure S4 and Figure 1i) and also in
the XPS measurement, which confirmed the contribution of
oxygen to creating surface Te vacancies and the subsequent
oxidation of the reconstructed outermost DL structure during
the depletion of the Mn in the surface collapse process.
Moreover, the theory also suggests that such surface
reconstruction involves a kinetic thermal nonequilibrium.
Such a process would result in an incomplete Bi—Mn
exchange, which is also consistent with the chemical
stoichiometry of the QL and the amorphous/crystalline DL
structure, as probed by EDS. (See Figure 1h,i.)

Verifying the Defect-Induced Surface Collapse and
Reconstruction by in Situ STM and STEM. To verify the
scenario of the Te-vacancy-driven surface collapse suggested
by theory, we first tried to exclude the presence of oxygen by
investigating the in situ cleaved MnBi,Te, surface using UHV
STM. The operation pressure is better than 2 X 107'° Torr,
where the oxygen concentration is multiple orders of
magnitude lower than the inert gas environment in a glovebox.
Figure 4a shows the STM image of a freshly exfoliated
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Figure S. In situ observation of the dynamical surface collapse and reconstruction process induced by electron irradiation. (a—c) Evolution of
the surface atomic structure as a function of electron dose: (a) 0, (b) 3.69 X 10% and (c) 7.85 X 10°® e"/A% The corresponding atomic
models are shown below where the Bi and Mn atoms are not discriminated due to the massive existence of Mn®™ exchange defects. The
arrows in panel c indicate the close of the original VDW gap due to the loss of Te atoms, with another VDW gap opening two layers down
the collapsed and reconstructed region. (d) Atomic STEM image showing a discontinue VDW gap along the surface after collapse and
reconstruction. (e) STEM image showing a large scale of the surface structure after prolonged electron irradiation, where all surfaces were
terminated by the QL or QL+DL structures. Note that the collapse and reconstruction process occurred under an ultrahigh vacuum.

MnBi,Te, single crystal terminating with the (00!) surface.
Abrupt steps with a uniform height of ~1.4 nm (seven atomic
layers, Figure 4a) were obtained. An enlarged STM image
shows an atomic crystalline surface (Figure 4b,c) with
randomly distributed dark spots. According to the bias-
voltage-dependent STM images of these dark spots (see
Figure S9), they are ascribed to the Bi'™ antisite defects
underneath the Te layer, which is consistent with our STEM
results and the previous report.”” This indeed confirmed that
the ideal SL MnBi,Te, surface can be preserved in a UHV.
To introduce Te vacancies at the surface, an in situ heating at
150 °C was then applied to the surface for ~41 h because Te is
easily sublimated at an elevated temperature. An apparent
structure collapse is observed, evidenced by the emergence of
holes with a step height of ~0.4 nm (two atomic layers, Figure
4d) inside the originally flat surface. (See Figure 4e.) As a
result, the height of the collapsed region, as shown by the
dimmer contrast in Figure 4e, is ~1 nm (the height profile in

Figure 4d), corresponding to five atomic layers. The collapsed
surface still shows a similar atomic crystalline structure with
hexagonal patterns (Figure 4h,g) due to the surface similarity
between MnBi,Te, and Bi,Te;.

The STM results point out that the elevated temperature
can induce a similar surface collapse by sublimating surface Te
atoms. Therefore, to rule out the heating effect from the high-
energy Ga ions during the cross-sectional sample preparation
in the focused ion beam (FIB), we carried out cryo-FIB to
prepare the TEM sample in a high vacuum (<107 mbar) and
at liquid-nitrogen temperature (—140 °C). The surface of
MnBi,Te, still displays the same QL plus the DL amorphous/
crystalline structure (Figure S10), which further certified that
the surface reconstruction indeed occurred during the
mechanical exfoliation in the inert gas environment.

The above results are in agreement with the surface collapse
and reconstruction mechanism suggested by theory. We also
attempted to capture the dynamical process of the collapsed
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surface reconstruction directly. It is well known that the use of
high-energy electrons in imaging also simultaneously transfers
momentum and energy to the specimen, which can result in
beam-induced defects.”® Figure Sa—c shows sequential STEM
images as a function of the electron dose, highlighting the
dynamical surface collapse and reconstruction process on the
MnBi,Te, surface. As the electron dose accumulates, the
atomic column intensity of the outermost layer (Tel layer in
the QL structure) is dimmed due to the loss of tellurium
(Figure Sb). Meanwhile, the gap between the surface QL and
the next SL, which is underneath the Te loss region, as
highlighted by the arrow in Figure Sb, narrows from 2.6 to2 A.
A significant split is seen in the first two atomic layers of the
SL, a trend in the separation into a DL and a QL structure.
Finally, as the two outermost atomic columns are eliminated
by electron bombardment, the surface structure collapses and
reconstructs from a QL+SL to double QLs (Figure Sc).

The dynamical collapse and reconstruction process indicates
that the VDW gap can close and reopen during the formation
of defects depending on the exact layer configurations. This
indeed means that the VDW gap between layers can be
discontinued in a reconstructed surface as long as the
outermost surface is a QL structure, which is highlighted by
the white arrows in Figure Sd. Moreover, once the surface QL
got damaged by the electron irradiation, the SL structure
underneath would also quickly reconstruct to form a stable QL,
indicating the extreme instability of the SL structure under
perturbation, which may not survive as the outermost surface.
This is evidenced in Figure Se, which shows a large view of the
collapsed and reconstructed surface, including QL+SL, two
QL, and DL+QL structures, all of which manifest the QL as
the stable surface structure. The in situ dynamical imaging
unambiguously confirmed that the formation of a Te vacancy
leads to the surface collapse and reconstruction in the
MnBi,Te, single crystal.

Our results reveal that the surface structure of MnBi,Te, is
not as stable as previously thought, a condition that inevitably
effects the surface electronic structure and thus the topological
surface-bulk correspondence. Theoretically, when the surface
inherits the crystal and magnetic structures of the bulk, a
gapped Dirac cone with dozens of millielectronvolts is
expected due to the intrinsic magnetism. However, high-
resolution ARPES measurements unambiguously show a
robust gapless Dirac cone at the MnBi,Te, surface,' >
One possibility is that the local moments of Mn atoms tend to
distribute randomly, giving rise to the almost zero band gap
with linear dispersion. However, direct experimental evidence,
such as surface magnetic configurations, is still lacking to
support this hypothesis. Here we suggest from our
experimental results that the surface collapse leads to a
significant absence of the magnetic atoms together with
magnetic disorder, resulting in a vanishing surface gap. First of
all, with the surface MnBi,Te, SL collapsing to the Bi,Te; QL,
the origin of the Dirac gap opening is mainly the proximity
effect from the ordered magnetic moments of the second
topmost SL. Compared with the perfect SL surface, the
proximity-induced gap is much smaller. To confirm this, we
calculated by DFT the surface electronic structure with both
terminations, that is, the perfect MnBi,Te, SL and the
collapsed Bi,Te; QL. As shown in Figure S11, compared
with the MnBi,Te, termination without surface collapse and
reconstruction, the surface band gap of MnBi,Te, with the
surface layers degraded to Bi,Te; shows a significant reduction

(from 42 to 5 meV). In addition, residual MnTe DL islands on
the Bi,Te; QL surface tend to be antiferromagnetic with
parallel Mn spins in the basal plane.””*° Therefore, the floating
Mn atoms in the DL atoms cannot help to open the surface
Dirac gap either. Finally, our findings suggest that the device
application of thin-film MnBi,Te,, for example, the quantum
anomalous Hall effect, may also suffer from the impact of the
surface collapse and reconstruction, which calls for further
exploration.

CONCLUSIONS

In summary, we have discovered that a vacancy-induced
surface collapse and reconstruction in an exfoliated MnBi,Te,
single crystal occurs even under the protection of a well-
controlled inert gas environment. Combining STEM imaging,
STM experiments, and DFT calculations, we systematically
show that such surface collapse results from the synergistic
effect of the high-concentration intrinsic Mn—Bi exchange
defects and the formation of a tellurium vacancy on the
surface, which is induced by the trace of oxygen in the inert gas
environment. The surface reconstruction and the existence of
massive intrinsic defects bring a more comprehensive under-
standing of the antiferromagnetism and the anomalous
quantum states of MnBi,Te, few-layer devices. The discovery
of such a sensitive surface not only provides an insightful
perspective on all MnBi,Te, few-layer devices fabricated in a
non-UHYV environment but also sheds light on understanding
the surface-related measurements, the exploration of exotic
quantum phenomena, and the device fabrication for
applications based on the MnBi,Te, crystal.

MATERIALS AND METHODS

Sample Fabrication. The few-layer MnBi,Te, was exfoliated
from bulk MnBi,Te, through a Scotch-tape method in a glovebox
filled with argon. The parent MnBi,Te, bulk crystal was grown by the
flux method.™® The fresh surface was exposed to an argon atmosphere
and subsequently covered by graphite through a routine dry-transfer
method in the glovebox to encapsulate the surface from being
oxidized. To eliminate the possible impact of graphite, we prepared
multiple samples of MnBi,Te, covered by graphite with different
thicknesses. The graphite layer was exfoliated and transferred to
MnBi,Te, immediately after a fresh cleavage. The same surface
reconstruction was observed in all samples, proving that the graphite
layer merely served as the surface protection against further
oxidization. The cross-section STEM specimens were quickly
prepared using a FIB and a cryo-FIB in a UHV (<107 mbar) and
under a liquid-nitrogen temperature (—140 °C) environment after the
sample was fetched from the glovebox, all of which ensured minimum
surface degradation.

Characterizations. X-ray Diffraction. Single-crystal XRD was
performed on a Rigaku MiniFlex diffractometer using Cu Ko radiation
at room temperature.

X-ray Photoelectron Spectroscopy. The XPS measurement on the
freshly exfoliated surface of the MnBi,Te, crystal was performed on a
PHI 5000 Versaprobe III apparatus. The spectrum was analyzed by
the PHI-MultiPak software.

Atomic Force Microscopy. The AFM measurement was carried out
using the Asylum Research Cypher S system placed in an inert gas
environment. To minimize the oxidation of MnBi,Te,, the exfoliation
of the MnBi,Te, crystal and AFM measurements were performed one
after another in the same glovebox.

Scanning Tunneling Microscopy. The STM experiments were
carried out with a low-temperature STM (UNISOKU, USM1500)
under UHV conditions. The MnBi,Te, single crystal was cleaved
along the (001) crystal plane in the STM chamber with a base pressure
of 2 X 107! mbar. The freshly cleaved sample was immediately
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transferred to the STM chamber for further measurements at 78 K (or
5 K). The sample was baked at 150 °C for 41 h to introduce surface
reconstruction. The tungsten tip was prepared by electrochemical
etching and subsequent e-beam heating and Ar" sputtering. We
trained the tip apex on a clean Cu (111) surface prior to all
measurements. STM topography images were processed by WSxM.*!

Scanning Transmission Electron Microscopy. STEM imaging and
EDS and EELS analysis of the MnBi,Te, crystal were performed on
an FEI Titan Themis apparatus with an X-FEG electron gun and a
DCOR aberration corrector operating at 300 kV. The inner and outer
collection angles for the STEM images (f, and f3,) were 48 and 200
mrad, respectively. The convergence semiangle of the probe was 25
mrad. The beam current was ~100 pA for high-angle annular dark-
field imaging and the EDS and EELS chemical analyses. All imaging
was performed at room temperature. The ratios between Mn, Bi, and
Te were normalized based on the bulk MnBi,Te, crystal. Thereinto,
in the electronic irradiation experiment, the electron dose (D) was
calculated by D = I X T/A using the beam current (I), beam
illuminating area (A), and the irradiation time (T).

Density Functional Theory Calculations. First-principles
calculations were carried out using the Vienna ab initio simulation
package (VASP)** within the framework of the DFT.*> The
exchange-correlation functional was described by the generalized
gradient approximation with the Perdew—Burke—Ernzerhof (PBE)
formalism.>* The electron—ion interaction was treated by projector-
augmented-wave (PAW) potentials®® with a planewave-basis cuff of
500 eV. The whole Brillouin zone was sampled by the Monkhorst—
Pack grid*® for all models. Because of the correlation effects of 3d
electrons in Mn atoms, we employed the GGA+U approach within
the Dudarev scheme and set the U to be 5 eV, which was investigated
by a previous work.'® All atoms were fully relaxed until the force on
each atom was <0.01 eV/A and the total energy minimization was
performed with a tolerance of 107> eV. Freely available software
VASPKIT*” was used to deal with VASP output files. The calculation
process is detailed in Supporting Information Sections II-VI.
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Fermi Velocity Reduction of Dirac Fermions around
the Brillouin Zone Center in In,Se;—Bilayer Graphene

Heterostructures

Zhenyu Wang,* Zhanyang Hao, Yayun Yu, Yuan Wang, Shiv Kumar, Xiangnan Xie,
Mingyu Tong, Ke Deng, Yu-Jie Hao, Xiao-Ming Ma, Ke Zhang, Cai Liu, Mingxiang Ma,
Jiawei Mei, Guang Wang, Eike F. Schwier, Kenya Shimada, Fufang Xu, Chang Liu,
Wen Huang, Jianfeng Wang,* Tian Jiang, and Chaoyu Chen*

Emergent phenomena such as unconventional superconductivity,

Mott-like insulators, and the peculiar quantum Hall effect in graphene-
based heterostructures are proposed to stem from the superlattice-induced
renormalization of (moiré) Dirac fermions at the graphene Brillouin zone
corners. Understanding the corresponding band structure commonly
demands photoemission spectroscopy with both sub-meV resolution and
large-momentum coverage, beyond the capability of the current state-of-
the-art. Here the realization of moiré Dirac cones around the Brillouin zone
center in monolayer In,Se;/bilayer graphene heterostructure is reported. The
renormalization is evidenced by reduced Fermi velocity (=23%) of the moiré
Dirac cones and the reshaped Dirac point at the I" point where they intersect.
While there have been many theoretical predictions and much indirect
experimental evidence, the findings here are the first direct observation of
Fermi velocity reduction of the moiré Dirac cones. These features suggest
strong In,Se;/graphene interlayer coupling, which is comparable with that in
twisted bilayer graphene. The strategy expands the choice of materials in the
heterostructure design and stimulates subsequent broad investigations of
emergent physics at the sub-meV energy scale.

Recently, graphene-based heterostructures and twisted bilayer
graphene (TBG) have been studied intensively due to their novel
physics and promising properties such as strong light-matter

K+G=K'+G

Hall statel®! and quantum fractal.’® The
underlying physics is derived from low-
energy Dirac fermions renormalized by
the superlattice potential. The key point
to realize these emergent phenomena is
to employ graphene/moiré superlattice
potential as a way of modulation to bring
closer the Dirac cones in reciprocal space,
which are originally far apart in monolayer
graphene. One of the effective approaches
is to stack two atomic layers with identical
or similar lattices to form long-range peri-
odic moiré patterns. The resultant moiré
Dirac cones are located in the extended
(moiré) Brillouin zone (BZ) corners. For
example, in TBG, the moiré Dirac cones
appear at the corners of reciprocal hexag-
onal BZ defined by the two Dirac points of
the bottom and top graphene layers which
are rotated against each other.

In a generic tight-binding description,'”
the appearance of moiré Dirac cones in gra-
phene based heterostructure satisfies the
generalized Umklapp scattering condition:

0

interaction,'®l quantum phase transition,””! correlated insu-
lator,”! unconventional superconductivity,! fractional quantum

where K and K’ are the in-plane wave vector of the original gra-
phene Dirac cone and moiré Dirac cone, while the G and G” are
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Figure 1. Schematic of moiré Dirac cones created in monolayer graphene-based heterostructures. Black (red) hexagons represent the BZs of monolayer
graphene (its counterpart). The black (red) dashed arrows represent the reciprocal vectors of monolayer graphene (its counterpart). a) Graphene and
hBN reciprocal vectors are slightly different. The moiré Dirac cones are surrounding graphene K-points. b) If the reciprocal vectors have larger mis-

match, the moiré Dirac cones locate closer to the center of the BZ.

the reciprocal vector of graphene and its counterpart. As sche-
matically shown in Figure 1a, we use a monolayer graphene/
hBN heterostructure as a simple example to illustrate the moiré
Dirac cone distribution in reciprocal space. The dashed arrows
represent the reciprocal vector of graphene (G, black) and hBN
(G, red). Because G and G~ are only slightly different (in both
magnitude and direction) in graphene/hBN, the moiré-gener-
ated Dirac cone vector K” is also only slightly different from the
original graphene Dirac cone vector K. Consequently, the moiré
Dirac cones mainly locate around the graphene hexagonal BZ
corners (K points) as shown in Figure 1a.

The large-momentum location of moiré Dirac cones in
graphene-based heterostructures and TBG imposes certain
constraints on exploring their fine electronic structure in
momentum-resolved experiment. In particular, the correlated
insulator and unconventional superconducting phase in TBG
involve band structure change in millielectronvolt (meV) scalel'2l
around graphene K points (k = 1.7 A7), a challenge for current
angle-resolved photoemission spectroscopy (ARPES) measure-
ment. Although ARPES with vacuum ultraviolet (VUV) laser
is capable of achieving sub-meV resolution, its low excitation
energy makes it impossible to cover the large-momentum space
where those moiré Dirac cones are located. This fact leaves the
fine electronic structure of magic-angle TBGI2 unexplored,
despite many theoretical speculations on the origin of the related
exotic phenomena (for a review, see ref. [11]).

To investigate the detailed band structure and ultrafast
dynamics of the renormalized moiré Dirac cones using ARPES
and time-resolved ARPES, extreme-ultraviolet laser excitation
would be needed,” with energy-momentum resolution and
signal-to-noise ratio being severely compromised. To break
the impasse, we have taken an approach to create moiré Dirac
cones around the BZ center (I'-point). This is realized by engi-
neering a heterostructure using components with larger lattice
constant/reciprocal vector mismatch. As schematically shown
in Figure 1b, the black hexagon represents the monolayer gra-
phene BZ with its reciprocal vector |G|=2.95 A! and six Dirac
cones occupying the BZ corners. The red hexagons represent
the BZs of monolayer In,Se; selected as its counterpart, with
a reciprocal vector |G1=1.80 A~ which is rotated by =30° with
respect to graphene. The fact that |G’ is much smaller than |G
and close to |Kl=|Gl /+/3 results in vanishing [K’l. In this way,
the moiré Dirac cones are located close to the I" point.
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We have grown monolayer In,Se;/AB-stacking bilayer
graphene (BLG) heterostructure by molecular-beam epitaxy
(MBE). AB-stacking BLG shares the same lattice constant and
reciprocal vector with monolayer graphene. Although BLG
is = 0.1eV gapped at the Dirac point, its lower Dirac cone
in the range of 0-2eV (the range considered in this work)
with respect to the neutral point can still be approximated as
a linear band with almost the same Fermi velocity as that of
monolayer graphene.’’] The low-energy electron diffraction
(LEED) spots have indicated that monolayer In,Se; is rotated
~ 28° with respect to BLG. Furthermore, the moiré superlattice
of = 3.6 nm has been directly observed by scanning tunneling
microscopy (STM), much smaller than that of graphene/hBN
heterostructure’?! (=~ 14 nm), in agreement with our expecta-
tion of the lattice registry. ARPES has directly revealed that the
moiré Dirac cones are actually surrounding I" point while the
original graphene Dirac cones at the K-points. From the ARPES
spectra we directly observe an = 23% reduction of the moiré
Dirac cone Fermi velocity (; = 5.8 eV A) compared to the
original Dirac cones of BLG at K points (vi =7.5 eV A). This
is the first direct confirmation of the Fermi velocity reduction
of moiré Dirac cone despite the fact that there have been many
theoretical predictions!® and indirect experimental evidence.l>’!
Besides the Fermi velocity reduction, another evidence of moiré
Dirac fermion renormalization is the elongated Dirac point
formed at the T" point where those moiré Dirac cones intersect
each other. Our work not only effectively broadens the option
of materials for van der Waals heterostructure engineering, to
explore emerging phenomena such as superconductivity and
strong correlation, but also paves the path to unveil the under-
lying physics in sub-meV energy scale with desired efficiency.

Monolayer In,Se; samples were grown by MBE on BLG-ter-
minated 6H-SiC(0001) substrates (Figure 2a), and preliminarily
characterized by reflection high-energy electron diffraction
(RHEED), LEED and STM. Figure 2b—c present typical RHEED
patterns while Figure 2d—e present LEED patterns of substrate
BLG and epitaxial In,Se;. Sharp RHEED and LEED patterns
indicate high-quality surfaces. Co-existence of BLG and In,Se;
patterns are observed in both RHEED and LEED of as-grown
films, indicating the epitaxial In,Se; is sub-monolayer. From
the sharp RHEED/LEED streaks/spots one can estimate the
corresponding in-plane lattice constant according to their dis-
tance. Using BLG as a standard reference with in-plan lattice
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Figure 2. Materials growth and characterization. a) Side view of monolayer In,Se; on BLG grown on 6H-SiC(0001). b,c) RHEED patterns of BLG/SiC
substrate (b) and a sub-monolayer In,Se; film grown on the BLG substrate (c). d,e) LEED patterns of the BLG (d) measured at electron energy 100 eV
and epitaxial In,Se; (e) measured at electron energy of 68 eV. The red lines indicate the diffraction pattern of graphene, while black lines correspond to
SiC and blue to In,Se;. f) STM morphology of epitaxial In,Se; on BLG/SiC(0001), scanning parameters: V = 100 mV, | = 0.1 nA. g) The height profile
along black dashed line in (f) shows =1.0 nm edge step, indicating that the In,Se; island is of monolayer height. The black and blue dashed squares
mark areas where atomic-resolution STM images of graphene (Figure 3c) and In,Se; (Figure 3a,e) were acquired, respectively.

constant a = 2.46 A, we found that the In,Se; monolayer is
rotated by 28° £ 1° with respect to graphene lattice. The in-
plane lattice constant of In,Se; is estimated as b = 4.0 + 0.1 A.
Typical terrace-and-step morphology is observed by STM, as
shown in Figure 2f. The height profile shows an edge step
of 0.94 £ 0.02 nm, indicating an atomically sharp monolayer
In,Se;/BLG interface.' All the RHEED, LEED and STM char-
acterizations reveal the high crystalline quality of the as-grown
In,Se; monolayer.

To reveal the superlattice registry, we perform atomically
resolved STM measurements, as shown in Figure 3. The sub-
strate BLG surface (Figure 3c) exhibits a graphene like unit cell
(BLG-UC) with a lattice constant a = 2.46 + 0.01 A. As BLG is
Bernal stacked, there is no BLG superlattice cell. The periodic
structure with a length of 18.5 + 0.1 A observed in Figure 3c
corresponds to the 6 x 6 corrugation of the interface carbon
layer.™ The atoms of the In,Se; surface (Figure 3a,e) show
an unit cell (IS-UC) with a lattice constant b = 4.02 + 0.01 A,
which agrees well with the reported lattice constant of bulk
In,Ses, indicating strain-free epitaxial growth.! The superlat-
tice visible on the In,Se; surface (IS-SC) has a lattice constant
of A = 36.2+ 0.1 A. From both STM atomic structure and fast-
Fourier transform (FFT) patterns, we found that the IS-SC is
almost aligned with the IS-UC and both of them are rotated
¢ = 28° £ 1° with respect to the BLG-UC. The lattice constant
and orientation of monolayer In,Se; extracted from STM agree
well with those from LEED.

The lattice constants and alignment of In,Se; and BLG indi-
cate the possible presence of a commensurate moiré superlat-
tice which should match the IS-SC periodicity. If we define the
rhombohedra lattice vectors of BLG as a; and a,, In,Se; as b
and by, the moiré superlattice as ¢ and ¢, the commensura-
bility requires ¢ =M, a, +m, a, =1y b+, b,. Using the STM
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measured unit cell lattice constants as input, we found that
—~12 -2
| c
—==my’ +mm, +m," =217 and %:nl2 +mm, +n," =81
lal |3l
Solving these equations, we have extracted the commensurate
moiré superlattice vector as ¢ =9a; +8 a, =9b1. The angle between

BLG-UC and IS-SC would then be ¢ = (¢, )= (a],5;) ~28". Both
length and angle of the calculated moiré match the experimen-
tally determined IS-SC. In Figure 3g this commensurate config-
uration is strictly simulated and the moiré superlattice appears
with the period as expected.

Having established a commensurate moiré superlattice, we
proceed to explore its modulation imposed on the electronic
structure. Figure 4a,b present the reciprocal BZs of the hetero-
structure components with their reciprocal vectors and orienta-
tion determined by LEED and STM. The red hexagons represent
BLG BZ (with respect to BLG-UC) and K-points are their cor-
ners where the electronic Dirac cones locate. The blue hexagons
represent the In,Se; BZ related to the IS-UC. It is rotated by 28°
with respect to the graphene BZ. The blue arrow indicates the
reciprocal vector G’ of In,Se;, whose magnitude and orienta-
tion are close to the BLG K. In fact, we found that |G| =1.80 A~
and |Kl=1.70 A~ with a relative rotation of ¢’={(G’, K)~2". In a
simple picture, the Dirac cones at the BLG K-points are back-
folded by the In,Se; reciprocal vectors G’ to the central region
of the heterostructure BZ, as shown in Figure 4b. In the inset of
Figure 4a,b, we zoom in the BZ center and highlight the moiré
superlattice BZ (related to IS-SC) in white. The scattered Dirac
cones should locate at the moiré superlattice BZ corners.

To measure the electronic structure of graphene, a photon
energy of 90 eV is used to cover the K points of its first BZ. In
Figure 4c, one can see six point-like FSs at the K-points of the
BLG BZ. The ARPES intensity map in Figure 4d shows linear
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Figure 3. Atomically resolved moiré commensurate superlattices of BLG and In,Se;/BLG heterostructures. a) High-resolution STM image of In,Se;/
BLG with a moiré pattern of 36.2 + 0.1 A. Scanning parameters: V = 100 mV, | = 1nA. b) Fast-Fourier transform (FFT) of (a), showing that the lat-
tice orientations of moiré pattern and In,Se; are approximately the same. c,e) Zoomed-in STM images of BLG/SiC(0001) substrate (c) and epitaxial
In,Se; film (e), with topmost C and Se atoms resolved, respectively. Scanning parameters: c) V.= 100mV, | = 1nA;e) V = 50mV, | = 3 nA. The
measured lattice constant of In,Ses is b = 4.02+0.01 A, indicating that the epitaxial layers are strain-free. d,f) Corresponding FFT maps of (c,e). Both
the STM and FFT maps suggest that the In,Se; lattice is rotated by = 28° with respect to graphene. g) Crystal structure of monolayer In,Se;, BLG, and
their superlattice moiré pattern in ball-and-stick model. The green, blue and gray balls represent In, Se, and C atoms, respectively. When the BLG and
In,Ses lattice are overlaid with a relative angle of 28°, a 36.2 A x 36.2 A superlattice is formed.
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Figure 4. T point moiré Dirac cones and Fermi velocity reduction of In,Se;/BLG heterostructures. a,b) Schematic BZs, reciprocal vectors and moiré
Dirac cone positions. Red lines, arrows and points indicate graphene BZ, reciprocal vector, and T points while blue for In,Se;. The inset zooms in the
BZ center of (b) and the white hexagon indicate the moiré superlattice BZ. c—f) BLG Dirac cone Fermi surface (c) and dispersions (d—f). The black
dashed lines in (c) indicate the momentum cuts where dispersions in (d—f) are taken. e) Magnification of (d) around the Dirac point. g—j) Moiré Dirac
cone Fermi surface (g) and dispersions (h—j). The black dashed lines in (g) indicate the momentum cut where dispersion in (h) is taken. i) The 2D
curvature of (h). j) The magnification of (i) at the I' point.
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band dispersion to the Fermi level, corresponding to the Dirac
cone of underlying BLG. Figure 4e,f present the Dirac cone
dispersions parallel and perpendicular to the I — K directions.
For both directions, the fitted dispersions (white dashed lines)
yield a slope of = 75 eV A, corresponding to a Fermi velocity
of = 1.1 x 10° ms™, in agreement with the reported results for
quasi-free standing epitaxial graphene.l31¢ It is worthy to note
here that, while BLG is expected to have two Dirac cones and
a small gap close to the Dirac point, here we can only distin-
guish mainly one linear Dirac cone without clear signature of
gap opening. We believe that this is due to the broadening of
the Dirac band observed here. The observed momentum width
of the Dirac band (= 0.1 A7) is comparable to the Dirac cone
splitting in BLG (= 0.1 A™),] rendering generally single gap-
less Dirac cone.

The hole-like band locating = 5 eV below the Fermi level
at the I' point is the BLG-derived o band. Furthermore, the
hole-like bands in the energy range of 1.5-4eV below the
Fermi level are assigned to the valence bands of monolayer
In,Se;, which’s dispersion is also in agreement with theoretical
expectation.l'”! From the Fermi surface (Figure 4c) one can find
weak features besides the K-point Dirac cones. The weak fea-
tures between adjacent K-points are attributed to Dirac cones
of misoriented BLG which grew under a different ration with
respect to the SiC substrate. The weak features around the
I' point suggest the existence of moiré Dirac cones as expected
in Figure 4a,b and cannot be explained by a parasitic phase of
BLG grown on 6H-SiC.

To clearly measure the moiré Dirac cones at the I" point, we
chose a photon energy of 21.2 eV for better momentum reso-
lution. The corresponding electronic structures are shown in
Figure 4g—j. Indeed, we found the expected moiré Dirac cones
around the T point, with momentum = 0.11 A~, matching well
the expected moiré BZ as shown in Figure 4g. We note that
these moiré Dirac cones form a continuous circle, instead of
six discrete points, surrounding the I" point, most likely due to
the broadening of the dispersion and the misorientation of the
substrate BLG. The latter has been discussed in the above par-
agraph, leaving the misoriented moiré Dirac cones filling the
gap between adjacent K points of the moiré BZ. The individual
cut (Figure 4h) contains two Dirac cones distributed symmetri-
cally and centered on the I point. Even at the first glance one
can notice the abrupt increase of the spectral intensity at the
merging point (I' point), reflecting much enhanced density of
states. In order to better resolve the dispersion of the moiré
Dirac cones, 2D curvature is employed to highlight the spectra
weight peak position, as shown in Figure 4i,j.

Fermi velocity reduction is predicted in TBGI*d and gra-
phene-based heterostructuresl®d due to interlayer interaction.
However, to the best of our knowledge, only negativel’®fl or
indirect!>”*d) experimental evidence has been reported so far.
The moiré Dirac cones around I' point allow us to resolve this
conflict directly from the ARPES spectra. As show in Figure 4h,i,
the moiré Dirac cone dispersion is tracked by profile peak
locating and approximated with linear black dashed lines. In
this linear approximation, the Fermi velocity of the moiré Dirac
cones is estimated as vg = 5.8 eV A or = 8.8 x 10° ms™%. This
suggests a velocity reduction as much as = 23% with respect to
the velocity of the Dirac cone of BLG at the K-point. According
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to theoretical calculation,®dl this magnitude of reduction in the
weak potential limit can be treated as:

6V,?

0
Ve [VE=1-——ey
hZVgZG//

)

where v} and vy are the original and renormalized Fermi
velocity of Dirac cones, V, is the strength of interlayer inter-
action induced by the substrate charges, and G”=G -G’ is the
moiré superlattice reciprocal vector. From our experimental
results, vf =7.5eV A and [G7=02 Al The ~ 23% Fermi
velocity reduction from our ARPES result corresponds to an
interlayer coupling strength V, = 0.3 eV, comparable with that
in TBG.[62b7¢]

Beside the Fermi velocity reduction, another distinct feature of
the Dirac fermion renormalization is the elongated Dirac point.
As shown in Figure 4j, magnification of the merging point of
the moiré Dirac cone at the I" point clearly presents deviation of
band structure from the standard “X”-shaped crossing. In fact,
the Dirac cone looks elongated and becomes nondispersive in an
energy range of = 0.17 eV, as schematically shown by the black
dashed line in Figure 4j as a guide to the eye. One possibility of
this Dirac point deformation is many-body effects®l such as elec-
tron—electron interaction or electron—-plasmon interaction, which
is strengthened by the much enhanced density of state. Due to
the limited quasiparticle lifetime or ARPES resolution, the exact
nature of the many-body effect remains unclear and deserves fur-
ther investigation with optimized energy and momentum resolu-
tion as well as tuning of photon energy. Another possible expla-
nation is a massless gap opening scenario,” which accounts
for the linear dispersion of the upper and lower Dirac cones
(Figure 4j) and suggests a massless gap of 2A = 0.17 eV. Both
possibilities point to the presence of strong interactions between
moiré Dirac cones. This, together with the reduced Fermi
velocity, enables us to draw a conclusion on the emergence of
renormalized moiré Dirac cones around the BZ center of In,Ses/
BLG heterostructure.

We have performed the first-principles calculations on
the In,Se;/BLG heterostructure. As shown in Figure 5a, the
In,Se;/BLG moiré superlattice is constructed by (9 x 9) mon-
olayer In,Se; and (v217 x+/217) BLG with ¢; =9a, +8 a, =9D;,
C;=—8a,+17a, =9D,, where a; and a,, b, and b,, ¢; and
¢, are the thombohedra lattice vectors of BLG, In,Se; and
moiré superlattice respectively. The interlayer distance of BLG
is 3.44 A, and the relaxed distance between BLG and In,Se; is
345 A.

Unfolded bands are calculated to compare with the experi-
mental ARPES in the BZ of graphene, as shown in Figure 5b.
By projecting to different atoms, we can identify the contribu-
tions of graphene and In,Se;. It is seen that the calculated 7
bands of graphene or BLG exactly coincide with the ARPES
observations, while the energies of calculated o bands are
higher than the experimental measurements. The bands con-
tributed by In,Se; are also roughly consistent with the observa-
tions. Importantly, from the nearly linear 7 band (highlighted
by green line in the right panel of Figure 5b), the Fermi velocity
is calculated as 6.86 €V A, consistent with the measurement.

To check the emerging Dirac cone at the I' point, we calculate
the band structure in the BZ of moiré superlattice, and project

© 2021 Wiley-VCH GmbH
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Figure 5. Results from the first-principles calculations. a) Adopted structure of In,Se;/BLG for calculations. Top (bottom): Side (top) view of the struc-
ture. b) Unfolded bands along I'K in the BZ of graphene and comparison with the experimental ARPES. Left: unfolded bands projected to all atoms of
In,Se;/BLG. Right: unfolded bands projected to the top-layer graphene. c) Band structure projected to the top-layer graphene of BLG along I'-K in the
BZ of the moiré superlattice, and the comparison with experiments. d) Charge distribution (white point) of the emerging Dirac state at the I' point.

it to the top-layer graphene, as shown in Figure 5c. An energy
shift of 0.2 eV is implemented to better match the experiment,
which corresponds to the case of hole doping. Remarkably, an
“elongated” Dirac point is formed at the T" point, in good agree-
ment with the ARPES observation. Based on our calculations,
the observed “elongation” of Dirac point actually arises from
the gap opening (=50 meV) of Dirac cone at I', indicating an
interaction between In,Se; and graphene in the moiré superlat-
tice. The calculated Fermi velocity is 5.47 eV A; =20% reduction
compared to the unfolded 7 band of graphene, also consistent
with the experimental measurement. In Figure 5d, we plot the
charge distribution of “elongated” Dirac point. Instead of the
uniform distribution in graphene, a moiré pattern of charge
density is formed, which further confirms the moiré Dirac fer-
mion renormalization and interactions.

We have realized for the first time a practical strategy to con-
struct moiré Dirac cone around the BZ center by folding graphene
Dirac cones through van der Waals heterostructure engineering.
From comprehensive microscopic and spectroscopic charac-
terization, this strategy has been demonstrated to be feasible in

Adv. Mater. 2021, 33, 2007503

2007503 (6 of 8)

monolayer In,Se;/BLG heterostructures. By combining the
first-principles calculations, the Fermi velocity reduction and the
elongated Dirac point at I" have been verified. From the charge dis-
tribution of the elongated Dirac point, a moiré pattern of charge
density is formed, which further confirms the moiré Dirac fermion
renormalization and interactions. More exotic physics and proper-
ties, such as Kekulé textures,?” strong electron correlation, uncon-
ventional superconductivity, or strong light-matter interaction, are
expected to emerge by material engineering. The location of the
moiré Dirac cone around the BZ center allows direct band struc-
ture measurement with sub-meV energy resolution and ultrafast
electronic dynamics study combining hundreds-of-femtosecond
time resolution and tens-of-meV energy resolution. These advan-
tages pave the way to understand the exotic physics triggered by
the moiré Dirac fermion renormalization in the underlying elec-
tronic structure. Furthermore, this strategy will stimulate broad
investigation in graphene-based heterostructure engineering,
namely, quantum transport and electronic structure study using
In,Se;-like materials such as InSe family, topological Bi,Se; family,
and antiferromagnetic topological MnBi,Te, family of materials.

© 2021 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

Experimental Section

Sample Preparation: Epitaxial growth of In,Se; samples was performed
in an MBE chamber with a base pressure of 1 x 107° mbar. Prior to
growth, the 6H-SiC(0001) substrates were treated by flash heating to
=~1400 °C to form BLG. After cooling down, the substrate temperature
was kept between 250 and 300 °C to perform MBE growth. The
elemental In (99.999%) and Se (99.999%) sources were simultaneously
evaporated from independent Knudsen cells with temperature set to 700
and 140 °C, respectively. Such Se-rich conditions ensured the crystallinity
and stoichiometry of epitaxial In,Se;. The growth process was real-time
monitored by RHEED operated at 25 kV.

ARPES and STM Measurements: In situ measurements were
performed in an ultrahigh vacuum system including MBE, STM
(SPECS), and ARPES (VG-Scienta R4000). STM measurements were
carried out at room temperature with platinum—iridium tips. Helium-
lamp-based ARPES measurements were carried out at 80 K with
unpolarized He-lax photons (21.2 eV) generated by a Gammadata
discharge lamp.

Ex situ ARPES measurements were performed at the Beamline 1 of
Hiroshima Synchrotron Radiation Center (HSRC)?'l Hiroshima, Japan
with a VG Scienta R4000 electron analyzer and a photon energy of
30-90 eV. The beam was linearly polarized with its polarization lying
in the measurement and incidence plane. The energy and angular
resolution were better than 20 meV and less than 0.1°, respectively.
Samples were measured under ultrahigh vacuum conditions with
pressure better than 5 x 107" mbar and temperatures below 25 K.
Amorphous Se capping and decapping were employed to retain the
clean surface of as-grown samples.
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The recently discovered intrinsic magnetic topological insulator MnBi, Te, has been met with unusual
success in hosting emergent phenomena such as the quantum anomalous Hall effect and the axion insulator
states. However, the surface-bulk correspondence of the Mn-Bi-Te family, composed by the superlatticelike
MnBi,Tey/(Bi,Tes), (n =0,1,2,3...) layered structure, remains intriguing but elusive. Here, by using
scanning tunneling microscopy and angle-resolved photoemission spectroscopy techniques, we unambig-
uously assign the two distinct surface states of MnBiyTe; (n = 1) to the quintuple-layer (QL) Bi, Te;
termination and the septuple-layer (SL) MnBi,Te, termination, respectively. A comparison of the
experimental observations with theoretical calculations reveals diverging topological behaviors, especially
the hybridization effect between the QL and SL, on the two terminations. We identify a gap on the QL
termination, originating from the hybridization between the topological surface states of the QL and the bands
of the SL beneath, and a gapless Dirac-cone band structure on the SL termination with time-reversal symmetry.
The quasiparticle interference patterns further confirm the topological nature of the surface states for both
terminations, continuing far above the Fermi energy. The QL termination carries a spin-helical Dirac state with
hexagonal warping, while at the SL termination, a strongly canted helical state from the surface lies between a
pair of Rashba-like splitting bands from its neighboring layer. Our work elucidates an unprecedented
hybridization effect between the building blocks of the topological surface states and also reveals the

termination-dependent time-reversal symmetry breaking in a magnetic topological insulator.

DOI: 10.1103/PhysRevX.10.031013

I. INTRODUCTION

The recent discovery of the intrinsic magnetic
topological insulator MnBi,Te, and its derivatives
MnBi,Tey/(Bi,Tes), (n=1,2,...), comprising alternating
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layers of MnBi,Te, and nonmagnetic topological insulator
(TT) Bi, Tes, has boosted exciting possibilities of producing
exotic quantum phenomena by engineering topology and
magnetism at the atomic scale [1-10]. Specifically,
MnBi,Te,, having antiferromagnetic (AFM) order and,
thus, broken time-reversal symmetry, holds the potential for
realizing both a quantum anomalous Hall insulator and an
axion insulator [11-13]. When subjected to an external
magnetic field of around 5-10 T, few-layer MnBi, Te, turns
to a ferromagnetic (FM) quantum anomalous Hall insulator
[11,12]. On the other hand, a zero Hall plateau is observed
in even-layer MnBi,Te, as an indicator for the axion
insulator [13]. However, recent angle-resolved photoemis-
sion spectroscopy (ARPES) measurements show a robust
surface Dirac cone, indicating that time-reversal symmetry
is preserved at the surface of MnBi,Te, [14-17]. Other
members in van der Waals MnBi,Te,/(Bi,Tes),, with
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FIG. 1.

STM topographic images of the MnBi, Te; surface. (a) Schematic diagram of two terminations—the QL termination of Bi, Te;

and the SL termination of MnBi, Te,—with atomic defects. (b) A large area topographic image of MnBi, Te; surface showing two kinds
of terrace steps. The lower part of (b) shows a line profile with step heights of 1.01 and 1.35 nm along the blue line, for the QL
termination of Bi, Te; and the SL termination of MnBi, Tey, respectively. A considerable number of defects can be found in the enlarged
views of the QL (c) and SL (f) terminations. (d),(e) and (g),(h) are the atomic resolution images of the same areas at different biases on
the QL and SL terminations, respectively. The dark defects are found on both QL and SL terminations. For the SL, an additional type of
defect is observed as a bright dot at both positive and negative biases. Tunneling parameters: (b) Vi, = 1.2 V, and I, = 20 pA; (c),(f)
Viias = 1.0 Vand I; = 20 pA; (d) Vs = 0.5 Vand I, = 1 nA; (e) Vs = —1 Vand I, = 1 nA; (g) Viias = 0.5 Vand I, = 200 pA;

(h) Viiee = —1 V and I, = 200 pA.

tunable interlayer magnetic exchange coupling, also exhibit
controversially a gap or gapless feature at different termi-
nations [18-25], highlighting the complication of the inter-
play between magnetism and topology and the crucial role of
defects and disorder in such a material system.
Surface-bulk correspondence is generally considered to
be the unifying feature relating the topology of the bulk
bands to the surface states in topological materials [26].
However, this correspondence is intriguing in the super-
latticelike MnBi,Te,/(Bi,Tes), layered structure for
n > 1, where the hybrid structure creates distinct electronic
structures on separate terminations due to the interplay
of topology and magnetism at the interfaces of magnetic
TI (MnBi,Te,;) and nonmagnetic TI (Bi,Te;) layers.
Local probe approaches to the scattering processes
[27-29] on different terminations of the van der Waals
heterostructure are crucial to determine the spin configu-
ration of the topological surface states and advance the
theoretical understanding of heterostructure engineering.
Moreover, despite the evidence of the band structure in
MnBi,Te,/(Bi,Te;), series from ARPES and transport
studies, so far there has been little experimental work on
probing the robustness of these states against scattering

[30,31], which is one of the key properties toward the
application of topological devices.

Here, we present the first local probe scanning tunneling
microscopy (STM) measurements of MnBi Te; (n = 1) in
both the real and momentum spaces. Combined with the
observed ARPES band dispersion, we unambiguously
assign the observed electronic band structures to the
MnBi,Te, septuple-layer (SL) and Bi,Te; quintuple-layer
(QL) terminations. Together with the input of ARPES (both
regular and spin-resolved) and theoretical calculations,
further investigation on the scattering process by quasipar-
ticle interference (QPI) patterns unveils the spin configu-
ration of their topological surface states. Unlike the surface
state of a conventional TI (e.g., Bi,Se;) that is simply
localized at the surface layer with attenuation into the bulk,
the surface states of MnBi,;Te; show strong hybridization
between the SL and QL at both terminations. For QL
termination, a gap is formed due to the hybridization
between the topological surface bands of the topmost
QL and the bands from the neighboring SL. For SL
termination, our results suggest a restoration of time-
reversal symmetry, possibly due to the magnetically dis-
ordered surface. The spin texture of the topological surface
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bands shows a pair of Rashba-like splitting bands from the
QL underneath and a strongly warped band from the SL,
the hybridization of which contributes to the flower-shaped
QPI patterns. Our findings of such diverging topological
behaviors on the two terminations of MnBisTe; strongly
rely on the hybridization of bands from different building
blocks of magnetic TI and nonmagnetic TI, providing new
insights into the surface-bulk correspondence of magnetic
TIs and guidance to heterostructure engineering in the
emerging intrinsic magnetic topological systems.

II. SURFACE TOPOGRAPHY

Figure 1 illustrates the topographic images obtained by
STM, where the two terminations are identified unambig-
uously. As shown in Fig. 1(b), the crystal naturally cleaves
at the QL termination of Bi,Te; and the SL termination of
MnBi,Te, with step heights of 1.01 and 1.35 nm, respec-
tively. Comparing the enlarged views of the QL [Fig. 1(c)]
and SL [Fig. 1(f)] terminations, many more surface defects
can be found on the SL termination. Even on the surface
defect-free area, QL termination shows less corrugation,
indicating lower bulk defect beneath the topmost layer
(Fig. S2 [32]). Two types of major defects are found on
the SL surface, categorized as bright and dark spots, the
former of which is almost absent on the QL surface. We
then obtain the atomic resolution images of the Te-
terminated QL [Figs. 1(d) and 1(e)] and SL [Figs. 1(g)
and 1(h)] surfaces at different bias voltages. Similar bright
spots are also found in the STM study of MnBi,Te, [33].
On both terminations, the dark defects merge from
triangularly placed holes to one triangular dark spot when
the bias voltage is shifted from 0.5 to —1 V, while the
atoms from the topmost layer remain intact. Right on top
of the dark defects on both terminations, as shown in
Fig. S2 [32], there is a slight rightward shift (approx-
imately 10 meV) of dI/dV spectra compared with the
defect-free area, indicating a local p-type doping from this
local defect. Such topographic and spectroscopic behav-
iors were previously seen on the surface of Mn-doped
Bi,Te; [34,35], where it is attributed to be substitutional
Mn atoms close to the sample surface. This similarity,
especially on the QL with limited types of surface defects,
implies the possibility of magnetic atom migration from
the designed sites in the middle of the SL. The density of
such defects is about 3.0% on the QL termination and
2.1% on the SL termination. Note that these results are for
the topmost and the second atomic layer, as STM is
surface sensitive. The possibility of Mn migration may
induce complicated surface magnetic order or disorder on
both terminations, especially for the QL, as stated in
previous studies that such an amount of magnetic dopant
is sufficient enough to induce long-range ferromagnetic
order in magnetically doped topological insulators
[28,36,37].

III. ELECTRONIC STRUCTURES

We now focus on the defect-free regions to obtain our
averaged dI/dV spectra by scanning tunneling spectros-
copy (STS). The results, as shown in Fig. 2(a), reveal a
great suppression of density of states (DOS) from approx-
imately —285 to —350 meV on the QL termination,
differing from the V-shaped, Dirac-like suppression of
the DOS near approximately —285 meV on the SL termi-
nation. The SL surface holds a higher density of states
above —285 meV, while, on the other side (below approx-
imately —400 meV), the QL surface hosts higher DOS.
Although it is not straightforward to determine gaps or
positions of bands solely from the STS spectra, we can
compare with our ARPES data to gain a better under-
standing of the states. Figures 2(c) and 2(d) are two
representative laser-u-ARPES spectra obtained from the
same batch of crystals [38], representing the electronic
structure on the two surface terminations of MnBi,;Te;. In
Fig. 2(c), the outer electron pocket at I is seen to have a
relatively flat bottom, where an apparent gaplike suppres-
sion of spectral weight is observed between E = —270 to
—320 meV, in agreement with the STS at the QL termi-
nation [marked by the purple and the red arrows in
Figs. 2(a) and 2(c)]. Much higher ARPES intensity is
observed for the bands below E = —400 meV, which is
also reproduced by the high DOS below —400 meV bias
voltage in the STS. We thus conclude that Fig. 2(c) shows
the band structure of the QL termination. Similar analysis
also reveals that Fig. 2(d) depicts the bands of the SL
termination, where a high DOS is observed from Er to
E = —0.3 eV. In this energy region, the bottom of one of the
conduction bands at £ = —150 meV can be identified in the
STS by a DOS peak [brown arrows in Figs. 2(a) and 2(d)].
Moreover, the X-shaped, Dirac-like linear dispersion and the
gapless crossing point at E = —285 meV [red arrow in
Fig. 2(d)] is endorsed by a V-shaped dip at the SL STS whose
minimum locates at approximately —280 meV [red arrow in
Fig. 2(a)]. Therefore, by comparing with the STS spectra,
we experimentally ascertain the assignment of the QL and
SL terminations in the ARPES measurements for the first
time, which is also confirmed by our surface-dependent
DOS calculations from density functional theory (DFT) [see
Fig. 2(a)].

We also perform DFT calculations of the band dispersion
for MnBi,Te; slabs to advance our understanding of the
two terminations. For the QL termination, we assume that
the local moment of the SLs near the surface remains the
same as that in the bulk, i.e., A-type AFM with out-of-plane
spin orientation confirmed by neutron diffraction measure-
ments [39]. The resulting band structure in Fig. 2(e) shows
that the Dirac cone of the surface states is gapped by the
magnetic proximity from the second SL, merging into the
valence band at approximately 400 meV below the Fermi
level [see the green box in Fig. 2(e)]. More importantly, an
indirect gap near the Dirac point energy occurs. The layer
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FIG. 2. Electronic structure of the two terminations of MnBiyTe;. (a) Top: Averaged dI/dV spectra of a series of STS spectra obtained
at defect-free areas of the QL (green) and SL (black) terminations. Tunneling parameters: Vy;,s = 0.5 V and I, = 500 pA. The arrows
mark the hybridization gap opening on the QL termination (red and purple), the Dirac point (red), and the onset of the inner Rashba-like
splitting band on the SL termination (brown), in good agreement with the ARPES measurement. Bottom: DFT-calculated surface-
dependent DOS for both terminations. The surface projections include the top two surface layers, containing one SL and one QL. The
calculated DOS plots are offset to —285 meV to match the Dirac point of SL termination. The dashed line marks the Fermi level.
(b) Spin-polarized ARPES map for both terminations of MnBi,Te;, with a line cut at Ez = 0.08 eV showing the antiparallel helicity of
the two bands. (c) and (d) are the ARPES intensity maps of the QL and SL terminations at the I" — M direction, respectively. Arrows
highlight important STS features in (a). (¢) and (f) show the results from density functional theory calculations for the QL and SL
terminations, respectively. The slab model assumes a nonmagnetic SL termination for (f), while for (e) an A-type AFM spin
configuration is used with the assumption that the magnetic order of the second SL is protected by the topmost QL. The green dashed
box in (e) marks the gapped Dirac cone of the surface states.

projection of the Bloch wave functions clearly shows that
there is a band inversion between the conduction and
valence bands, which is dominated by the topmost QL and
the second SL, respectively [see Fig. S3(a) [32]].
Therefore, the indirect gap is caused by the hybridization
effect between these two layers. This result is in sharp
contrast to the conventional TI or magnetic-doped TI,
where the surface states around the Fermi level are
governed by the surface layer, with attenuation into the
bulk. It is also worth noting that other ARPES studies on
the QL termination reveal a A-shaped intensity within the

above mentioned hybridization gap [21,22]. With the
assumption of an A-type AFM spin configuration, such
an in-gap state can be interpreted as a hybridization effect
between different orbitals contributed by the surface QL
and its neighboring SL, respectively.

For the MnBi,Te, SL termination [Fig. 2(f)], the
experimental A-type AFM order with an out-of-plane
moment will inevitably open a sizable gap of around
60 meV at the surface state [Fig. S4(a) [32] ], inconsistent
with our ARPES observation showing a gapless Dirac
cone. In real materials, surface magnetism can be different
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from the bulk due to various reasons including surface
reconstruction, disorder, or spin canting, etc., [40-42],
which essentially affects the magnetic-related topological
behaviors. In MnBi,Te;, a considerable number of defects,
as spotted on both terminations, may further complicate the
surface magnetism. In principle, several possible magnetic
orders on the surface, such as in-plane ferromagnetism or
disordered local moments, could lead to a vanishing surface
gap [see Figs. S4(b) and S4(c) [32] ] [14]. Without loss of
generality, we suggest a topmost nonmagnetic SL with
disordered spin to be the scenario, giving rise to a
restoration of the time-reversal symmetry on the SL
termination. As shown in Fig. 2(f), by assuming a non-
magnetic SL surface layer, our DFT calculations obtain
almost linear dispersion with a negligibly gapped Dirac
cone (gap size less than 10 meV), originating from the
proximity effect of the third MnBi,Te, layer, in good
agreement with our ARPES results [Fig. 2(d)]. Unlike the
QL termination, the projection onto layers shows that the
linear Dirac bands are mainly contributed by the surface SL
[Fig. S3(b) [32]].

IV. SPIN-SELECTIVE QUASIPARTICLE
INTERFERENCE

Having established the distinct band dispersion at the two
terminations, now we carry out Fourier transform scanning
tunneling spectroscopy (FT STS) at various energies to
further investigate the topological surface states. The dis-
order scattering mixes the states with different moments (k;
and k») at the same contour of constant energy (CCE) for the
surface bands, resulting in a standing wave with wave vector
(ky —k,)/2. Such interference patterns can be probed as a
local DOS modulation in the real space with wavelength
A=2n/q, where q =k; —k, [43,44]. In the simplest
approach, the quasiparticle interference patterns should
match the joint density of states (JDOS) as a function of
momentum differences (g) between the two scattering states,
JDOS(q.E) = [I(k,E)I(k + q, E)d’k, where I(k) can be
experimentally determined from CCEs in the ARPES meas-
urement. Figures 3(c) and 3(d) show typical CCEs of ARPES
data for the QL and SL terminations, respectively, at
approximately —50 meV. Comparing with the calculated
JDOS patterns from ARPES CCE maps [Figs. 3(e) and 3(f)],
the FT STS maps [Figs. 3(i) and 3(j)] display clear sup-
pression of scattering intensity along I' — K directions.
Previous FT STS studies on topological insulators suggest
that the scattering process can be greatly affected by the spin
texture of the topological surface states, as helicity allows
interference to occur only when there is a finite spin overlap
between the two scattering states [27,28,35,45]. On the QL
termination, a hexagonally warped shape of surface band
structure is observed [Fig. 3(c)], accompanied by suppressed
I — K scattering in the QPI pattern. This scattering resem-
bles the warping-induced attenuation of I — K scattering in

Bi,Te;, where an out-of-plane spin component can be
introduced in between the warped corners, suggesting that
the spin texture on QL termination can be understood in a
similar manner.

Compared with the case of the QL termination, the QPI
pattern of the SL is more intricate. We first look into the
results from spin-resolved ARPES for possible spin texture
guidance at the SL termination. Figure 2(b) represents a
spin resolved ARPES map of MnBi,Te; along the
' — M direction measured with a high-efficiency very
low energy electron diffraction (VLEED) spin detector
[46], showing the spin component along the tangential
direction of the CCE band contours. The data are a mixed
result of both the SL and QL terminations due to the
millimeter-sized spatial resolution of the spin ARPES device.
Interestingly, the electronic states of MnBiyTe; show an up-
down-up-down spin configuration above the Dirac point
energy (—280 < E < 0 meV), resembling a typical Rashba-
like spin splitting. We conclude such a spin pattern comes
from the SL termination for the following reasons: (i) The k-
space locations of the spin-polarized bands in Fig. 2(b) match
those for the SL termination [Fig. 2(d)] to a better degree than
those for the QL termination [Fig. 2(c)]. Specifically, the spin
pattern at moderate binding energies (i.e., E, ~0.2 eV)
spreads to a wider range of kry, than the QL bands do
[dashed curves in Figs. 2(b) and 2(d)]. (ii) The inner ring in
the QL termination [Fig. 3(c)] is assigned as a bulk electronic
state [15], where spin polarization is assumed to be far less
polarized than that of surface states. Therefore, our spin-
resolved ARPES results suggest a pair of Rashba-like
splitting bands on the SL termination, which could originate
from the potential gradient of the confining electrostatic
potential in the surface space-charge regions [47].

Taking the above-mentioned experimental observations
and DFT calculations into account, we construct a uniform
surface k- p model Hamiltonian to extract the central
information of the electronic structures of both termina-
tions, including Dirac bands, Rashba bands, hexagonal
warping [48], hybridization between the SL and QL, and
the exchange field due to the proximity effect from the bulk
magnetism. It reads in the following:

H,=t,H} +1_H:+ Az,. (1)

In Eq. (1), Hy = el + v2(6 x k), + (4/2) (k. + k)0,
describes a gapless, warped Dirac cone representing both
the topmost Bi,Te; layer for the QL termination and the
topmost MnBi,Te, layer with a disordered local moment
for the SL termination (ky = k, & ik,). Hj =ef +
vR(6 x k), + mRo_ describes a pair of Rashba bands with
possible proximity-induced exchange field m® capturing
the dispersion from the second topmost layers for both
terminations. 8]?/ R and UIF)/ R denote the parabolic dispersion
and Fermi velocity of Dirac and Rashba bands, respectively,

with 4 and A the parameters of hexagonal warping and
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ARPES CCE JDOS Spin-selective JDOS FT STS

(@) ) ’ ® QL

FIG. 3. ARPES contours of constant energy, JDOS, and spin-selective JDOS calculated from ARPES data and FT STS maps at
—50 meV of the two terminations. (a) and (b) are the schematics of the spin texture derived from the k - p Hamiltonian for the QL (a) and
SL (b) terminations. Arrows and colors of the vectors represent the in-plane (purple) and out-of-plane (red, +z; blue, —z) components of
spin at the contour maps of the Fermi energy, respectively. The black arrow indicates the T' — M direction for all the maps. For QL
termination, the hexagonal warping effect causes a canted spin at the z direction. For SL termination, a pair of Rashba-like splitting
bands contribute antiparallel helicity for the inner and outer rings in the CCE map. A strong warping effect is observed as a flower-
shaped band in between the rings. (c),(d) CCE maps from ARPES measurements at 50 meV below Fermi level for QL (c) and SL
(d) terminations. (e),(f) JDOS calculated from the intensity of the CCE map are shown for QL (e) and SL (f) terminations. For the
calculation on the SL, idealized bands with an experimentally determined adjusted intensity ratio are used. The JDOS maps show
unexpected scattering intensity at I — K directions. (g),(h) Taking into account the spin-selective joint density of states, the scattering
maps are (g) for QL and (h) SL terminations. For both simulations, the scattering at ' — K directions are greatly suppressed. (i) and (j)
are the Fourier transformation on the dI/dV maps (FT STS) at V,;,, = —50 mV, I, = 500 pA, image size 100 x 100 nm?, showing
good agreement with the spin-selective JDOS maps. The scale bars are 0.1 A~' in CCE maps and 0.2 A~! in the rest maps. FT STS

maps are rotationally symmetrized.

hybridization strength between the top two layers, while 7
and & are Pauli matrices with 7. = (1 & z.)/2. The corre-
sponding surface band dispersions of both terminations,
calculated from Eq. (1), reproduce a direct gap in
the QL termination due to the combined effect of the
hybridization A and the exchange field m’;, as well as a
gapless Dirac cone beneath the Rashba bands [see Figs. S12
(a) and S12(c) [32] ]. We next use the obtained spin textures
to calculate the spin-selective JDOS and compare with the
observed QPI.

The spin configurations derived from the k- p model
near the Fermi level are summarized in Figs. 3(a) and 3(b).
We find that (i) the QL termination carries a spin-helical
Dirac state with hexagonal warping, which gives rise to the
canted spin texture along the z direction; (ii) on the SL
termination, a Rashba-like splitting state comprises a pair
of concentric circular bands with antiparallel spin helicity,
between which lies another strongly canted helical state
whose spin is antiparallel to the outer ring. The spin-
selective JDOS can be estimated by adding a spin scattering
matrix to the JDOS calculation via SSJDOS(q, E) =
[1(k,E)T(q.k,E)I(k + q,E)d*k, where T(q.k,E)=
|(S(k,E)|S(k+q.E))|> [27] describes the scattering

matrix where only the states with overlapped spin can
be scattered. By assigning the above-mentioned spin
configuration [Figs. 3(a) and 3(b)] to the CCE maps of
ARPES [Figs. 3(c) and 3(d)], the spin-selective JDOS maps
at E = —50 meV are calculated in Figs. 3(g) and 3(h). For
the QL termination, there is a remarkable similarity between
the QPI map [Fig. 3(i)] and spin-selective JDOS [Fig. 3(g)].
Compared with the JDOS map [Fig. 3(e)], the scattering
intensity along I' — K directions is greatly suppressed,
confirming the previously discussed hexagonal warping
effect. For the SL termination, the QPI map is with a six-
petal flower shape. Similar to the QL termination, there is
clear attenuation of I' — K scattering, while the I' — M
scattering is preserved, if we compare the QPI map
[Fig. 3(j)] with the JDOS map [Fig. 3(f)]. The decreased
scattering intensity along I' — K directions is well captured
by the spin-selective JDOS map in Fig. 3(h), caused by the
helicity assignment in the Rashba-like splitting bands (inner
and outer rings) and the strongly warped band. Moreover,
it is worth noting that, in the ARPES CCE map on the SL
[Fig. 3(d)], a small hybridization gap appears near the Fermi
level when the strongly warped band and the outer circular
band intersect along I' — M directions. Such spin texture
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FIG. 4. Dispersion of I' — M scattering edges from ARPES and FT STS. (a),(b) Schematic of CCEs resulting in the edges of ¢ vectors
observed in the FT STS maps along the I — M direction; arrows mark the spin orientation on these topological surface states: on the QL
termination (a), the circular shape surface band is slightly warped for E > —100 meV, causing a canted spin along z, thus resulting in
qqr marked by the blue arrows; on the SL termination (b), for £ > —150 meV, Rashba-like spin splitting contributes antiparallel
helicity for the inner and outer rings in the CCE map (marked as blue and red arrows), where the outer ring hybridizes with a strongly
warped surface band sandwiched in between. The middle warped band has the same helicity as the inner circular bands to fit the intensity
along the T — M direction in the QPI map, leading to gg; marked by the yellow arrow. (c) Dispersion of the g vectors calculated from the
ARPES data (solid lines) on the QL (blue) and SL (yellow) terminations and the ¢ vectors obtained from the FT STS data (orange stars
for QL and purple circles for SL). The original FT STS and CCE maps are shown in Figs. S6-S9 [32], respectively.

from the hybridization allows scattering around I' — M
directions with the largest wave vectors [see the yellow
arrow in Fig. 4(b)], preserving the scattering intensity along
the curved edges of the petals, as seen in Fig. 3(h). On the
other hand, the calculated spin-selective JDOS map show
little intensity inside the petals compared with the QPI map.
The rearranged spin texture near hybridization between the
outer circular band and the strongly warped band could be
more complicated than the simplified model we use for the
simulation, which could result in redistributed scattering
intensity at the six petals. Scattering from other energy cuts
may also play a role. However, despite the inevitable
discrepancy resulting from a simplified model, the strong
correlation between the QPI and spin-selective JDOS con-
firms the topological nature of the surface bands as well as
the spin configurations on the two distinct terminations of
MnBi,Te;, highlighting the hybridization between the
strongly canted helical state from the surface SL and the
Rashba-like splitting states from its neighboring QL.
Consequently, as illustrated by Figs. 4(a) and 4(b), the
major scattering channel forming the edge of the petals in the
QPI pattern can be originated only from g¢g along
I’ — M with aligned spins for the SL termination, while
for QL termination, the majority of allowed scattering occurs
for wave vector g . We then overlay the dispersion of the
wave vectors gq and ggp obtained in the QPI patterns
(Figs. S6, S7, and S11 [32]) with the energy dispersion
expected in the spin-selective JDOS calculated from ARPES
data (Figs. S8 and S9 [32]). The plot [Fig. 4(c)] shows good
agreement between QPI and ARPES below the Fermi level

for both terminations, reassuring the topological nature of
these bands. The dispersion for both vectors remains at the
high-energy regime up to 400 meV (about 685 meV above
the Dirac point), showing robust surface states.

V. CONCLUSION

In summary, we have studied the distinct topological
surface states of the two terminations of MnBi,Te; by
ARPES and STM. Compared with theoretical calculations,
a gapless Dirac electronic structure is observed on the SL
termination, whereas the QL termination is found to be
gapped because of the hybridization between different
orbitals of the neighboring TI building blocks, implying
different surface magnetism on the two terminations.
Despite the microscopic defects related to the magnetic
atoms, the scattering process on both terminations can be
understood by the topological surface states and the newly
discovered spin configurations. The robust topological
surface states remain present up to an energy regime far
above the Fermi energy on both terminations, showing
great tolerance to disorders. Our results provide insight not
only to the impact of surface magnetism on the topological
surface states, but also the potential of the hybridization
effect in the heterostructure engineering in magnetic TI
systems. Further surface-sensitive magnetic measurements
or quantum transport study may be able to directly probe
the detailed surface magnetic ordering on the two termi-
nations and the related exotic quantum states.
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APPENDIX: METHODS

Single crystals of MnBi,Te; are prepared by the flux
growth method and confirmed by single crystal x-ray
diffraction data and the subsequent magnetic and transport
measurements. The crystal has an AFM ground state with
Ty ~ 12 K and a critical field of the spin-flop transition of
B.=0.2 T, as shown in Fig. S1 [32]. The STM measure-
ments are performed on in sifu cleaved surfaces of
MnBi,Te; using commercialized STM (Unisoku 1500)
operating at approximately 4.5 K with a base pressure
better than 1 x 107'9 mbar. Tungsten tips are modified
in situ by scanning on copper when needed. The dI/dV
spectroscopy is obtained by a standard lock-in technique
with frequency 687.2 Hz and an ac modulation of 5 mV.
The spatial resolution for the FT STS maps is 0.17 nm. For
the QL termination, the JDOS data are calculated by the
self-convolution of raw CCE from ARPES, and a scattering
matrix taking into account of the spin texture derived from
the k - p model (Fig. S12 [32]) is used for the spin-selective
JDOS. For the SL termination, an idealized CCE con-
structed based on the ARPES CCE is used for the JDOS
and spin-selective JDOS calculation because of the com-
plexity of the spin configuration in the topological bands.
Details can be found in Supplemental Material [32].

ARPES measurements are performed at the Hiroshima
Synchrotron Radiation Center (HiSOR). The spin-integrated
spectra are obtained with an offline ARPES setup under
6.36 eV laser light, while the spin-resolved ARPES map

[Fig. 2(d)] is obtained at Beam line 9B of HiSOR, using a
VLEED spin detector and 18 eV incident light.

The surface band structures of both terminations are
calculated by density functional theory. We use the pro-
jector-augmented wave (PAW) pseudopotentials [49] with
the exchange correlation of Perdew-Burke-Ernzerhof
(PBE) form [50] and GGA + U approach within the
Dudarev scheme [51] as implemented in the Vienna
Ab Initio Simulation Package [52,53]. The energy cutoff
is chosen 1.5 times as large as the values recommended
inrelevant pseudopotentials. The U valueis settobe 5 eV. The

k-points-resolved value of BZ sampling is 0.02 x 2z A~!,
The total energy minimization is performed with a tolerance
of 1076 eV. Spin-orbit coupling is included self-consistently
throughout the calculations. The surface band structures of
QL and SL terminations are obtained from slab calculations
with the thickness of 9 and 7 van der Waals layers, respectively.
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The layered MnBi,, Tes,;; family represents the first intrinsic antiferromagnetic (AFM) topological insulator
(protected by a combination symmetry S) ever discovered, providing an ideal platform to explore novel areas of
physics such as the quantum anomalous Hall effect at elevated temperature and axion electrodynamics. Some
of the recent angle-resolved photoemission spectroscopy (ARPES) experiments on this family have revealed
that all terminations exhibit (nearly) gapless topological surface states (TSSs) in the AFM state. The gapless
behavior is inconsistent with the theoretical expectation, as the surfaces being studied are S-breaking and shall
therefore open a gap. Here we explain this curious paradox using a surface-bulk band hybridization picture.
Combining circular dichroism ARPES and first-principles calculations on MnBigTe;o, we prove that gaplike
features are induced through hybridization between TSSs and certain bulk bands with Rashba character. The
observed (nearly) gapless features are consistently reproduced by tight-binding simulations where TSSs are
coupled to a pair of Rashba-split bands (RSBs). The Dirac-cone-like spectral features actually originate from the
RSBs. Our findings highlight the role of band hybridization, superior to magnetism in this case, in shaping the

general surface band structure in this family of magnetic topological materials.

DOI: 10.1103/PhysRevB.102.245136

I. INTRODUCTION

The discovery of topological insulators (TIs) in two-
dimensional (2D) and three-dimensional (3D) material sys-
tems has triggered a paradigmatic evolution in condensed
matter physics, in which the phase of matter and novel proper-
ties of quantum materials are explored based on the topology
of electronic structure in reciprocal space [1-3]. The combi-
nation of the electronic topology and other degrees of freedom
may lead to a variety of exotic phases of matter and physical
responses such as axionic excitation [4-6], the Majorana state,
and topological superconductivity [2,7]. More specifically, the
interplay between magnetism and topology could generate
various quantum states, such as antiferromagnetic TIs (AFM
TIs) [8], the quantum anomalous Hall (QAH) state [9,10]
hosting dissipationless chiral edge modes [11,12], the axion
insulator displaying quantized magnetoelectric effects [4-6],
and the magnetic Weyl and nodal-line semimetals [13,14],
which harbor Fermi arc surface states and chiral anomalies
[13].
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The realization of magnetic TIs [15] requires crystalline
materials with both magnetic order and electronic topol-
ogy. Previous efforts were devoted to magnetically doped
TIs and magnetic topological heterostructures [11,12,16-19],
whose fabrication, measurement, and property optimization
are quite challenging. Recently, MnBi,Tes has emerged as
the first AFM TI [20-26] with periodically ordered Mn
atoms on well-defined crystallographic sites, hosting possible
axion electrodynamics in condensed matter. The interlayer
AFM with intralayer ferromagnetic (FM) order (c-axis A-type
AFM) occurs below a Néel temperature of about 7y = 24.6 K
[27-34]. In particular, in the presence of a high field that fully
polarizes the magnetic moments, the quantized Hall effect
indicative of a Chern insulating state and the transition from
axion to Chern insulator have been demonstrated in MnBi, Tey
in the 2D limit [35-38].

Considering its topology, AFM TI MnBi,Tes can be
classified by a topological Z, invariant [8], protected by a
combination symmetry S = ©Tj,, where O is time-reversal
symmetry and 7i,, is a lattice translation symmetry of the
“primitive” lattice, both broken by the AFM order but their
combination preserved. At the natural cleavage (001) surface
of MnBi,Tey, S is broken, generating a sizable surface state
gap, which has been reported by works on angle-resolved pho-
toemission spectroscopy (ARPES) [21,30,34,39]. This surface
gap opening is crucial to realize the half-quantum Hall effect,

©2020 American Physical Society
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which may aid experimental confirmation of 6 = 7 quantized
magnetoelectric coupling [8]. However, there also exist sys-
tematic ARPES measurements that clearly resolved a (nearly)
gapless topological surface state (TSS) Dirac cone at the (001)
surface of MnBi,Tes [40-43]. This gapless feature remains
intact in both paramagnetic (PM) and AFM phases, and it
is even robust against severe surface degradation [40,44],
indicating additional topological protection from magnetic,
structural, or electronic complication. This may explain the
necessity of a high field for the observation of the quantized
Hall effect, even in thin films with an odd number of layers
[35,36].

In fact, MnBi,Te, belongs to the ternary van der Waals
compound series (MnBi,Tey),,(BipTes), with [Te-Bi-Te-
Mn-Te-Bi-Te] septuple (S) layers ([MnBi;Tes], SLs) and
[Te-Bi-Te-Bi-Te] quintuple (Q) layers ([Bi,Tes], QLs) alter-
nately stacking along the c axis [45,46]. While MnBi,Te4 has
been extensively studied recently, its sister compounds with a
higher n number, such as MnBisTe; (n = 1) and MnBigTe
(n = 2), remain less explored [47-58]. Structurally, the FM
SLs are more separated in space as n increases, reducing the
interlayer AFM exchange coupling. Indeed, MnBisTe; and
MnBigTe;o both exhibit lower magnetic transition tempera-
tures (~13 and ~11 K, respectively) compared to MnBi, Tey.
A much smaller magnetic field is needed to generate a spin-
flip transition. Importantly, FM hysteresis, a prerequisite for
realizing the intrinsic QAH effect, was observed at low tem-
peratures. However, similar to the situation for MnBi,Tey,
controversial ARPES results exist regarding the TSSs gap
in the n =1 and 2 compounds. On the surface terminated
by the SL (S-termination), both gapped [50,57] and gap-
less [48,54-56] TSSs have been reported in both PM and
AFM phases. Likewise, on the Q-termination (SQ- and SQQ-
terminations), both gapped [48-50,55] and (nearly) gapless
[54,56-58] TSSs were observed. The presence of gapless
TSSs at the S-breaking terminations would be ostentatiously
at odds with the theoretical expectation for these AFT TI
compounds. Thus, it is of critical importance to determine the
underlying mechanism for this puzzling observation.

In this work, combining ARPES, density functional theory
(DFT), and tight-binding (TB) analysis, we study MnBi¢Te o
as an example to unveil the nature of the TSSs gap at
different terminations. Using ARPES with a focused laser
spot (~5 pum) and superior energy and momentum reso-
lution (u-laser-ARPES [59]), four types of surface-driven
band structures are spatially resolved, corresponding to
the three terminations of MnBigTe;y, i.e., S-termination,
SQ-termination, SQQ-termination, and one additional SQQQ-
termination resulting from either vertical stacking disorder
or degradation of the topmost SLs. This assignment is well
supported by the DFT slab calculations based on different sur-
face stacking configurations. For both Q- and S-terminations,
DFT calculations reveal a hybridization between the TSSs and
certain bulk states. Circular dichroism (CD) ARPES further
resolves spin helicity for all these states, suggesting that these
bulk states also acquire Rashba splitting. To further account
for certain key features of the ARPES spectra, we utilize an
effective TB model where the TSSs hybridize with a pair
of Rashba-split bands (RSBs) near the surface and demon-
strate how such hybridization may satisfactorily reproduce

those features. In particular, in the nonmagnetic phase, a new
Dirac cone may overtake the original TI Dirac cone at the I'
point. The new Dirac cone is actually of bulk origin, which
is not necessarily sensitive to the S-breaking at the surfaces
of the AFM phase. Our finding, therefore, has the potential
to provide a self-consistent picture to explain the (nearly)
gapless behavior of the TSSs at the surfaces of MnBisTe; and
MnBigTe ;o [48,54-58]. Our study suggests a significant role
of the band hybridization, in addition to other driving forces
such as magnetism, in shaping the intriguing surface band
structure in the (MnBi,;Tey),,(Bi,Tes), family.

II. RESULTS

MnBigTe o has a trigonal structure with a space group
of R3m. The lattice of MnBigTe;o consists of one septuple
MnBi,Te,4 layer and two quintuple Bi,Te; layers alternately
stacking along the ¢ axis [Fig. 1(a)]. These SLs or QLs are
coupled through weak van der Waals forces. Cleaving the
single crystal perpendicular to the ¢ axis could have three
possible terminations, i.e., S-termination, Q-termination, and
QQ-termination. The crystallinity was examined by x-ray
diffraction (XRD). As shown in Fig. 1(b), all peaks in the
XRD pattern can be well indexed by the (00/) reflections of
Ml’lBi(,Tel().

The zero-field in-plane longitudinal resistivity p..(7T)
[Fig. 1(c)] shows a monotonic decrease with decreasing tem-
perature for 20 < T < 300 K, suggesting a metallic phase,
which is confirmed by the following ARPES data. Around
10.7 K, the resistivity shows a weak upturn with decreas-
ing temperature, likely from the enhanced electron scattering
by magnetic fluctuation close to the AFM transition. Upon
further cooling, the resistivity decreases again, indicating a
gradual FM ordering of the spins in the ab plane.

The magnetic susceptibility measurement [Fig. 1(d)] estab-
lishes a long-range AFM order below Ty = 10.7 K. A sharp
cusp around Ty for H//c, in contrast to the saturating plateau
for H//ab, suggests that the magnetization-easy axis is the
c direction. All these behaviors are consistent with an A-
type AFM configuration (intralayer FM and interlayer AFM)
along the c-axis. Fitting the PM regime (150 — 300 K) with
the Curie-Weiss formula x(T) = xo + C/(T — Ocw) gives
an effective moment e ~ 5.4 up/Mn and 5.1 pup/Mn for
H//c and H//ab, respectively, confirming the high spin states
of Mn?*. The Curie-Weiss temperature is fitted as Ocw = 9
and 23 K for H//c and H//ab, respectively, suggesting the
existence of an additional FM interaction induced by an ex-
ternal magnetic field. The additional FM interaction is further
confirmed by the loop shape of the field-dependent magneti-
zation [M(H)] results at 2 K [given in Fig. 1(e)]. Compared
to H//c, a much higher field is needed to fully polarize
the spins with H//ab, indicating that the magnetization-
easy axis is the c-axis. For the ¢ direction, the spin-flip
transition occurs at 0.2 T and the magnetic moments are
fully polarized. This spin-flip field is much smaller than that
in MnBi,Tes (~3.5 T) [32]. These features indicate that
MnBigTe; is more suitable for exploring the intrinsic QAH
effect.

All the above structural, magnetic, and transport character-
izations agree well with other works on the same materials
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FIG. 1. Lattice structure and characterization of MnBigTe o single crystals. (a) Schematic lattice structure. (b) Single-crystal XRD result
and peak index result. The inset shows a typical single crystal on a millimeter grid. (c) Zero-field in-plane longitudinal resistivity vs
temperature. The inset shows the results up to 300 K. (d) Magnetic susceptibility vs temperature for magnetic field (300 Oe) parallel to
the ab plane (red) and the ¢ axis (blue). The inset shows the Curie-Weiss fitting for temperatures ranging from 150 to 300 K. (e) Magnetization

hysteresis at 2 K. The inset highlights the coercive fields.

[53,58]. Throughout this work, the ARPES spectra presented
at the main text were measured at 20 K, i.e., the PM phase. In
addition, in Sec. 1 of the Supplemental Material [60] we also
present temperature-dependent ARPES measurements down
to 6.5 K (AFM phase) for both S- and Q-terminations. No
observable difference can be detected within instrumental res-
olution [59].

To probe the intrinsic band structure of MnBigTe;( at
different surface terminations, we employ a p-laser-ARPES
system [59] with a focused laser with spot size ~5 pm to mea-
sure the cleaved MnBigTe;( surface at 20 K. Figure 2 shows
four distinct types of ARPES spectra that can be identified
for the cleaved surfaces. Also shown are the corresponding
schematics of the surface termination, the 2D curvature spec-
tra [61], and the DFT band structures. Note that in the DFT
calculations, the slabs are in AFM phase, hence a gap opening
is in principle expected. The corresponding Fermi surface
mapping and the dispersion along high symmetry directions
are shown in Sec. 1 of the Supplemental Material [60]. The
assignment of the measured ARPES spectra to the corre-
sponding terminations is based on the comparison with the
DFT-calculated band structure on various slab configurations
(shown in the schematics). From the ARPES spectra, each
termination has a characteristic band dispersion. Specifically,
the S-termination shows a cordial glass-shaped conduction-
band minimum (CBM) and gapless linear surface states with
the Dirac point located at ~300 meV below the Fermi level
[Fig. 2(a)]. The Q-termination exhibits a gaplike feature of
~80 meV centered at ~320 meV below the Fermi level
and an M-shaped valence-band maximum (VBM) [Fig. 2(b)].
The band structure of the QQ-termination is similar to that
of the Q-termination but with a much smaller gap (a few
meVs) [Fig. 2(c)]. Finally, there exists another termination
with a band structure resembling that on the QQ-termination,
which appears to be less electron-doped and features a gapless

TSSs [Fig. 2(d)]. Its band structure can be well reproduced
by a QQQ-terminated DFT slab calculation. This termination
likely originates from either the vertical stacking disorder or
the degradation of the topmost SLs. It is worth noting that this
termination differs from the Bi, Tes; single crystal in the sense
that, for the latter the group velocity of TSS is ~3 eV A [62]
while for the former it is only ~2 eV A.

Our PM ARPES spectra for S- and Q-terminations
are quantitatively similar to the AFM ARPES spectra re-
ported in Sec. 1 of the Supplemental Material [60] and in
Refs [54,57,58]. This behavior is consistent with previous
works on MnBi,Te4, which show that the TSSs exhibit no
observable change across the bulk Néel temperature within
the experimental resolution [40—43]. We also calculate the
total energies of several slabs with different magnetic struc-
tures (Sec. 2 of the Supplemental Material [60]). The total
energy differences between AFM and FM states are very
small (~2 meV/Mn), suggesting that magnetic fluctuation
may be essential in determining the macroscopic behavior
[27,29,33,34]. This indicates that the underlying magnetic
structure plays an insignificant role in determining the general
band structure on the surfaces of this family of materials.
The absence of an unambiguous gap opening in the AFM
phase stands in sharp contrast to the recent ARPES results
reported in, e.g., Refs. [21,22]. We note here that there are
mainly three factors one needs to be aware of in order to
resolve the gapless TSSs using ARPES in this material family.
The first one is micrometer-scale spatial resolution, to resolve
the termination-dependent band structure for n =1 and 2
compounds; the second one is angular resolution, since the
momentum window for the gapless features is as narrow as
about +0.05 A~'; the last but most important one is the tuning
of the excitation photon energy, as sharp TSSs are only ob-
servable at a certain low energy range [40]. The corresponding
physics will be addressed in Sec. III.
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curvature spectra [61]. The top-right panel shows the schematic structural configuration while the bottom-right panel presents the respective

calculated band structure.

From Fig. 2, the ARPES spectra and the DFT slab band
structure show general agreement regarding the shape of the
CBM and the VBM as well as the gap size between them,
especially for the Q-, QQ-, and QQQ-terminations. However,
DFT fails to capture some key elements in the spectra, such as
the gapless Dirac-cone-like feature at S- and Q-terminations,
as we describe in detail below. Resolving this puzzle, there-
fore, constitutes the main objective of the present study.

Figures 3(a)-3(d) highlight the discrepancy between the
experimental ARPES spectra and the DFT slab simulation
for the Q-termination. On the one hand, the emergence of
one A-shaped in-gap band V1 [indicated by black arrows in
Fig. 3(d)] makes this termination gapless since the cusp of
band V1 touches the CBM. A similar observation has been
reported by other groups at the Q-terminations in MnBisTe;
[54,56] and MnBigTe o [54,57]. On the other hand, DFT pre-
dicts an M-shape, instead of a A-shape, for this V1 band and
generally gapped behavior for Q-termination [Figs. 3(b) and
3(c)]. Such a discrepancy between ARPES and DFT results
concerning the shape of the V1 band is also present for S-
termination, as shown in Figs. 3(f)-3(i).

We first analyze the band structure on the Q-termination.
Around the I point at —0.4 eV, V2 and V3 form a Dirac-cone-
like feature in both ARPES [Fig. 3(d)] and DFT [Fig. 3(b)].
The general shape of C1 and this Dirac-cone-like feature is
indicative of an upper Dirac cone intersecting and hybridizing
with a pair of additional bands. Some traces of this hybridiza-
tion can indeed be identified from DFT projection analysis.
As shown in Figs. 3(a)-3(c), the lowest conduction band C1 is
mainly surface-originated, although with surface domination
decreasing with decreasing wave vector. And at the I" point,
the conduction band C1 is instead mainly derived from states
located away from the topmost layer. For the valence bands
V2 and V3, the opposite occurs: the surface weight dominates

around I', and the bulk contribution increases with increas-
ing wave vector. Again, such hybridization features can be
observed for S-termination from DFT [Figs. 3(f)-3(h)]. This
time the TSS Dirac cone with surface domination [enlarged
blue circles in Fig. 3(g)] is intersected by bulk-dominated con-
duction bands C2 and C3 [enlarged red circles in Fig. 3(h)].
For both cases of Q- and S-terminations, the V2/V3 and
C2/C3 bands compose Rashba-like features as indicated in
Figs. 3(e) and 3(j) by the red and blue solid lines.

In principle, surface band dispersions other than the TSSs
may originate from bulk states that gain surface character
due to a confining electrostatic environment in the surface
region [63,64]. We note that such quantum confinement could
be associated with realistic microscopic surface conditions
such as lattice relaxation/distortion and is thus not necessarily
captured by the DFT calculations, which assume ideal lattice
structure. These bands naturally acquire Rashba-like spin-
orbit coupling due to surface confinement [63,64], hence the
name RSBs. Notably, similar states have been widely reported
on the surfaces of the prototypical TI Bi,Se; family [44,65—
70]. More importantly, recent experiments on MnBi,Te, and
MnBiyTe; have also provided compelling evidence for the ex-
istence of such RSBs [39,71,72] in Mn-Bi-Te compounds. For
MnBig¢Te o, the signatures of such bands can indeed be iden-
tified from the CD ARPES spectra. CD ARPES has proved to
be powerful in indirectly revealing the helical spin structure
of TSS and RSBs in both the BiySe; family [70,73-75] and
the Mn-Bi-Te family [71] of materials. As shown in Fig. 3(e)
[3(3)], in addition to the opposite spin polarization/chirality at
opposite momenta for C1 in Fig. 3(d) and C1,V1 in Fig. 3(D),
as expected for the TSS Dirac cone spin texture, V2 and V3
(C2 and C3) also exhibit opposite spin polarization/chirality at
opposite momenta, forming the well-recognized Rashba-type
band splitting at Q- (S-) termination.
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FIG. 3. Evidence of TSS-RSBs hybridization at Q- and S-terminations of MnBigTeo. (a)—(e) ARPES and DFT results for Q-termination.
(a)—(c) AFM DFT band structure with the fatted bands projected onto corresponding layers as indicated by the blue (b) and red (c) boxes in (a).
(d) ARPES spectra in 2D curvature. Bands around the Dirac points are label as C1, V1, V2, and V3, respectively. The black arrow indicates
the weak in-gap V1 band. (e) Left: ARPES spectra from the sum of right circular polarization (RCP) and left circular polarization (LCP) light
(RCP+LCP); right: circular dichroism (CD) ARPES spectra from the polarization (RCP-LCP)/(RCP+LCP). Red and blue squares indicate
the TSS Dirac cone dispersion. Red and blue filled circles indicate the RSBs dispersion. (f)—(j) Similar analysis for S-termination.

We now employ a tight-binding model analysis to demon-
strate how a hybridization between the TSSs and the RSBs
may describe the complicated electronic band structure as ob-
served by ARPES. For simplicity, we consider the scenario in
which the TSS Dirac cone hybridizes with a pair of quasi-two-
dimensional RSBs. Note that these RSBs are not intrinsically
related to the underlying topological insulating phase. The
band dispersions of the TSSs and the RSBs are empirically
inferred from the ARPES spectra shown in Figs. 3(e) and
3(j). More details are available in Sec. 3 of the Supplemental
Material [60].

As schematically drawn in Fig. 4(a), the TI is modeled by
a 3D stacking of bilayers of p,-like Wannier orbitals, which
has been shown to be appropriate for this series of TIs [23].
The RSBs may originate from either certain additional p,
orbitals, or certain py/py-like Wannier orbitals that lie close
in energy. In our simplified model, we consider spin-orbit
coupled (px +ipy) 1 and (px —ipy) | Wannier orbitals in
a fictitious layer. Note that they are the only p-wave states
that could be distinguished from the TI p,-orbitals under
the C; symmetry at the surface of the TI. Nevertheless, the
results are qualitatively similar if the RSBs come from p,-like
orbitals instead, as we shall mention later. The RSB orbitals
couple with the topmost bilayer of the TI, and the effective
Hamiltonian reads

H = Hry + Hgsp + Hpyp.

In order, the three terms stand for the Hamiltonian of the
TI, the RSBs, and the hybridization. While more details are
provided in Sec. 3 of the Supplemental Material [60], the

hybridization term deserves special attention. Expanded
around the I'-point, it reads

Higp = VZ (= 1)" [k — iky)Cdn it + ks + iy ) diy ]

m,k

+H.c.,

where V denotes the strength of the hybridization, cgm and
com represent the creation and annihilation of p,-orbitals on
the top TI bilayer where m = 0, 1 index its two sublayers,
and d; |, and dy(,) create and annihilate the respective (px +
ipy) 1 and (p, —ip,) | orbitals of the RSBs. It is important
to note that the time-reversal and C3 symmetry ensure that
the hybridization vanishes at the I' point, meaning that the
Dirac crossings of the RSBs and that of the TSSs remain
intact. Due to the finite hybridization away from the I point,
the two Dirac crossings switch designations, i.e., the original
RSB crossing becomes the crossing of the new Dirac cone that
connects the conduction and valence bands, and vice versa. In
this manner, the essential topological properties of the hybrid
system are unaltered from the original TI. As a side remark,
had we considered RSBs originating from other orbitals, such
as one with p,-symmetry, the hybridization between the two
Dirac crossings at the I" point would have become finite,
shifting their relative energy. However, this hybridization does
not lift the degeneracy of the individual crossings so long as
time-reversal symmetry is preserved. Hence, as in the above
case, the two crossings switch designations and the overall
topology remains.

In Fig. 4(c), we present the results of TB simulations of
the Q-termination within the PM state, in which only the
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FIG. 4. TB simulation on the TSS-RSBs hybridization. (a) Schematic of the TB model. (b)—(d) TB simulation for Q-termination band
structure. (b) ARPES spectra in 2D curvature. (c) TB model simulated band structure and its evolution with increasing hybridization at the
PM state. The color bar indicates the contribution from TSS and RSB for the hybridized bands, excluding the ordinary bulk conduction and
valence band. (d) TB simulated bands at AFM order. (e)—(g) Similar results for S-termination.

hybridization strength V is varied. Note that both the Rashba
SOC and the coupling strength V are determined by realistic
surface conditions and are hence expected to be different
between the two types of surface termination, as shown in
Figs. 3(e) and 3(j). Here, we aim to qualitatively explain the
key features of the ARPES spectra using the simplest model,
without trying to fully reproduce the observed band structure.
For V. = 0, the TSSs (blue) and RSBs (red) remain intact.
With increasing V (V. = 0.6), the main features of the exper-
imental spectra are readily reproduced, including not only the
M-shaped VBM and the gaplike structure already presented
in the DFT calculation, but also the A-shaped in-gap band,
which is absent in the DFT calculation. Further inclusion of
AFM order [Fig. 4(d)] opens gaps at both the original TSS
Dirac point and the crossing of the RSBs at the I' point.
The magnitude of these two gaps depends on the effective
exchange fields that TSS and RSB wave functions experience
in the real material.

Within this picture, those intriguing features found in the
experimental spectra of Q-terminations [Fig. 3(d)] can now
be understood. The M-shaped VBM consists of the original
TSS Dirac cone and RSBs; the gaplike feature appears in the
upper Dirac cone region due to the surface-bulk hybridization;
the gaplessness comes from the symmetry-protected touching
of the gapped TSSs and A-shaped in-gap band at the I" point.
With AFM order, gaps are opened at both the original TSS
Dirac cone and the new touching point, but the gap size could
be so small that extrinsic factors can smear it easily.

This TB hybridization model is also applicable to the S-
termination shown in Fig. 4(f). The main difference is that
RSBs are hole-type in Q-termination but electron-type in
S-termination, as presented in Figs. 3(e) and 3(j). With appro-
priate SOC and increasing V, the cordial glass-shaped CBM

and gapless linear Dirac cones start to manifest. The V. = 0.3
panel matches the experimental spectra the most. The resul-
tant (nearly) gapless features at S-termination thus come from
the original RSB Dirac cone. The original TSS Dirac cone
gains broadness due to its hybridization with bulk states, and
its tiny gap at the AFM state may be smeared. We note that
small gaps are observed by ARPES in Q- and S-terminations
with AFM order by others [57], which may be captured by our
TB model if we appropriately choose small exchange fields
[Fig. 4(g)]. We stress that, since the effective exchange fields
are expected to depend crucially on the microscopic details of
the surface magnetism and on the wave function of the RSBs
and TSSs, the exact prediction of these exchange fields, and
consequently the exact gap size of TSSs at AFM phase, are
not the focus of our study.

III. DISCUSSION

We have demonstrated the applicability of a surface-bulk
hybridization model to account for the band structure at the
S- and Q-terminations of MnBigTe;o. Built on the DFT or-
bital projection and CD ARPES spectral analyses, this model
is well-grounded and provides a unique physical picture to
explain the intriguing band structure observed on the surfaces
on these magnetic TI compounds. Within this description, the
Dirac cones identified by ARPES are of bulk origin, with
wave functions extending deeper into the crystal than the
nonhybridized ones. This means that the impact of S sym-
metry breaking at the surface on these spectral features could
be smaller than expected for the perfectly surface localized
TSS. Given the similarity in the lattice and band structures,
the universal (nearly) gapless behavior on the surfaces of the
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magnetic TI family of (MnBi,Te,),,(Bi,Tes), can be poten-
tially understood within this picture.

Ideally, spin-resolved ARPES (SpinARPES) would be the
right tool to directly prove the existence of RSBs. Unfor-
tunately, SpinARPES with pum spatial resolution is not an
available technique, leaving CD ARPES the only choice to
gain insights into the spin texture of MnBigTe (. Similar weak
CD signals were also observed on the bulk states in BiyTes
with specific photon energy [70]. One may also raise a con-
cern about the final state effect as the photon energy we use
is very low. Systematic photon-energy-dependent p-ARPES
measurement is expected to clarify this issue, which, unfor-
tunately again, is constrained by the limited photon energy
range due to the accessibility of the TSS Dirac cone in this
family of materials, as discussed below.

The bulk origin of the effective TSS Dirac cones sug-
gests that their accessibility depends on the bulk sensitivity
of probes employed. In the ultraviolet photoemission process,
the increase of bulk sensitivity (mean free path of photoelec-
trons) with decreasing energy follows the “universal curve”
[76]. The accessibility of the TSS Dirac cone in this mate-
rial family is much improved in ARPES measurement using
a laser (6-7 eV) [40-43,54,56-58] than that using higher
photon energies (tens of eV) [21,22,30,34,39,48-50]. This
explains the controversial ARPES observations concerning
the gapless/gapped nature of TSS Dirac cone, providing in-
sightful guidance to improve the TSS addressability from
both experimental and theoretical approaches, but it limits
the available photon energy range to clarify the final state
effect.

IV. MATERIALS AND METHODS
A. Sample growth and characterization

High-quality MnBigTe( single crystals were grown by the
conventional high-temperature solution method with Bi,Tes
as the flux. Mn (purity 99.98%), Bi (purity 99.999%), and Te
(99.999%) blocks were placed in an alumina crucible with a
molar ratio of Mn : Bi: Te = 1 : 11.3 : 18. Then the alumina
crucible was sealed in a quartz tube under the argon envi-
ronment. The assembly was first heated up in a box furnace
to 950°C, held for 10 h, then subsequently cooled down to
700°C over 10 h and further cooled down slowly to 575 °C
over 100 h. After this heating procedure, the quartz tube was
taken out quickly and then decanted into the centrifuge to
remove the excess flux from the single crystals.

Resistivity measurements were performed by a Quan-
tum Design (QD) Physical Properties Measurement System
(PPMS) with a standard six-probe method. The driven current
is 10 mA and flows in the ab plane. Magnetic measure-
ments were performed using the QD PPMS with the Vibrating
Sample Mangetometer (VSM) mode. Temperature-dependent
magnetization results were collected with an external mag-
netic field of 300 Oe, both along and perpendicular to the
c-axis direction of the sample.

B. ARPES measurement

u-laser-ARPES measurements were performed at the Hi-
roshima Synchrotron Radiation Center (HSRC), Hiroshima,

Japan, with a VG Scienta R4000 electron analyzer and a pho-
ton energy of 6.3 eV [59]. The energy and angular resolution
were better than 3 meV and less than 0.05°, respectively.
Samples were cleaved in situ along the (001) crystal plane
under ultrahigh-vacuum conditions with pressure better than
5 x 10~!! mbar and temperatures below 25 K.

C. DFT calculation method

First-principles calculations were performed using the Vi-
enna ab initio simulation package (VASP) [77,78] within the
framework of density-functional theory [79,80]. The general-
ized gradient approximation (GGA) with the Perdew-Burke-
Ernzerhof (PBE) formalism was chosen for the exchange-
correlation functional [81]. The projector augmented wave
(PAW) method was implemented to treat core-valence inter-
actions with a cutoff energy of 400 eV for the plane-wave
expansion [82,83]. The full Brillouin zone was sampled by
an 8 x 8 x 1 Monkhorst-Pack grid [84]. The slab struc-
tures (including both lattice and fractional coordinates) were
fully relaxed until the forces on each atom were less than
0.01 eV/A. Considering the strongly correlated nature of 3d
electrons in Mn, we introduced on-site Coulomb repulsion by
employing GGA+U calculations [85] and set the correlation
energy to be 5 eV, which worked well in previous work [19].

D. Tight-binding simulation method

We construct a model to effectively simulate the hybridiza-
tion between the TI surface states and a pair of Rashba-split
bands. Since we are only concerned with the physics around
the I'-point, it is sufficient to build the model on a lattice with
tetragonal symmetry to keep the expressions in their simplest
forms. No essential feature of the hybridization in question
is lost due to this simplification. We generalize a standard
k - p theory of the TI [86] to a 3D lattice model, which is
formed by a stacking of bilayers with each sublayer featuring
a p-orbital. Regarding the hybridization to bulk states, we
consider that the topmost bilayer of the TI is coupled to an
extra band with Rashba SOC, whose band top (or bottom)
overlaps with the TSSs in momentum space. More details can
be found in Sec. 3 of the Supplemental Material [60].

Note added: Recently, we became aware of several scan-
ning tunneling microscopy studies [72,87,88] that reveal that
defect states at the Dirac energy could potentially hinder
the detection of magnetic gaps at the surface of these AFM
TIs. While defect states may influence the resolution of
ARPES spectra, they are unlikely to be the origin of the
well-resolved dispersive in-gap bands observed in our study.
Indeed, the quasiparticle interference patterns indicate that the
topological surface states may be embedded in deeper layers
beneath the topmost surface [87], in qualitative agreement
with our findings here. Furthermore, similar surface-bulk band
hybridization has been discussed on the Q-termination of
MnBisTe; from DFT calculation [72].
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Layered honeycomb lattice antiferromagnetic «-RuCl; has been studied intensively recently as a Kitaev spin
liquid candidate. Here we present strong evidence that this material host realistic Weyl fermions derived from
Cl 2p electrons. Our theoretical analysis suggests the existence of quadratic Weyl fermions without spin-orbit
coupling and linear Weyl fermion with spin-orbit coupling. Angle-resolved photoemission spectroscopy with
systematic photon energy-dependent measurements demonstrates that this Weyl cone possesses linear dispersion
at bulk Brillouin zone center along all the three reciprocal directions and hyperbolic dispersion off center. Our
work reveals the rich topological physics lying in the band structure of Kitaev QSL candidates and will stimulate
further investigation not only limited to o-RuCl; but also honeycomb iridate family of materials.

DOI: 10.1103/PhysRevB.103.035150

I. INTRODUCTION

Exploring novel elementary particles represented by elec-
tronic excitations based on topological quantum materials has
been a central topic in current condensed matter physics.
The existence of Dirac and Weyl fermions in condensed-
matter systems has been confirmed experimentally in various
families of materials such as the two-dimensional (2D) sur-
faces of three-dimensional (3D) topological insulators [1,2],
semimetallic Na3;Bi [3-5], Cd3As, [6-8], TaAs family [9-13],
WTe, family [14,15], ZrSiS family [16-20], and Co-based
magnets [21-23]. The signature of Majorana fermions has
also been allocated by various experiments [24—28]. Recently,
exotic fermionic excitations beyond the Dirac-Weyl-Majorana
category have been discovered in condensed matter, as they
are constrained by the symmetries of the 230 crystal space
groups rather than by Poincaré invariance [29-37]. In general,
these topological quasiparticles are characterized by their de-
generacy, order of dispersion and topological charge of band
crossing points in momentum space. In material systems with
time-reversal symmetry, the degeneracy of multiband cross-
ings in momentum space could be 2, 3, 4, 6, and 8, of which
twofold degeneracy corresponds to Weyl points and four-
fold being Dirac points. In Weyl-type crossings, the in-plane
dispersion power n equals its Chern number, correspond-
ing to a degeneracy of n conventional Weyl fermions (left-
or right-handed), all with the same chirality [38,39]. Thus
far, topological quasiparticles with twofold [40—45], three-
fold [29,37,46], fourfold [47-49], sixfold [29], and eightfold
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[29,50] degeneracy have been theoretically explored based on
a wide range of materials, with some of them being experi-
mentally confirmed [3-16,30,31,51-53].

In parallel to this ever-evolving field of topological band
materials, another type of topological phase of matter, termed
the quantum spin liquid (QSL), has been intensively stud-
ied since the concept was proposed [54] in 1973 by P.W.
Anderson. QSL exhibits rich physics and exotic properties
such as long-range entanglement and fractional elementary
excitations, holding potential for quantum communication and
computation [55-59]. Among many others, the Kitaev model
[60], based on § = 1/2 spin model on a 2D honeycomb
lattice, represents the only exactly soluble QSL model. The
material realization of Kitaev QSL has been focused on the iri-
date family of materials and o-RuCl;. Compared with iridates
such as (Li, Na),IrO3 [57,59], more convincing signatures of
QSL have been reported in «-RuCls since its van der Waals
layered structure is a better approximation of exact Kitaev
honeycomb lattice [61-72].

Concerning «-RuCls, it is a Je = 1/2 spin-orbit Mott
insulator with a localized moment magnetism. While ex-
tensive experimental efforts have been devoted to study its
thermal [61-63], magnetic/structural [70-72], optical proper-
ties [73-75], and elementary excitations [64—70], much less
is known about its band structure. Up to now, studies on
the electronic properties of a-RuClj (say, via angle-resolved
photoemission spectroscopy (ARPES)), have been hindered
by the lack of systematic band structure measurement and
the poor agreement between measured and calculated band
structure [76—78]. Previous studies have merely focused on
the qualitative comparison of bands calculated by DFT and
measured by ARPES with few random photon energies, leav-
ing its band dispersion along k, direction unknown. Although
a-RuClj is traditionally considered as a more proximate 2D

©2021 American Physical Society
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FIG. 1. Crystal structure and magnetic, electronic properties of «-RuCl;. (a) The crystal structure of «-RuCl; with a space group of C2/m,
B ~ 108.8°. (b) Crystal structure of o-RuCl; with a space group of P3;12. (c) Constant energy contours (CECs) at binding energy Ez = 3 eV
and 5.5 eV measure by ARPES at 300 K. Red lines indicate the 2D BZ. (d) Single-crystal x-ray diffraction result taken at 300 K. The inset
shows a typical single-crystal photo on a millimeter grid. (¢) Low-temperature specific heat C/T without magnetic field. (f) The magnetic
susceptibility (x) vs. temperature (7') and the corresponding differential for H//ab at various magnetic fields H =0.1 T, 1.0 T, and 9.0 T,

respectively.

Kitaev honeycomb lattice with neglectable interlayer interac-
tion, here we point out that its k, dispersion is nonignorable,
composing potential evidence for its nontrivial band topology.
In this work, we present systematic photon-energy-
dependent ARPES measurement and theoretical calculation
on a-RuCl; to fully uncover its band structure in 3D Bril-
louin zone (BZ). It is found that, while the topmost valence
bands consisting of Ru 4d electrons are almost completely
2D dispersed, the deeper valence bands consisting of Cl 3p
electrons show clear k, dispersion. More surprisingly, in the
Cl1 3p valence band region, we discovered a 3D conelike band
structure centered at the bulk BZ center (I' point). Around
the band crossing point, the band shows linear dispersion.
Our low-energy effective Hamiltonian analysis supports its
nontrivial band topology with Chern number C = £2 and the
existence of quadratic Weyl fermions in this system without
spin-orbit coupling (SOC). When SOC is included, this Weyl
cone is linearly dispersed with C = =£1, which is directly
confirmed by k,-dependent ARPES spectra. Our work reveals
the rich topological physics lying in the band structure of
Kitaev QSL candidates and will stimulate further exploration
on the electronic properties of other types of QSL materials.

II. RESULTS AND DISCUSSION

A. Crystal structure and magnetic properties of a-RuCl;

The exact space group of the crystal structure of ¢-RuClj is
still a controversy. While some experimental results show that
it is a monoclinic crystal structure with the C2/m space group
[72,79] and a monoclinic angle of g = 108.8° [Fig. 1(a)],
there are also reports showing that it is a trigonal crystal struc-
ture with the P3,12 space group [Fig. 1(b)] [75,80]. Detailed
magnetic and microscopic studies even reveal a temperature-
dependent space group change [71,81] from C2/m to P3;12
at 150 K upon cooling. In fact, both structural models share
very close in-plane honeycomb lattice and the interlayer stack-
ing difference is so small that stacking disorder makes them

experimentally indistinguishable. Throughout this work, we
will adopt the P3;12 notation with a simple hexagonal 3D BZ
[Fig. 2(b)], which has been widely used for this material in
neutron studies [66,70,82] and ARPES studies [76-78].

Figure 1(c) shows ARPES measured CECs in recipro-
cal space at different energies (i.e., E — Er = —3 eV and —
5.5 eV). The periodicity of as-measured spectral intensity
can be well described by the hexagonal 2D BZ based on
an in-plane hexagonal lattice constant ¢ = 5.96 A. The crys-
tallinity of as-grown «-RuCl; single crystals was examined
by x-ray diffraction (XRD). As shown in Fig. 1(d), all the
diffraction peaks can be well indexed by the (00 /) reflections
with lattice parameter ¢* = 17.1 & 0.2 A. Figure 1(e) presents
temperature-dependent specific heat (C/T) measured without
external magnetic field. A sharp peak is observed at Ty ~ 7K,
corresponding to the antiferromagnetic (AFM) transition [81].
The temperature dependence of the magnetic susceptibility
(x for H//ab) measured at various magnetic fields is shown
in Fig. 1(f). The AFM transition is also revealed around
7K for H=0.1T, 1.0 T, and is suppressed at H=9.0T,
in agreement with previous report [61]. In the lower panel of
Fig. 1(f), the differential plots of x (dx/dT) clearly show
that this 7 K transition is the only present transition at the
current temperature range. Previous works report coexisting
7 and 14 K transitions due to stacking disorder [79,81-83].
The existence of only one low temperature transition in our
susceptibility indicates the high stacking homogeneity of the
as-grown single crystal. Furthermore, this 7 K transition was
shown by inelastic neutron scattering to correspond to AB-
CABC stacking [70], justifying our choice of space group
P3,12.

B. General valence band structure

The general valence band structure covering the full 3D BZ
is presented in Fig. 2. We firstly performed photon-energy-
dependent ARPES measurement to trace its valence band

035150-2



EVIDENCE OF WEYL FERMIONS IN ...

PHYSICAL REVIEW B 103, 035150 (2021)

E-Er (eV)

E-EF (eV)

(a) © (©)
z Z-
&) QT
05 0 05-05 0 05
k, 2nlc)
d
(b) " () ®
Max
E .
=
&
8]
Min

kx

E-Er (eV)

Max

E-Er (eV)

Min

-0.5 0

0.5-0.5 0
ki (A'l)

FIG. 2. General valence band structure of «-RuCl; measured at 300 K. (a) Photon energy-dependent ARPES measured spectra along k..
(b) The 3D Brillouin zone of a-RuCl; corresponding to the space group of P3;12. (c—h) ARPES spectra (left panels) and corresponding 2D
curvature spectra (right panels) along different high symmetry lines. The measurement geometry is p-polarization for (c—f) and s-polarization

for (g-h).

dispersion along the k, direction. As shown in Fig. 2(a), the
dispersion and intensity oscillation indeed show a periodic
pattern and help us to identify the high symmetry points along
k, by assuming an inner potential V) = 18 eV and effective
out-of-plane lattice constant ¢ = ¢*/3. It is found that the I'4
point corresponds to a photon energy of 63 eV and A3 point
46 eV. With this information, the valence bands along in-plane
high symmetry cuts of 3D BZ are shown in Figs. 2(c)-2(h).
Several key characters of the valence bands are obtained. First
of all, the valence band maximum is nearly dispersionless
along all the in-plane (k. and k,) and out-of-plane (k) direc-
tions. The band edge locates around 1.2 eV below the Fermi
level, corresponding to a charge gap of ~ 2.4 eV assuming
a neutral Mott phase (Fig. S1 [92]). Second, the valence
bands locating above —3 eV, presumedly from Ru 4d t,
states [77], are nearly flat along all the three directions, too.
In contrast, valence bands below —3 eV, presumedly from
ClI 2p orbitals, show clear in-plane dispersion. In particular,
the topmost Cl-derivate valence band, as indicated by white
arrows in Figs. 2(c) and 2(e), show conelike dispersion at bulk
I point and disperse with k,. Last but not least, this conelike
band is present in measurement with p-polarization geometry
but absent with s-polarization geometry, suggesting its origin
from either in-plane p, or out-of-plane p, orbitals, see Fig. S2
[92] for details of geometry.

We have performed first-principles calculations based on
density functional theory (DFT) coded in Vienna ab initio
package (VASP) [84,85]. The GGA4-U scheme is employed
to describe the correlation effect of Ru 4d electrons [86]. We
have also performed band structure calculation based on a slab
model constructed by stacking seven monolayer RuCl; with
al x /3 supercell. The paramagnetic state sets random
magnetic moments for the Ru atoms. Then the unfolding

effective band structure in the unit cell is obtained by perform-
ing the BandUP code [87,88]. Figure S3 [92] presents DFT
calculated comprehensive band structure along high symme-
try lines through the full 3D BZ. Comparing DFT results with
the ARPES results shown in Fig. 2 and here in Figs. 3(a)
and 3(b), one can find agreement regarding the general band
shape and gap size. The main discrepancy arises for the Ru
3d bands above —3 eV-while two manifolds are resolved
by ARPES, DFT has given five manifolds below the Fermi
level, suggesting that single electron picture is not suitable
for strongly correlated Ru 4d electrons. Nevertheless, The
DFT calculated Cl 2 p-derived bands (below —3 eV) match the
ARPES spectra well. In particular, from the slab calculation,
the Cl p, projected bands shown in Fig. 3(c) resemble the
ARPES observed conelike structure near —3.2 eV at I, in
consistent with the above polarization analysis. It is worthy
to note that in Figs. 3(b) and 3(c), the conelike structure from
ARPES measurement and slab calculation show agreement
on the details related to the shape of the flat upper cone and
dispersed linear lower cone, as indicated by the white arrows.
Furthermore, in Fig. 3(d), the enlarged drawing of the DFT en-
ergy dispersion, corresponding to this crossing node at I" near
—3.2 eV in Figs. 3(a)-3(c), also show general agreement with
ARPES observation on the shape of this conelike structure.
Symmetry arguments and low-energy effective Hamilto-
nian are performed to uncover the property of the twofold
degeneracy at I'. As the space group P3;12 has a point group
D3, the I point always possesses essential twofold degeneracy
enforced by threefold rotational axis along the z axis C;; and
time reversal symmetry 7 [89]. In the absence of SOC, the en-
ergy band exhibits quadratic dispersion relation near I" within
the k, — k, plane. The Wilson loop [90,91] method shows that
the two bands have Chern number C of £2, suggesting the
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FIG. 3. Comparison of band structure from ARPES and slab calculation. (a) ARPES spectra. (b) 2D curvature plot of ARPES spectra.
(c) Calculated dispersion based on a slab of 7 monolayer RuCl; with the false color representing its projection on Cl p, orbital. (d) The 3D
representation of the energy dispersion near the Weyl point within the k. — k, plane, which is extracted from the DFT results. (¢) The Wilson
loop obtained by Eq. (S3) [92], where the ® ranges from 0 to 27 and 6 varies from O to 7 to enclose a crossing point. Filled black circles in

panels (a) and (c) are guide for the eye.

existence of quadratic Weyl fermions; see Fig. 3(d). When
SOC is included, the crossing node evolves into spin-1/2 Weyl
point with linear dispersion [92].

In Fig. 4 we prove that the Weyl cone from the top Cl
2p orbitals predicted by DFT is indeed observed by ARPES
measurement. The k,-dependent band structure of this Weyl
cone is measured by ARPES using the corresponding photon
energies and presented in Fig. 4(a). Since the upper flat cone is
very weak in intensity and dispersion, here we only focus on
the lower cone. ARPES spectra, with respective k, values ex-
panding more than half of the BZ, show successive evolution
of this hole type band for k, varying from A3 = 3.5 x 27 /c
to 'y = 4.0 x 2m/c. First of all, all the dispersion in

Fig. 4(a) with different k, values, except the one at I'4, can
be fitted with hyperparabolic line shape (yellow dashed line).
Secondly, the maximums of these parabolic bands present
linear shift in energy with k,. As summarized in the left
panel of Fig. 4(c), the hole band maximum evolution with
k. follows a linear trend centered at I'y. Most importantly,
at 'y = 4.0 x 2m/c where the hole type band reaches its
maximum, its dispersion can be well fitted with linear line
shape along all the three reciprocal directions, suggesting a
linear cone centered at the I point of the 3D BZ. Fig. 4(c)
summarized the line shape of this cone along all the three
reciprocal axes. While this linear cone is nearly isotropic in
kx — ky plane with similar band group velocity, its dispersion

(a) kz=3.5%27/c k. =3.6x27/c kz=3.7x27/c kz=3.9%27/c kz=4.0x27/c k2 =4.1x27/c kz = 4.3%27/c
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FIG. 4. Evidence of linear Weyl cone. (a) CI 2p top valence bands (2D curvature) measured with different photon energies, corresponding to
different k, values. Red circles indicate the band peak positions while yellow dashed lines are the fitted dispersions using linear and hyperbolic
line shape. (b) Schematic of the Weyl cone in E — k, — k, space. Red planes indicate the photoemission measurement planes corresponding to
the spectra in panel (a). (c) Fitted dispersion along k., k, and k, directions. Left panel: the hole band maximum evolution with k., with the red
circles represent the band maximum shown in panels of panel (a). Middle panel: hole band dispersion along k,, corresponding to the spectra
shown in panel (a) with k, = 4.0 x 27 /c. Right panel: hole band dispersion along k,, corresponding to the spectra shown in Fig. 2(c).
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along k, is much flatter with a velocity much lower that the in-
plane ones, consistent with the quasi-2D nature of the lattice
structure. It is worthy to note that here we have only analyzed
the lower Weyl cone experimentally, as the upper one is too
flat and weak in spectral weight.

Combing systematic photon energy-dependent ARPES
measurement, first-principles calculations, and low-energy
effective Hamiltonian analysis, we have demonstrated the
emergency of linear Weyl cone derived from CI 2p, orbitals
in ¢-RuClj3. As this material is insulating and severe charging
effect occurs when measured by ARPES at low temperature,
we envision further efforts to overcome this issue by thinning
the sample or grounding the surface, to explore the interlay
of band topology and magnetic order below 7 K by ARPES.
The finding of a Weyl cone in «-RuClj also suggests possible
nontrivial band topology in other van der Waals ferromagnetic
insulators [93,94] (such as VI3 and Crl3) and Kitaev iridates,
as they all share similar in-plane honeycomb lattice.

III. METHODS

A. Sample growth and characterization

Single crystals of «-RuCl; were grown by vacuum subli-
mation from commercial RuCl; powder. The quality of the
crystals was checked by single-crystal x-ray diffraction with
Cu Ko radiation at room temperature using a Rigaku MiniFlex
diffractometer. Specific heat measurement was performed us-
ing a quantum design physical property measurement system
(PPMS). The specific heat was measured in the range from
2 to 30 K. Magnetic measurements were performed using
a quantum design magnetic property measurement system
(MPMS) with the vibrating sample magnetometer (VSM)
mode. The magnetization results are collected at room tem-
perature with varied magnetic field parallel to the ab plane of
the sample.

B. ARPES measurement:

ARPES measurements were performed at Beamline 1 of
Hiroshima Synchrotron Radiation Center (HSRC), Hiroshima
University, Japan, with a VG Scienta R4000 electron analyzer
[95]. For synchrotron based ARPES measurements, we used
linearly polarized lights of 30-80 eV. The beam was linearly

polarized with its polarization lying in the plane of incidence
as well as photoelectron detection plane. The energy and
angular resolutions were set at 20 meV and 0.1 °, respectively.
Samples were cleaved at 300 K and measured at 300 K, both
at vacuum better than 7 x 107'° mbar. A shiny mirrorlike sur-
face was obtained after cleaving, confirming its high quality.

C. First-principles calculations:

The first-principles calculations based on density func-
tional theory (DFT) coded in Vienna ab initio package (VASP)
[84,85] are performed to examine the band dispersion. The
projector augmented wave (PAW) [96] method is adopted to
treat the core-valence electron interactions. The exchange cor-
relation is chosen within the Perdew-Berke-Ernzerhof (PBE)
[97] schemes with a cutoff energy 500 eV. The GGA+U
method is employed to describe the correlation effect of Ru
4d electrons and the on-site Coulomb energy U is set to be
3 eV [86]. The band structures are calculated by stacking
7 monolayer RuCl; with a 1 x /3 supercell. Then the
unfolding effective band structure in the unit cell is obtained
by performing the BandUP code [87,88]. The paramagnetic
state sets random-magnetic moments for the Ru atoms with
the values of 4 up.
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Signatures of both the quantum anomalous Hall effect and axion electrodynamics have been recently ob-
served to exist in thin films of MnBi,Tey4, a stoichiometric antiferromagnetic topological insulator. Direct
evidence of the bulk topological magnetoelectric response in an axion insulator requires an energy gap at its
topological surface state (TSS). However, independent spectroscopic experiments revealed that such a surface
gap is much smaller than previously thought. Here we utilize angle resolved photoemission spectroscopy and
density functional theory calculations to demonstrate that a sizable TSS gap unexpectedly exists in Sb-doped
MnBi, Te4 where the bulk system remains topologically nontrivial. This gap is found to be insensitive to the bulk
antiferromagnetic-paramagnetic transition, while it enlarges along with increasing Sb concentration, enabling
simultaneous tunability of the Fermi level and the TSS gap size (up to >100 meV). Our work shows that Sb
dopants in MnBi,Te, can not only control the Fermi level but also induce a tunable surface gap, providing a
potential platform to observe the key features of the high-temperature axion-insulator phase.

DOI: 10.1103/PhysRevB.103.L121112

Magnetic topological insulators (MTIs) are condensed
matter systems that possess long-range magnetic order but
remain topologically nontrivial [1-3]. Compared to nonmag-
netic TIs whose topological surface states (TSSs) manifest a
gapless Dirac cone that is protected by time reversal symmetry
(T), the TSSs of MTIs could open an energy gap if out-of-
plane ferromagnetic (FM) order exists at the surface [4]. The
presence of this gap in MTIs is of central importance to reveal
the bulk topological magnetoelectric response in a so-called
“axion insulator”, as each of these gapped surfaces hosts an
anomalous Hall conductivity (AHC) that is quantized to a half
of ¢?/h [5-7]. Albeit much less explored than the quantum
anomalous Hall state [8—10], axion insulators shed light on the
fundamental understanding of topological insulators as bulk
magnetoelectrics [2,11], and are potentially practical even
in the astronomical search for the dark axions, quasiparticle
candidates of the long-sought nonbaryonic dark matter [12].

The newly discovered van der Waals magnetic compounds
(MnBi,Tey)(BiyTes), (n =0, 1,2,...) are thus far the only
stoichiometric material system that enables both the quan-
tum anomalous Hall and the axion insulator states [13—-19],
whose Dirac surface state is first detected by angle-resolved

“These authors contributed equally to this work.
chency @sustech.edu.cn
fliugh@sustech.edu.cn

$iuc @sustech.edu.cn

2469-9950/2021/103(12)/L121112(8)

L121112-1

photoemission spectroscopy (ARPES) [20]. The ground-state
magnetic orders of the n < 2 compounds are found to be
A-type antiferromagnetic (AFM), with out-of-plane moments
coming from the central Mn planes of the septuple-layer (SL)
building blocks [16,21-27]. Along with strong band inversion,
these compounds are predicted to be three-dimensional AFM
TIs and strong candidates of axion insulators with TSS gaps at
their natural cleaving planes [4,13,28]. Intriguingly, ARPES
and scanning tunneling spectroscopy (STM) measurements
uncovered near-vanishing surface state gaps in single crystals
of the undoped “parent” compounds [29-37], raising the ques-
tion of whether the impurities, defects, and possible surface
structural and magnetic reconstruction plays a role in realizing
the macroscopic quantum phases [29]. Above all, if a surface
state gap exists in any of the Mn-Bi-Te family at all is still
controversial [29-41].

Antimony is a convenient choice of nonmagnetic atomic
dopant in the Bi-based topological materials. In Biy(Se,Te)s,
Sb is known to effectively introduce holes to the otherwise
n doped system [42,43]. Meanwhile, it also drives the sys-
tem towards the topologically trivial side continuously, while
maintaining the Dirac cone before the topological phase tran-
sition because the 7 symmetry is always preserved [44]. Here,
we demonstrate via systematic ARPES measurements that the
situation in MnBi,Te, is fundamentally different. Besides the
overall p-type doping behavior, a sizable global surface state
gap opens in Sb-doped MnBi,Te, single crystals. A relatively
small concentration of Sb dopants was able to raise the gap

©2021 American Physical Society
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size up to >100 meV. This gap remains immune from the
AFM ground state to the high temperature paramagnetic (PM)
state, while it increases monotonically with the density of p
dopants. Therefore, Sb dosage enables convenient control of
the surface state gap in the AFM TI MnBi,Te, within a wide
range. Based on the modern theory of doping and alloying
implemented to density functional theory (DFT) calculations,
we identified the signature of the electronic structure during
the magnetic phase transition, and confirmed the nontrivial
topological nature of the bulk within the doping range stud-
ied. Possible origins of the anomalous surface gap are also
discussed.

Physical and topological properties of Sb-doped MnBi, Te4
{Mn_(Bi;_,Sby),Tes_g, See Section S2 in Ref. [45]}is a
subject of intense recent study [65-69]. Our successful doping
of Sb into MnBi,Te, is first confirmed by atomic energy
dispersive x-ray spectrum (EDX) mapping on a set of sam-
ples with nominal doping levels 0 < Xpominat < 0.1 (Section
S2 [45]). Together with cross-sectional scanning transmission
electron microscopy (STEM) (Section S3 [45]), we found
reasonably uniform distribution of Sb dopants over a micro-
scopic region but considerable sample-to-sample variation of
doping concentration. Topographic images, obtained by scan-
ning tunneling microscopy, reveal no trace of surface atomic
reconstruction and surface lattice constant change (Section S4
[45]). Variation of carrier concentration is also found via Hall
measurements between growth batches with different nominal
doping, as well as via different samples in the same growth
batch (Section S5 [45]). We then distinguish the bulk and
surface dispersion and demonstrate the existence of the sur-
face state gap in Sb-doped MnBi,Te, via systematic ARPES
measurements. Figure 1 shows our ARPES data taken on
a typical sample with x,oming = 0.075 at T = 10 K (below
Ty ~23 K). Figures 1(a)-1(c) present the raw and second
derivative ARPES k-E maps along the T'-M high symmetry
direction taken under three representative photon energies,
corresponding to two consecutive bulk I' points and a bulk
Z point in between. Great care was taken in these measure-
ments to ensure that the " points are reached very accurately
(with uncertainty less than 0.2° for all photon energies), so
that the sizes of the global gaps are measured precisely. A
clear, sizable energy gap is observed with an identical value
at the crossing point of the otherwise linear bands in three
different photon energies. This is in drastic contrast to the
case of undoped MnBi,Tes, where the gap is close to di-
minishing at the Dirac point (see also Section S6 [45] for
the existence of the gap in the k-k, plane). From Fig. 1(d)
we found that the gap is a global one, which opens under
all photon energies measured, covering more than two out-
of-plane Brillouin zones (BZs). There are five visible bands
[defined in Fig. 1(b)] near the apparent gap (See Section S7
[45] for details of gap size determination). The bulk nature of
the BV band is proven via its strong and periodic k, dispersive
behavior seen in Fig. 1(d). The SV and SC bands, on the
other hand, exhibit no discernible dispersion across a k, range
of ~5m /c, endorsing their surface origin. We can therefore
unambiguously conclude that the surface state of Sb-doped
MnBi, Te, is gapped.

In Fig. 2 we examine quantitatively the temperature evolu-
tion of the bulk and surface bands from the ARPES data on
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FIG. 1. Presence of the surface state gap in Sb-doped MnBi, Te,.
Data taken on a Xpomina = 0.075 sample at 7 = 10 K. (a)—(c) Raw
(top) and second derivative (bottom) ARPES k-E maps on three
representative photon energies, close to the bulk high-symmetry
points (a) I's, (b) Zs, and (c) I'4, respectively. BV: bulk valence band;
SV/SC: surface valence/conduction band (bottom/top part of the
gapped surface state); BC1/BC2: the two bulk conduction bands
seen at T < Ty. The persistence of the surface state gap and the
evolution of BV is seen clearly. (d) Extraction of &, dispersion for the
bands at [". Photon energy ranges from 6.5 to 23 eV, corresponding
to ~5.5m/c < k, <~ 10.61 /c. Colored lines are guides to the eye.

a prototypical Sb-doped sample [Sample S2, Xnomina = 0.05,
Figs. 2(a)-2(d)], as well as the theoretical AFM and PM elec-
tronic structures of bulk Mn(Bi;_,Sb,),Tes at x., = 0.056
(1/18) calculated by DFT [Figs. 2(e)-2(h)]. To simulate the
electronic structure of Sb doping and the PM phase with
randomly distributed local moments, we apply DFT calcula-
tions using the Special Quasirandom Structures (SQS) method
[70] that takes into account the local disorder effects. To
directly compare with the ARPES spectral function, we un-
fold the resulting band structures obtained from the supercell
approach [52,53] to the BZ of the primitive cell. As shown
in Figs. 2(e)-2(h), while the slightly doped system for the
AFM phase does not change much, the long wavevector spec-
tral density away from Ep for the PM phase looks fuzzy,
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FIG. 2. Temperature independence of the bulk and surface state gap. (a)—(d) Temperature evolution of the bands of Sample S2 (Xyomina =
0.05). Data is taken with a 6.36-eV laser ARPES setup [i.e., at k, ~ 57 /c (Z,)]. (a)—(c) Raw (left) and second derivative (right) ARPES
k-E maps taken at three representative temperatures, below and above the bulk AFM-PM transition temperature 7y ~ 23.5 K. (d) Summary
on the temperature evolution of BC1, BC2, and the surface state (SS) gap. While BC1 and BC2 merges into a single bulk conduction (BC)
band around 7y, the SS gap remains essentially unchanged. (e)—-(h) Effective band structure (EBS) calculation results for the AFM and PM
state electronic structure on a x = 1/18 (0.056) system. (e)/(h) Overall band structure of the AFM/PM state. Inset: AFM Brillouin zone with
high-symmetry points. Red ellipses highlight the merging of BC1 and BC2 at Z. (f)/(g) Focused band structure of the AFM/PM state along

L-Z-L.

informing the extent to which the translational symmetry is
retained. The most profound difference of the band disper-
sion between AFM and PM phases near Er occurs at the Z
point, where the BC1 and BC2 bands merge into a single BC
band at the high-temperature PM phase. We note that such
“Zeeman-like” band splitting and merging [Figs. 2(f)-2(g)]
only happens at the BZ boundary such as the Z(0, 0, 0.5)
and L(0,0.5,0.5) points. We attribute this phenomenon to
the band folding effect due to the doubled primitive cell of
the AFM phase with lower translational symmetry compared
to the PM phase. Such a spectroscopy signature can be used
to monitor the magnetic phase transition. Therefore, we per-
form ARPES measurements at a photon energy of 6.36 eV,
focusing on the bulk Z, point (k,~ 57 /c). Indeed, we see in
Figs. 2(a)-2(d) that the BC1 and BC2 bands come closer to
each other as the temperature rises, merge into a single BC
band around 7y ~ 23.5 K, and finally keep a constant binding
energy for T > Ty. Therefore, the band evolution through
the AFM-PM magnetic phase transition is unambiguously
observed.

Surprisingly, the surface gap on the other hand remains
essentially unchanged for all temperatures measured, across
Ty from 16 K to 35 K [Fig. 2(d)]. In Fig. S7 [45] we graph
the temperature evolution of this gap for two other samples
with different x, reproducing again a constant-sized gap up
to 150 K. These observations reveal an unexpected fact that
the surface state gap of Sb-doped MnBi,Te, is insensitive to

the change of temperature, regardless of its bulk magnetic
phase. Another important feature about the gap is that it in-
creases in samples (or regions) with higher p-type dopants.
This behavior is elaborated in Fig. 3 where the sizes of both
the SS and the bulk gap are compared at T > Ty [71] for
seven samples with different carrier densities, corresponding
to 0 < Xpominal < 0.1. Since the actual carrier concentration
varies within the same growth batch and even the same sample
(Sections S2 and S11 [45]), the doping levels are calibrated
using the binding energies at the center of the SS gap (E,) in-
stead of Xpominal- This procedure is justified by the knowledge
that Sb atoms are effective p dopants of the system, pushing
the Fermi level downward in a rigid band shifting scenario
except for the gap region. From Figs. 3(a)-3(e), we see that the
gap size increases as E, increases, from ~12 meV at Sample
S1 (x=0, E. = —272 meV) [72] to 122 meV at Sample
S5 (E. = —156.5 meV). Local doping variation in a single
sample gives different E, values at different spatial positions,
causing a synchronous change of the gap size (Section S11
[45]). Importantly, Fig. 3(f) and Fig. S10 show that the TSS
gap and E, values aligned nicely to a single linear relation. It
did not matter if they were measured in different samples or
within the same crystal [73].

So far we have demonstrated the presence and the anoma-
lous temperature-doping dependence of a global energy gap
in the TSS of Sb-doped MnBi,Te4. This gap is nearly con-
stant across a wide temperature range, insensitive to the bulk
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FIG. 3. Carrier concentration dependence of the SS gap and the bulk gap. Data is taken with a 6.36-eV laser ARPES setup at T = 30-35 K
(above Ty). (a)—(e) Raw (top) and second derivative (bottom) ARPES k-E maps for five samples with different carrier concentrations ordered
by E.. Red/blue lines: SS/bulk gap. (f) E. dependence of the bulk gap at Z (blue, left), and the SS gap (black, right). Data taken with Samples
A7 and A10 (Section S11 [45]) is also included. (g) Bulk gap at I' (black) and Z (blue) calculated via supercell approach. Possible errors
due to different Sb configuration are within symbol size. Solid lines are polynomial fits. TI: topological insulator; NI: normal insulator; TPT:

topological phase transition.

magnetic transition, but enlarges monotonically with increas-
ing p dopants. Before looking into the possible origins of
these gapped phases, we first point out that the bulk system
remains topologically nontrivial within the doping range stud-
ied. Experimentally, we notice that the size of the bulk gap
between the BV and the BC bands is increasing with doping
at the bulk Z point (Fig. 3), from 171 meV at Sample S1 to
252 meV at Sample S5 (See Section S8 [45] for details of
gap size determination), while decreasing with doping at the
bulk I'" point (Section S10 [45]). This proves that the bulk
system evolves toward the topologically trivial side, but has
not yet reached the topological phase transition. Theoreti-
cally, our DFT calculations using the SQS method show that
the topological phase transition (TPT) in Mn(Bi;_,Sb,),Te4
occurs at a much larger x. Figure 3(g) marks the TPT by
displaying the calculated band gap evolution at I' and Z.
Both the growing gap at Z and the decreasing gap at I' with
increasing x is consistent with our ARPES results. The gap at
I" closes at x, ~ .75, where the system undergoes a transition
to the normal-insulator state. Similar calculation results using
the virtual crystal approximation (VCA) [64] are shown in
Section S14 [45], in which x,. is found to be about 0.65. There-
fore, for 0 < x < 0.1, the system stays in the topological
regime.

We note that the TSS of the x = 0 parent compound has a
near-vanishing gap that is much smaller than DFT prediction
(Figs. 2, 3 and Refs. [29-32]). Although a comprehensive
explanation on the intact Dirac cone of MnBi,Tes is not
reached, these results point to the possibility that the structural
and/or magnetic structure on the surface of the system is
fundamentally different from that in the bulk [29]. Thus, it
is natural to speculate that Sb doping in MnBi, Te4 suppresses
the surface spin reorientation and somehow restore the surface

FM, which is supported by the ferrimagnetic state recently
found by transport measurements in Sb-doped samples [74].
However, this argument is not consistent with our ARPES
results in the PM phase, because a magnetic gap arising from
this mechanism is supposed to vanish at 7 > Ty. Similarly,
previous work proposed that the Dirac electronic states could
couple to the conduction electrons through the Ruderman-
Kittel-Kasuya-Yosida (RKKY) exchange interaction among
the PM impurities, and thus induce weak ferromagnetism
[75]. However, it is uncertain that such a FM state above Ty
could quantitavely cause a ~100 meV gap as found, which
inevitably leads to a significantly higher transition tempera-
ture at the surface. The residual FM at the surface is supposed
to be captured by monitoring the s, components of the TSS
from the spin-ARPES measurements [56]. We performed such
measurements on an undoped sample and found large, antipar-
allel z polarization of the spin at I". As shown in Fig. S11
[45], the s, components are observed to be as large as 30%, in
drastic contrast to the case of nonmagnetic TIs where s, = 0
at T'. However, due to the limitation of the energy resolution
of spin-ARPES, one cannot rule out the bulk contribution
although the penetration effect predominately counts the top-
most Sb-MnBi, Te, layer at the surface [58]. Another possible
scenario is that this gap does not result from the surface FM,
but rather the effect of dephasing and Coulomb scattering
from charged impurities, such as vacancies (Section S15 [45])
[62]. We note that such speculation simultaneously fulfills the
two anomalous features of the TSS gap, i.e., remaining above
Ty and increasing upon doping, but it does not perfectly fit
the observed shape of the gapped bands. Other mechanisms,
such as the effect of hybridization with alien d electrons
from transition-metal elements [76] and lattice-distortion in-
duced symmetry breaking [77], seem unlikely to happen here.
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More evidence that exposes the underlying mechanism of the
anomalous gap is thus called for.

In summary, a sizable global energy gap in the topo-
logical surface state of a magnetic topological insulator,
Sb-doped MnBi,Tey, is discovered experimentally. Our sys-
tematic ARPES measurements found that this gap increases
in size from near vanishing to more than 100 meV at low dop-
ing levels, but remains constant in both the low-temperature
AFM and the high-temperature PM phases. The transition
between the two phases is identified by the merging of two
bulk conduction bands at T, observed both in our ARPES
measurements and DFT calculations. Restoration of surface
FM, weak ferromagnetism introduced by RKKY interaction,
as well as the combined effect of charged impurity and quasi-
particle dephasing are discussed as possible origins of the
TSS gap. Remarkably, these possibilities do not hinder the
topological nontriviality of the system. It is nonetheless a
large, robust surface state gap with inverted band order in
the bulk. Our results show unambiguously that the gap at
the topological surface state of MnBi,Tes can be tuned in
a systematic way via Sb substitution. Taken collectively, we
suggest that Sb-doped MnBi, Te,, comprising a single massive
Dirac cone caused either by the broken 7 symmetry or the
charged impurities, might be thus far the simplest material
system to observe the signatures of the high-temperature ax-
ion insulator state.
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The spin polarization in nonmagnetic materials is conventionally attributed to the outcome of spin-orbit

coupling when the global inversion symmetry is broken. The recently discovered hidden spin polarization

indicates that a specific atomic site asymmetry could also induce measurable spin polarization, leading to a

paradigm shift in research on centrosymmetric crystals for potential spintronic applications. Here,

combining spin- and angle-resolved photoemission spectroscopy and theoretical calculations, we report

distinct spin-momentum-layer locking phenomena in a centrosymmetric, layered material, BiOI.
The measured spin is highly polarized along the Brillouin zone boundary, while the same effect almost
vanishes around the zone center due to its nonsymmorphic crystal structure. Our work demonstrates the
existence of momentum-dependent hidden spin polarization and uncovers the microscopic mechanism of
spin, momentum, and layer locking to each other, thus shedding light on the design metrics for future

spintronic materials.

DOI: 10.1103/PhysRevLett.127.126402

Introduction.—Strategies for generating and controlling
highly spin-polarized electronic states in nonmagnetic solids
have been explored extensively, taking a crucial step towards
the realization of novel spintronic devices [1-6]. It is
generally believed that such processes require breaking
the space inversion symmetry. This is because a combination
of both time-reversal and inversion symmetries inevitably
yields spin-degenerate energy levels; further, a spin splitting
induced by the spin-orbit coupling (SOC) Hamiltonian [7] is
typically classified as the Dresselhaus type [8] or Rashba
type [9], according to the specific form of inversion
symmetry breaking. Recently published studies have indi-
cated that local symmetry breaking (e.g., polar field) within
a part of a unit cell (termed as a “sector”) can intrinsically
lead to a form of “hidden spin polarization” (HSP) in most
centrosymmetric crystals [10,11]. The global inversion
symmetry ensures the existence of an inversion counterpart
for a given sector, manifesting exactly opposite HSP and
thus leading to spin-degenerate energy bands in the momen-
tum space. However, in the real space, there are indeed spin
polarizations localized on both sectors [11-14]. Instead of
the arbitrary choices of sector partition in a centrosymmetric

0031-9007/21/127(12)/126402(7)
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system (the wave function basis according to different
choices of sectors can be connected by a unitary trans-
formation), when an individual part is predominantly
detected by the probe, the partition of the whole unit cell
into sectors is naturally selected. As a result, the choice for
the sector could be a van der Waals layer (e.g., in bulk WSe,
[15]), asublattice [16], or even an atomic layer (e.g., Se in the
PtSe, monolayer [17]), and the corresponding HSP effect
can be measured by spin- and angle-resolved photoemission
spectroscopy (spin-ARPES) [15,17-24] as well as by
polarized optical measurements [25-27]. Hence, the exper-
imental evidence of HSP have been reported based on
various layered materials such as bulk and monolayer
transition metal dichalcogenides [15,17,18,22], BaNiS,
[20], LaOgs5Fy45BiS, [23], and Bi2212 cuprate super-
conductor [24].

Exploring different quantum materials with strong HSP
effects could considerably expand the choice of materials for
nonmagnetic spintronic devices. However, while the local
symmetry breaking in the real space is the essential
characteristic of the HSP, its underlying physics, involving
the microscopic mechanism of the way the spin, momentum,

© 2021 American Physical Society
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(a) The crystal structure of BiOI. The unit cell consists of two Bil layers as inversion partners, labeled as a sector a and f3. (b) The

bulk Brillouin zone. (c) DFT-calculated bulk band dispersion with orbital projection. (d) ARPES-measured CECs of the valence bands at
different energies. (e),(f) ARPES-measured spectra along the X — M, and I — X high symmetry lines, overlaid by DFT calculated
dispersions (solid black lines). (g),(h) EDCs corresponding to the spectra shown in (e) and (f), respectively. The lower parts are the EDCs at
the X and I" points, respectively, from which one can resolve the spectral peaks corresponding to the top six valence bands.

and sector lock to each other, remains elusive. Recent
theoretical works predicted that the magnitude of the
HSP effect is distinct around the Brillouin zone (BZ) center
and the BZ boundary [16]. Here, by using systematic spin-
ARPES measurements, we have investigated the electronic
structure and particularly, the spin polarization of a single
crystal BiOI with nonsymmorphic symmetry. We have
observed up to 80% net spin polarization along the BZ
boundary (X — M) but almost zero net spin polarization
around I', indicating a unique momentum dependence of the
HSP effect. Our tight-binding (TB) model, as well as density
functional theory (DFT) calculations, revealed that in con-
trast to the I" point, the nonsymmorphic symmetry mini-
mizes the spin compensation between adjacent sectors at the
BZ boundary, thus successfully retaining the local spin
polarization of each sector. Our findings reveal the delicate
interplay between spin-momentum-sector locking and sym-
metry protection in HSP systems, thus shedding light on the
possibility of all-electrical manipulation.

Electronic structure.—BiOI is an ideal semiconductor,
with the Fermi level being easily tunable by doping; there-
fore, it has been extensively used in the visible light photo-
catalysis studies [28]. BiOI has a tetragonal crystal structure
with a centrosymmetric space group P4/nmm containing
nonsymmorphic operations of a glide mirror {M_|(3.1,0)}
and two screw axes {Cy[(3,0,0)}, {Cy,[(0,3,0)}. The
inversion center is located in the middle of two inequivalent
O atoms (site point group D,,), while the Bi and I atoms
occupy the noncentrosymmetric polar sites with the site point

group Cy,,. The polyhedrons coordinated by Bi and I atoms
are intersected by the O plane. Hence, the quasi-2D unit cell
is divided into two sectors a and f3, respectively, as shown in
Fig. 1(a). The global centrosymmetric structure creates
opposite local polar fields along the ¢ axis felt by each
Bil layer, which is a prerequisite for the HSP effect [16].

The BZ and DFT-calculated electronic structures of BiOI
with SOC are shown in Figs. 1(b) and 1(c) [29]. The
valence band maximum (VBM) is close to the X point. It is
noticeable that at the points X and M, the glide reflection
symmetry {M.|(3.4.0)} anticommutes with the inversion
operator, leading to an extra twofold degeneracy between
two pairs of Kramer’s degeneracy, i.e., fourfold degeneracy
including the spin. Such a fourfold degeneracy is main-
tained along the entire X — M line in the absence of SOC
[29]. Thus, the band splitting along the X — M line shown
in Fig. 1(c) is caused by SOC solely. In analogy to the
conventional Rashba-Dresselhaus effect, such a splitting is
composed of two sets of spin splitting bands originating
from the sectors « and f [16]. In comparison, the splitting
along the I' — X line is contributed by both the orbital
repulsions and the SOC effect, and is thus larger than that
along the X — M line. The orbital projection analysis shows
that in the vicinity of the points I and X, the top two
valence bands (designated as VB1 and VB2) are mainly
composed of the p, + p, and s orbitals, while VB3-VB6
are dominated by the p, and s orbitals.

The high quality BiOI samples in this study has been
confirmed by core-level photoemission spectroscopy and
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FIG. 2.

(a),(c) Band dispersion along the M — X and I — X directions, respectively. The inset shows the BZ, with black dots indicating

the momentum positions where the spin-resolved EDCs are measured. (b),(d) Spin-resolved EDCs and spin polarizations. Each panel’s
number corresponds to the momentum point denoted by the pink dashed lines in (a),(c). The green curves present the spin polarizations
with statistical error bars proportional to 1/v/N, where N is the photoemission intensity.

x-ray diffraction [29]. The electronic structures of BiOI
obtained by both DFT calculation and ARPES measure-
ment [29] consistently show a 2D behavior with a relatively
flat dispersion along the ¢ axis. The ARPES results
measured at a photon energy of 65 eV are shown in
Fig. 1(d) [constant energy contours (CECs)], Figs. 1(e)
and 1(f) (band dispersions) and Figs. 1(g) and 1(h) [energy-
distribution curves (EDCs)]. As evident from our system-
atic photon energy-dependent measurement [29], this
photon energy covers the 6th bulk I point, and a squarelike
CEC exists at —1.3 eV, with corners located at X points. As
the energy decreases, the CEC features at the X point
expand and eventually form contours surrounding the M
point, merging with those centered at the I" point. This
holelike behavior is presented in the ARPES spectra along
the M — X — M line in Fig. 1(e). From the CECs and
spectra results, we have found that the VBM is located
around the bulk X point, ~1.4 eV below the experimental
Fermi level.

By directly comparing the calculated bulk band structure
with the ARPES data shown in Figs. 1(e) and 1(f), a good
agreement is found, indicating that the surface effect that
breaks the global inversion symmetry is relatively weak.
The predicted fourfold degeneracy at the X and M points
and the splitting twofold degenerate branches (VBI to
VB6) away from X and M are all supported by the ARPES
measured dispersion. Furthermore, Figs. 1(g) and 1(h)
show the EDCs measured along the M — X — M and
X —T'— M directions. At the X point, the degenerate
peaks, i.e., X; 5, X34, and X5 ¢ are unambiguously present,
while at the I point, each of the degenerate peak splits into
two individual peaks, i.e., '} to I's. Consequently, three

pairs of Rashba-like hole-type valence bands are formed at
the X and M points, with the band crossing points located
around —1.4, —2.1, and —3.0 eV for the X point, respec-
tively [Fig. 1(e)]. These results agree well with our
calculation that only the time-reversal invariant momenta
at the BZ boundary (e.g., the X point) demonstrate a
fourfold degeneracy, while the I point does not exhibit
such behavior, thus confirming the nonsymmorphic feature
of the material. We next use spin-ARPES measurements to
further demonstrate that the HSP effects for two high-
symmetry points (X and M) are clearly distinguishable.

Hidden spin polarization.—Figure 2 presents the in-
plane spin polarization of BiOI measured by spin ARPES
using photon energies of 65 eV for panels (a),(b) and 30 eV
for panels (c),(d). Moreover, the spin-polarized EDCs from
the horizontal X — M direction, vertical I" — X direction,
and horizontal I'— X direction are measured compre-
hensively as displayed in Ref. [29]. The wide-ranging
measurements involving different photon energies and
geometries verified that the observed spin polarization
and spin textures are essentially intrinsic. The representa-
tive spin EDCs for the three pairs of twofold degenerate
bands VB1-VB6 are shown in Figs. 2(b) and 2(d), with the
upper (lower) row showing the spin-resolved EDCs and the
corresponding S, (S,) spin component. At three time-
reversal invariant points M, X, and I' (momentum points @,
® and ®), the spin-resolved EDCs overlap, indicating
negligible spin polarization; this is consistent with the spin
degeneracy originating from Kramer’s pairs.

When the momenta moved away from the X point, we
have observed significant spin polarization (up to 80%)
along both k, and k, directions (momentum points @, ®, ®
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and ® [37]). For momenta ® and ®, nearly all the six VBs
were resolved as the individual polarizations peaked with
opposing polarization signs in each pair. This is because
the band splitting along I — X direction was more signifi-
cant compared to the splitting along the X — M direction
[Figs. 1(c), I(e), and 1(f)]. In sharp contrast, the spin
polarization surrounding the I' point was very weak
(<30%) for momentum point @ and [29], along both &,
and k, directions. It is worth noting that, for all the spin-
resolved EDCs shown in Figs. 2(b) and 2(d), the sums of
each pair as spin-integrated EDCs coincide with EDCs
measured by regular ARPES in the overall spectral shape
[29], a proof of accuracy and self-consistency of our
measurement.

Because of the short photoelectron escape depth, ~5 A
[38], for the photoelectron kinetic energies of 20-100 eV,
and a large lattice constant ¢ = 9.12 A [39], the detected
photoemission signal mainly arises from the topmost sector
() of the cleaved BiOl single crystal, which is favorable to
detect the spin polarization from a local sector. Compared
with the previous measurements of HSP materials such as
WSe, [15], PtSe, [17], LaOg 55 Fy 45BiS, [23], and Bi2212
[24], which focus on the spin-momentum locking around a
single high-symmetry point, our work revealed the distinct
polarization features surrounding different high-symmetry
points, i.e., BZ center (I') and BZ boundary (X), and
observed a sharp contrast between them. Such observations
suggest that momentum-dependent spin polarization orig-
inates from the HSP rather than merely from the surface
potential gradient; further, these observations suggest the
key factors affecting the HSP effect, such as the non-
symmorphic symmetry and orbital characters.

Spin-momentum-layer locking.—In addition to the
momentum dependence and high spin polarization, there
is another feature of the HSP at the X point, namely, the
spin texture that is localized on the measured sector,
manifesting a novel way of spin-momentum-layer locking
[40-42]. As shown in Fig. 2 and Ref. [29], for the
horizontal M — X line and horizontal I' — X line, the S,
component is strong, while the S, component vanishes.
Similarly, for the vertical I' — X line, the S, component is
strong, while the S, component vanishes. Since the S,
component is considerably less intense than the in-plane
ones [29], this finding indicates a perpendicular spin
orientation to the wave vector lying in the k, — k, plane.
We have further confirmed the specific spin texture for all
the three pairs of valance bands, as illustrated in Figs. 3(a)
and 3(b); note that only the spin textures of VB1, VB3, and
VBS5 are shown in Fig. 3(b), while the spin orientations of
VB2, VB4, and VB6 are opposite to their counterparts.
Surprisingly, while the VB1-2 pair shows a weak spin
polarization, VB3-4 and VBS5-6 pairs exhibit Dresselhaus-
type spin textures with large magnitude, rather than the
Rashba spin polarization induced by the local polar
field.

FIG. 3. (a) Overview of ARPES-measured spectra of BiOI
plotted in the k, —k, — E space. (b) Schematic sketch of the
measured spin textures of VB1, VB3, and VBS by spin ARPES,
with the momentum cross sections denoted by the green squares
in panel (a). (c) The layered structure of BiOI with two Bil sectors
experiencing opposite local dipole fields (black arrows). (d) DFT
calculation for p_-projected HSP of VB1, VB3, and VB5 around
X for the sector a. The spin magnitude of VB1 is multiplied by a
factor of 2. (e) Spin texture for the sector a calculated by our
tight-binding model, showing Dresselhaus and Rashba type HSP
effects for X and M, respectively.

Here we employed the p-polarization geometry, where
the vector potential of the incident photon lies on the
incidence plane. Based on the dipole selection rule [43,44],
the p, and p, orbitals are selectively detected. Furthermore,
by changing the incidence angle of photons, one can
change the ratio of the vector potential components parallel
(A) and perpendicular (A}) to the sample surface. The
dipole transition matrix element for the p, (p,) orbital is in
proportion to the magnitude of the A; (A)) component, and
A, is larger than A in the present geometry. In our orbital-
projected band calculation in Fig. 1(c), the VB3-6 bands at
the X point and the VB1-2 bands at the M point are mainly
derived from the p_ orbital. Therefore, we have performed
DFT calculations on the p.-projected spin textures local-
ized on the top Bil layer, i.e., sector a, as shown in
Figs. 3(c) and 3(d). We found qualitative agreement with
the counterparts measured by spin ARPES in Fig. 3(b). All
three VB pairs exhibited weak spin polarization (<20%)
around the I' point [29]. As shown in Fig. 3(d), in the
vicinity of X, only the VB1-2 pair manifested very weak
spin polarization due to the tiny contribution of the p,
orbital of these bands [see Fig. 1(c)]. In comparison, the
spin textures of VB3-4 and VB5-6 around X exhibited a

126402-4



PHYSICAL REVIEW LETTERS 127, 126402 (2021)

Dresselhaus type pattern with considerable magnitude.
Moreover, the spin patterns of VB3 and VBS5 are opposite
to each other, which also agrees with the experiment. Thus,
we have concluded that the DFT results successfully
reproduce the features of the experimental observations,
confirming the fact that the measured spin polarization
originates from the intrinsic HSP in BiOL

To further understand the mechanism of the momentum-
dependent HSP effect and the corresponding spin-momen-
tum locking, especially the Dresselhaus spin textures at the
X point, we have constructed a single-orbital tight-binding
model of a nonsymmorphic P4/nmm structure. Two p,
orbitals of the iodine atoms on the adjacent sectors a and f3,
connected by the glide mirror operation {M_|(3.5.0)},
were chosen, as shown in Fig. 3(c). Under the basis of
{lat),|al),|p1),|pL)}, the model Hamiltonian can be
written as [16]

ke k,
H(k)=1 €08 COS -7, ® 6+ t(cosk, +cosk, )7y ® oy

+ A1, ® (o, sink, — o, sink,). (1)

Here, 7 and o are Pauli matrices under the basis of
{la),|B)} and {|1).]{)}, respectively; #; (,) is the inter-
sector (intrasector) electron hopping that contributes to the
Hamiltonian’s diagonal (off-diagonal) terms. The third term
of Eq. (1) describes the SOC effect induced by the local
symmetry breaking for each sector, parametrized by A. It is
noticeable that at the boundary of the BZ, e.g., the X — M
line, Eq. (1) naturally becomes block diagonal for
{lat),|al)} and {|51),|A])}, having opposite local spin
polarizations for each sector. When the probe sees sector a
predominately, i.e., after breaking the symmetry between a
and f, Eq. (1) is naturally decomposed into two matrices for
each sector, and thus, the HSP of the sector « is measurable.
In contrast, the HSP effect is substantially suppressed
around the I" point due to the intersector coupling ¢, term,
as shown in Fig. 3(e), leading to the negligible spin signal
measured from spin ARPES. We note that besides non-
symmorphic symmetry, the inclusion of multiple orbitals
(such as three p orbitals) could lead to a different type of
interference effect that modulates the momentum-depen-
dent spin polarization [16,24].

Our tight-binding model also helps to understand the
specific spin textures around different high-symmetry
momenta. The low-energy effective k- p Hamiltonian
derived from Eq. (1) has the form of (k,o, — k,0,)7, at
M and (k.6, +kyo,)7, at X, indicating Rashba and
Dresselhaus type HSP, respectively, and the latter perfectly
explaining the measured spin polarization around the X
point. Such results indicate that although a (local) polar
field existing in a crystal in general supports a (hidden)
Rashba-type spin polarization, a (hidden) Dresselhaus-type
spin polarization would also be accompanied [11], depend-
ing on the specific symmetry of given momenta.

In summary, combining spin-ARPES measurements and
theoretical calculations, we report distinct spin-momentum-
layer locking phenomena at different BZ positions in a
centrosymmetric material BiOIl. The measured spin polari-
zation localized on a specific Bil layer is highly polarized
along the BZ boundary but almost vanishes around the
zone center due to its nonsymmorphic crystal structure. The
layer-resolved spin texture, either Rashba or Dresselhaus
type, reflects the symmetry of both real space and k space.
Our findings experimentally demonstrate the existence of
the HSP effect and shed light on the design metrics to
utilize high spin polarization in centrosymmetric materials
by revealing the intimate interplay between spin, orbital,
and layer degrees of freedom.
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Topological magnets are a new family of quantum materials providing great potential to realize
emergent phenomena, such as the quantum anomalous Hall effect and the axion-insulator state. Here, we
present our discovery that the stoichiometric ferromagnet MnBigTe;; with natural heterostructure
MnBi,Te,/(Bi,Te;); is an unprecedented “half-magnetic topological insulator,” with the magnetization
existing at the MnBi,Te, surface but not at the opposite surface terminated by triple Bi,Te; layers. Our
angle-resolved photoemission spectroscopy measurements unveil a massive Dirac gap at the MnBi, Te,
surface and a gapless Dirac cone on the other side. Remarkably, the Dirac gap (about 28 meV) at the
MnBi, Te, surface decreases monotonically with increasing temperature and closes right at the Curie
temperature, thereby representing the first smoking-gun spectroscopic evidence of a magnetization-
induced topological surface gap among all known magnetic topological materials. We further demonstrate
theoretically that the half-magnetic topological insulator is desirable to realize the surface anomalous Hall
effect, which serves as direct proof of the general concept of axion electrodynamics in condensed matter

systems.
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I. INTRODUCTION

Magnetic topological insulators (TI) showcase quantum
magnetism and nontrivial band topology, thereby providing
a unique playground for exploring exotic quantum
phenomena in condensed matter physics [1-16]. One
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paradigmatic example is the so-called axion-insulator
phase, which exhibits bulk topological magnetoelectric
response with the phase angle 8 = z protected by either
inversion or time-reversal symmetry [10,15,16]. The result-
ant bulk-boundary correspondence is the predicted half-
quantized surface Hall conductance e”/2h in the absence
of an external magnetic field given that a magnetic
gap exists at the surface. The intrinsic magnetic TI
MnBi,Tey/(Bi,Te;), (n=1,2,3,...), comprising alter-
nating layers of magnetic TI MnBi,Te, and nonmagnetic
TI Bi,Tes, has the potential for realizing both the quantum
anomalous Hall (QAH) insulator and the axion-insulator
phases [1-4,17-22]. In principle, these compounds are ideal
candidates for the inversion-preserved axion insulators with
a persistent surface gap originating from the long-range
magnetic order. However, it remains controversial whether
the topological surface states (TSS) of MnBi,Te,/
(Bi,Tes), are gapped or gapless [23-31]. Recent angle-
resolved photoemission spectroscopy (ARPES) measure-
ments unexpectedly revealed an almost gapless surface
Dirac cone in MnBi,Te; and MnBi,Te, termination of

Published by the American Physical Society
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FIG. 1. Ferromagnetism and anomalous Hall effect in MnBigTe5 single crystals. (a) Schematic crystal structure with one unit

of -SL-QL-QL-QL- sequences. (b) Single-crystal x-ray diffraction result taken at 300 K. (c) Zero-field-cooled (ZFC, dashed line) and
field-cooled (FC, solid line) magnetic susceptibility (y) vs temperature (7') for magnetic field H = 100 Oe parallel to the ab plane (blue)
and the ¢ axis (red), respectively. The inset shows the Curie-Weiss fitting for a temperature range of 150 K-300 K. (d) Zero-field in-
plane resistivity (p,) vs T. The inset shows the results up to 300 K. (e) Field-dependent magnetization hysteresis at 2K for H//ab (blue)
and H//c (red). (f) Field-dependent anomalous Hall resistivity (pﬁy) at 2K for H//c. (g) Field-dependent transverse resistivity change

(MR = [pxx(H)/pxx(O)] - 1) at 2K for H//C

MnBi,Te; [32-34], which may be attributed to reduced
effective magnetic moments due to the extension of the
surface states to the bulk [28,35]. On the other hand, various
surface gaps have been reported in this material family
[1,2,25,35], where the speculated mechanisms of the gap
opening are from magnetization, hybridization, dephasing,
Coulomb scattering, and so on. Furthermore, none of these
reported gaps has been directly proved to originate from
magnetic orders since they remain open within the high-
temperature paramagnetic (PM) phase [25,35-37], which
makes the realization of the axion-insulator phase obsolete.

Here, we conduct ARPES measurements on stoichio-
metric MnBigTe;; [MnBi,Te;/(Bi,Tes), with n = 3],
with an intrinsic ferromagnetic (FM) ground state. At
the MnBi,Te, septuple-layer (SL) termination, we have
directly revealed a surface gap of about 28 meV below
the Curie temperature of 7 = 10.5 K, which decreases
monotonically with increasing temperature and closes
right at T, to form a gapless Dirac cone, proving its
magnetic nature. These results represent the first direct
spectroscopic evidence of a magnetization-induced topo-
logical surface gap among all known magnetic topo-
logical materials. In sharp contrast, a gapless Dirac cone
with negligible FM proximity is observed on the
opposite surface terminated by the triple Bi,Te; quin-
tuple layers (QL), analogous to the situation in non-
magnetic TT Bi,Te;. Recalling that a typical magnetic TI
manifests magnetic gaps at both surfaces (e.g., top and

bottom) perpendicular to the magnetic moment, here we
refer to the ferromagnet MnBigTe 5 as a “half-magnetic
TIL” in which the MnBi,Te, SL surface is gapped by
surface magnetization while the opposite triple-Bi, Te; QL
surface remains nonmagnetic and thus gapless. Utilizing
density functional theory (DFT) calculations, we find half-
QAH conductivity well localized at the SL termination,
regardless of the cleavage of the other termination.
Therefore, the half-magnetic TI provides an ideal platform
for observing the half-QAH effect at a single surface and
the related axion physics.

II. MnBigTe,;; SINGLE CRYSTAL
WITH FM GROUND STATE

Single-crystal MnBigTe 5 has a trigonal structure [38],
with a space group of R3m. The lattice of MnBigTe,;
consists of one MnBi,Te, SL and three Bi,Te; QLs
stacking alternately along the c¢ axis [Fig. 1(a)]. These
SLs or QLs are coupled through weak van der Waals
(vdW) forces. Cleaving the single crystal perpendicular to
the ¢ axis could yield four possible terminations, namely,
the S termination, Q termination, QQ termination, and
QQQ termination. The crystallinity was examined by
x-ray diffraction (XRD). As shown in Fig. 1(b), all of
the diffraction peaks, particularly the low-angle ones, can
be well indexed by the (00/) reflections with lattice

parameter ¢ = 132.6 A (calculated from the Rietveld
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refinement of powder XRD, as shown in Fig. S1 in the
Supplemental Material [39]), in agreement with previous
work [40].

The temperature-dependent anisotropic magnetic sus-
ceptibility [Fig. 1(c)] shows Curie-Weiss (CW) behavior
above 150 K (inset) with the characteristic temperature
Ocw = 12.5 K and 10.5 K for H//c and H//ab, respec-
tively, through a fitting with y(7) = yo + C/(T — Ocw).
Around T = 10.5 K, a FM transition was revealed by
magnetic susceptibility [Fig. 1(c)] and resistivity measure-
ments [Fig. 1(d)]. The frustration parameter (Ocy /T ) for
H//c was calculated to be about 2, indicating a moderate
magnetic frustration. For H//c, the observed larger bifur-
cation between zero-field cooling (ZFC) and field cooling
(FC) magnetization [Fig. 1(c)] and magnetic hysteresis
loop [Fig. 1(e)] indicate an easy axis along the ¢ axis and an
Ising-type exchange interaction between adjacent Mn
layers. The saturation moment M,,=3.585/Mn is close
to that of 3.56 y5/Mn in MnBi,Te, [41] and 3.5 pp/Mn in
MnBi,Te; [29]. The above magnetic properties suggest a
FM order with an out-of-plane magnetic moment configu-
ration in MnBigTe3, in contrast to the A-type AFM ground
states found in other MnBi,Te,/(Bi,Te;), compounds
(n=0,1,2) [4243].

The field-dependent Hall resistivity [p,,(H)] and mag-
netoresistivity [MR = [p,.(H)/p..(0)] — 1] are shown in
Figs. 1(f) and 1(g), as well as Fig. S3 in the Supplemental
Material [39]. The negative slope of p,, (H) in Fig. S3(f)
indicates electron-type carriers, and the obvious anoma-
lous Hall effect is observed for H//c. In a ferromagnet,
the Hall resistivity is described by the formula
pxy = RoH + pf, = RoH + R;M, where Ry is the ordinary
Hall coefficient, pﬁy is the anomalous Hall resistivity, R, is
the anomalous Hall coefficient, and M is the magnetiza-
tion. Above T (20 K), p,,(H) exhibits the same slope at
all H [see Fig. S3(f)], indicating a constant R,, which
allows us to subtract the ordinary Hall resistivity to
obtain the anomalous part, as shown in Fig. 1(f). Note
that R, scales well with the M—H curve to the anomalous
part of the Hall resistivity and is calculated to be
R, =1.76 x 107 m3/C, 2 orders of magnitude larger
than Ry, = 1.15 x 10~ m3/C. Unlike the previous report
[40], the MR from both increasing and decreasing field
measurements maintains a near-vanishing value (<0.1%)
and exhibits sharp peaks without any overlap at the
appearance of the anomalous Hall plateau. This feature
is reminiscent of the MR behavior in Cr-doped
(Bi, Sb), Tes films when approaching the quantum anoma-
lous Hall region [11,12].

TII. GAPPED AND GAPLESS TSS
DIRAC CONE IN MnBigTe 3

We employ a p-laser-ARPES system [44], with a
focused laser spot size of about 5 ym, to measure the

termination-sensitive band structure of MnBigTes.
Figures S4 and S5 present the spectra in a high-
symmetry direction, as well as a set of constant energy
contours for all four terminations. In Fig. 2, we high-
light the band structure of the S termination and its
opposite cleaving plane, the QQQ termination. Shown
are spectra taken at 7 K and 20 K, which correspond to
FM and PM phases, respectively. In the FM phase, the S
termination shows an unambiguous energy gap of about
28 meV at the Dirac point [Fig. 2(c)], which is in sharp
contrast to other Mn-Bi-Te family members such as
MnBi,Te, [30,32-34], MnBi,Te; [24,30,36], and
MnBigTe,, [28,30], whose S terminations consistently
show no apparent gap opening at the Dirac point below
the magnetic transition [45]. Above T, in the PM
phase, a gapless Dirac cone is observed [Fig. 2(d)].
Comparison between the FM and PM phases suggests
that the origin of the surface gap for the S termination is
magnetism. The gap opening is captured by an effective
massive Dirac Hamiltonian Hgs(k) = (6.k, — 0,k )+
megro,, where the first two terms describe a Dirac cone
and the last the effective Zeeman field induced by the
ferromagnetically ordered Mn atoms. The gap size,
me ~ 28 meV, is in qualitative agreement with our
DFT prediction [Fig. 2(b)]. The detailed comparison
between the DFT and the ARPES results is provided
in Fig. S4.

At the QQQ termination, the gapless Dirac surface
states appear to persist below T.. At first sight, this case
seems to contradict the broken time-reversal symmetry.
However, given the considerable spatial separation
between the top Bi,Te; QL and the magnetic
MnBi,Te, SL, it is reasonable to assume a negligibly
small effective Zeeman field for the surface states. Such a
conjecture is indeed supported by our DFT calculation,
which also reproduces the gapless Dirac cone despite a
magnetic ground state [Fig. 2(f)]. Here, we note that the
DFT surface-only spectra agree with the ARPES spectra
better than the DFT bulk spectra, likely because of the
limited photoemission probing depth [47]. Similar gap-
less Dirac cones have been observed by ARPES at the
FM phase for both Q and QQ terminations, owing to the
hybridization between the TSS and the bulk bands that
buries the Dirac point [28], shown in Fig. S6. To sum up,
MnBigTe s is a half-magnetic topological insulator. The
time-reversal symmetry is broken at the S termination,
which shows a temperature-dependent gap, while it is
approximately preserved at the other surface, which
shows a gapless state.

Furthermore, in contrast to the unambiguous temper-
ature evolution of the TSS, we find the band-structure
change of the bulk states between the FM [Fig. 2(c), 7 K]
and PM [Fig. 2(d), 20 K] to be negligible, which is
probably attributed to the reduced effective magnetic
moments that the particular bulk band feels.
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FIG. 2. Temperature evolution of the TSS Dirac cone gap at the S and QQQ termination of MnBigTe;;. (a)—(d) ARPES results for the
S termination. (a) Schematic structural stacking configuration of the S termination. (b) DFT band structure calculated for the FM state,
with the surface-only states (dark violet to black) being superposed on the bulk states (yellow, orange, and light violet). (c) Band
structure along M — I — M measured at 7 K (FM state). (d) Band structure along M — I" — M measured at 20 K (PM state). Data in
panels (c) and (d) are shown in the form of the ARPES original spectra (top panel) and the 2D curvature spectra [46] (bottom panel).
(e)—(h) Same as panels (a)—(d) but for the QQQ termination. Clearly, entering the FM state opens a gap at the TSS Dirac cone for the S
termination, while no such gap is observed for the QQQ termination.

IV. NATURE OF THE TSS DIRAC
GAP AT S TERMINATION

Having established a TSS Dirac-point gap opening in
the S termination of FM MnBigTe,;, we now demonstrate
that this gap is indeed opened because of the long-range
FM order of the magnetic moments. A zoomed-in ARPES
k — E map of the S termination in the PM state (15 K) is
shown in Fig. 3(a), while that in the FM state (7K) is shown
in Fig. 3(d). The magnetic-order-induced spectral change is
concentrated at the Dirac point, as highlighted in Figs. 3(b)
and 3(e). For the PM S termination, a gapless “X”-shape
Dirac cone can be clearly resolved, with its Dirac point
being indicated by the black arrow in Fig. 3(b). The
corresponding energy distribution curve (EDC) taken
across the Dirac point can be fitted with two Lorentzian
peaks, with the dominating one (dark blue) centered at the
Dirac-point energy Ep ~ —0.21 eV [Fig. 3(c)].

For the FM S termination, as presented in Fig. 3(e), the
upper and lower Dirac cones are separated in energy by a
sizable gap, with the two cones clearly detaching from each
other. Fitting the corresponding EDC yields three
Lorentzian peaks. The two dark-blue peaks, located at £ ~
—0.19 eV and E, = —0.22 eV, correspond to the upper
Dirac cone minimum and lower Dirac cone maximum,

respectively. These two peaks originate from the splitting of
the gapless Dirac-point peak centered at Ep ~ —0.21 eV
[Fig. 3(c)], resulting in a Dirac-point gap of A=E| —E, =
28 meV [Fig. 3(f)]. The light-blue peak corresponds to a
weak shoulder found in both PM and FM EDCs, whose
peak position remains at the same energy at different
temperatures and potentially originates from disorder.

In Fig. 3(g), systematic Lorentzians fitting to the ' EDCs
at various temperatures below and above the bulk PM-FM
transition (10.5 K) are presented. The constant energy
mapping and dispersions corresponding to each temper-
ature are shown in Figs. S7 and S8, allowing us to
unambiguously extract the dispersion at the I" point. At
the lowest temperature (6 K), similarly, three Lorentzian
peaks are needed to fit the EDC, of which two dark-blue
peaks (E; and E,) correspond to the split Dirac cone. The
Dirac cone gap size A = E; — E,, and its temperature
evolution is plotted in Fig. 3(h). With increasing temper-
ature, E; and E, move closer to each other (A decreases)
and eventually merge into one Lorentzian peak at 11 K (gap
closes), strongly suggesting a clear correlation between the
size of this Dirac-point gap and the FM exchange inter-
action. It is worth noting that, while, similarly, we can also
assume two dark-blue peaks (E; and E,) for the EDCs
measured at 7 > 11 K, the fitting iterations always result in
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FIG. 3. Temperature dependence of the TSS gap in the S termination of MnBigTe 3. (a) Enlarged ARPES spectrum of the S
termination measured at 15 K (PM phase). (b) Two-dimensional curvature plot for the spectrum in panel (a). (c) Energy distribution
curve (EDC) at T (integrated over a +0.001 A" momentum window) and its fitting with multiple Lorentzian peaks. (d)—(f) Same plots
as those in panels (a)—(c) but for data measured at 7 K (FM phase). (g) EDC fitting analysis at various temperatures, showing a clear gap
opening for T < 10.0 K. The EDCs for each temperature are extracted from the corresponding spectra shown in Fig. S6 integrated over a
40.001 A~ momentum k| window. Furthermore, the spectra for each temperature are extracted from the corresponding map shown in
Fig. S5 integrated over a £0.002 A~! momentum (ky) window. (h) TSS Dirac cone gap size (blue triangles) evolution with temperature
and its fitting (red solid line) using a power-law curve. The error bar of the gap size is defined as e = \/w% + w%, where w; and w,
represent the half width at half maximum for peaks E; and E,, respectively. We note that the EDC fitting in panel (g) yields the standard

deviation of the peak positions much smaller (less than 1 meV) than the error bars shown in panel (h).

a vanishing or even negative area of peak E,, and
A =E; — E, <3 meV, which is negligible compared to
the width of the Lorentzian peaks. In short, the gaplessness
of the Dirac cone at temperatures above 11 K is well
established.

Assuming a linear relation between this exchange split-
ting and the magnetic moment, the gap should be well
described by a power-law curve [48] A ~ Ey(1 —T/Ty)%,
where E,, represents the saturated exchange splitting energy
at 7 = 0 K. Fitting the A(T) curve with this power-law
function yields 7o = 11 £1 K and f = 0.23 +0.02. The
fitted onset temperature 7, matches the susceptibility-
derived Curie temperature well within the fitting error.
The saturated exchange splitting energy is fitted as
Ey=33+1meV. We thus established a FM-induced
Dirac-point gap in the S termination of MnBigTe5. It is
noteworthy that, although Dirac-point gaps have been
reported for other members of the Mn-Bi-Te family
[25,35-37], these observations are still controversial

[24,28,30,32-34]. In particular, all the reported gaps
remain open above the magnetic transition temperature,
contradicting the scenario of the restoration of time-reversal
symmetry. Consequently, our results—that a TSS Dirac
cone gap decreases monotonically with increasing temper-
ature and closes right at T, forming a gapless Dirac
cone—represent the first smoking-gun evidence of TSSs
gapped by the magnetic order among all known magnetic
topological materials.

One may wonder why this magnetic gap can be
observed in FM MnBigTe;; but not in its other AFM
sisters. While the mechanism of the gapless Dirac cone in
AFM Mn-Bi-Te family members remains an open issue, in
the study of the surface band structure of MnBigTe,,, we
pointed out that surface-bulk band hybridization may cause
the surface Dirac cone distribution to extend to the bulk
[28]. In an AFM background, this extension could result in
much-reduced effective magnetic moments, which the
surface state can feel, thus a (nearly) gapless Dirac cone
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with AFM order. In a FM background, the redistribution of
the surface state does not change the effective magnetic
moments, leading to the gapped Dirac cone.

V. SURFACE ANOMALOUS HALL
CONDUCTANCE AS A SIGNATURE
OF AXION INSULATOR

So far, we have demonstrated a magnetic gap at the S
termination and a gapless feature at the QQQ termination of
MnBigTe,s, rendering the material a “half-magnetic topo-
logical insulator.” To further identify its topological nature,
we next theoretically analyze the surface anomalous
Hall conductance (AHC) of this gapped surface and the
corresponding experimental signatures. Because of the
inversion symmetry, the band structure of MnBigTe 3
may be characterized by a higher-order topological invari-
ant, i.e.,, the Z, number (the symmetry indicator of
inversion [49,50]). Our explicit computation shows that
MnBigTe,; has Z, = 2, in agreement with a previous study
[40] (Fig. S10 and Table S1 in Ref. [39]). For a FM
compound, while Z, =1 or 3 implies a Weyl semimetal,
Z4 =2 corresponds to an axion insulator or a 3D Chern
insulator, with distinct surface AHC behavior [13].
Therefore, we compute the surface AHC by integrating
the local Chern numbers through surface-related layers for
two-dimensional slabs of MnBigTe;3, expressed as

E—dr L1 )
GX.V(L):iil Zizvackyy’ckpm/k(l)’ (1)
h A =y Ny T

v'c

where X and Y are the position operators along the
x and y directions, respectively, which are directly
computed from the velocity operators through
X(Y)L'ck = <W’uk|ihvx(_\’) |ch>/<Eck - Ebk) The indices v
and ¢ denote the valence and conduction bands, respec-
tively. Here, p,, (/) is the projection matrix on the corre-
sponding layer /, which implies a summation over all atoms
within a vdW layer. To uncover the locality of the surface
AHC, we construct two slabs with different thicknesses.
For the S termination of a 16-vdW-layer slab, when E. lies
in the gap of this surface, the layer-integrated AHC reaches
about e¢?/2h at the second layer from the S termination
[Fig. 4(a)]. On the other hand, the metallic QQQ surface
does not have a well-defined surface Chern number because
Er inevitably cuts the surface bands (Fig. S11). In com-
parison, the slab with 17 vdW layers is symmetric and has a
global band gap, leading to a well-defined integer-quantized
Chern number for the whole slab, i.e., C = 1. Figure 4(b)
clearly shows that both top and bottom surfaces contribute a
half-quantized AHC, while the internal layers do not
contribute to the global AHC. In the bulk, there is an
oscillation around e?/2h with a period of the unit cell
thickness (four vdW layers) starting from the fourth layer
from the surface. Therefore, the half-quantized AHC of
MnBigTe,; is alocal quantity at the S termination, indicating
an axion-insulator phase.
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FIG. 4. Half-quantized surface AHC at the S termination. (a,b)
Integrated, layer-projected, anomalous Hall conductance for the
slabs with 16 and 17 vdW layers, respectively. The 16-layer slab
is not symmetric, containing four unit cells as a half-magnetic
topological insulator, while the 17-layer slab is symmetric with a
global band gap and nontrivial Chern number, as shown in the
insets. (¢) Schematic plot for the nonlocal transport measurement
with a hexagonal six-contact-probing setup. (d) Spectral func-
tions at three spots denoted in panel (c), showing chiral
hinge states at the S termination that manifest the half-QAH
effect.

Though direct experimental measurement of the
half-quantized surface AHC is challenging for various
reasons—including sample quality, possible electrode scat-
tering, actual size of the surface gap, and the electron
chemical potential in the sample—numerical validation in
MnBi,Te,/(Bi,Tes), [13] and an experimental proposal
based on nonlocal transport measurement have recently
been provided [14], with a hexagonal six-contact-probing
setup shown in Fig. 4(c). In the case of MnBigTe;3, as
discussed above, magnetism opens a gap in the S termi-
nation surface. We compute the spectral functions at the
hinges and the center of the top surface (S termination)
[Fig. 4(d)], validating the existence of the chiral hinge state
at the S termination. It clearly shows that, although the
center of the S termination [point 2 in Fig. 4(c)] has a gap,
nonvanishing chiral states exist near the boundary formed
by the x — y top surface and the x — z side surface, i.e.,
points 1 and 3, with opposite velocity. Such chiral hinge
states are embedded within the side surface states, causing
imbalanced density of states at the two sides of the Dirac
cone. In this sense, MnBigTe 5 is an excellent candidate for
observing the signature of the long-sought axion insulator
and topological magnetoelectric effect.

011039-6



HALF-MAGNETIC TOPOLOGICAL INSULATOR WITH ...

PHYS. REV. X 11, 011039 (2021)

ACKNOWLEDGMENTS

We thank Ni Ni, Haizhou Lu, and Hu Xu for helpful
discussions. This work is supported by National Key R&D
Program of China (Grants No. 2020YFA0308900 and
No. 2019YFA0704900), the National Natural Science
Foundation of China (NSFC) (Grants No. 12074163,
No. 12074161, No. 11804144, No. 11674149,
No. 11874195, and No. 11804402), the Shenzhen High-level
Special Fund (Grants No. G02206304 and No. G02206404),
the Guangdong Innovative and Entrepreneurial Research
Team  Program  (Grants  No. 2019ZT08C044,
No. 2017ZT07C062, and No. 2016ZT06D348), Shenzhen
Science and Technology Program (Grant No. KQTD201
90929173815000), the University Innovative Team in
Guangdong Province (No. 2020KCXTDO001), the
Technology and Innovation Commission of Shenzhen
Municipality ~ (No.  JCYJ20150630145302240  and
No. KYTDPT20181011104202253), the Highlight Project
(No. PHYS-HL-2020-1) of the College of Science at
SUSTech, Guangdong Provincial Key Laboratory for
Computational Science and Material Design under Grant
No. 2019B030301001, and Center for Computational
Science and Engineering of Southern University of Science
and Technology. ARPES measurements were performed with
the approval of the Proposal Assessing Committee of the
Hiroshima Synchrotron Radiation Center (Proposals
No. 19BG044, No. 19BU002, No. 19BU005, and
No. 19BU012).

APPENDIX: MATERIALS AND METHODS
1. Sample growth

MnBigTe,; single crystals were grown by the conven-
tional high-temperature solution method using Bi,Te; as
the flux. Mn (purity 99.98%), Bi (purity 99.999%), and
Te (99.999%) blocks were placed in an alumina crucible
with a molar ratio of Mn:Bi:Te = 1:12.3:19.4. Then, the
alumina crucible was sealed in a quartz tube under the
argon environment. The assembly was first heated up in a
box furnace to 950°C, held for 10 hrs, and then cooled
down slowly to 574°C over 120 hrs. After this heating
procedure, the quartz tube was taken out quickly and then
decanted into the centrifuge to remove the excess flux from
the single crystals. Because the temperature window for the
growth of MnBigTe; is very narrow and Bi,Te; is an
inevitable by-product, we cut the single crystals into thin
pieces and checked using single-crystal x-ray diffraction on
both sides to select only the pure phase of MnBigTe 3
single crystals.

2. Transport and magnetic measurements

The structure of the crystals was characterized by
x-ray diffraction with Cu Ka radiation at room temperature
using a Rigaku Miniex diffractometer. The diffraction
pattern can be well indexed by the (00/) reflections with

A,y ~2° for adjacent peaks, especially at lower angles
(<20°). Resistivity measurements were performed by a
Quantum Design (QD) Physical Properties Measurement
System (PPMS) with a standard six-probe method, using
a drive current of 8 mA. The current flows in the ab
plane, and the magnetic field is perpendicular to the current
direction. Magnetic measurements were performed using
the QD Magnetic Property Measurement System (MPMS)
with the Vibrating Sample Magnetometer (VSM) mode.
Temperature-dependent magnetization results were col-
lected with an external magnetic field of 100 Oe, both along
and perpendicular to the (001) direction of the sample.

3. ARPES measurement

The p-laser-ARPES [44] measurements were performed
at the Hiroshima Synchrotron Radiation Center (HSRC),
Hiroshima, Japan with a VG Scienta R4000 electron
analyzer and a photon energy of 6.36 eV. The energy
and angular resolution were better than 3 meV and less than
0.05°, respectively. Samples were cleaved in situ along the
(001) crystal plane under ultrahigh-vacuum conditions with
pressure better than 5 x 107!! mbar and temperatures
below 20 K.

4. First-principles calculations

DFT calculations [51,52] were conducted by using the
projector-augmented wave (PAW) pseudopotentials [53],
and exchange correlation was described by the Perdew-
Burke-Ernzerhof (PBE) version of the GGA functional
[54,55] as implemented in the Vienna ab-initio Simulation
Package (VASP) [56]. Considering the transition-metal
element Mn in MnBigTe 3, the PBE + U functional with
U =5 eV was used for Mn 3d orbitals for all the results in
this work [57]. The k-mesh, energy cutoff, and total energy
tolerance for the self-consistent calculations were
5%x5x35,500 eV, and 1075 eV, respectively. The exper-
imental lattice constants (ay = 4.37 A and ¢, = 132.32 A)
were taken, while the atomic positions were fully relaxed
until the force on each atom was less than 1072 eV/ A.
Spin-orbit coupling was included in the calculations self-
consistently. We constructed Wannier representations by
projecting the Bloch states from the first-principles calcu-
lations of bulk materials onto Mn-d, Bi-p, and Te-s
orbitals. The TSS, as well as the surface anomalous Hall
conductivity, were calculated in tight-binding models con-
structed by these Wannier representations, as implemented
in the WannierTools package [58-61].
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High thermoelectric performance in
low-cost SnS 9;Seg. oo Crystals

Wenke He', Dongyang Wang', Haijun Wu?, Yu Xiao', Yang Zhang?, Dongsheng He?,
Yue Feng®, Yu-Jie Hao®, Jin-Feng Dong*, Raju Chetty’, Lijie Hao®, Dongfeng Chen®,
Jianfei Qin®, Qiang Yang”, Xin Li’, Jian-Ming Song’, Yingcai Zhu®, Wei Xu®,
Changlei Niu®, Xin Li%, Guangtao Wang'®, Chang Liu®*"", Michihiro Ohta®,

Stephen J. Pennycook?, Jiaqing He?, Jing-Feng Li*, Li-Dong Zhao'*

Thermoelectric technology allows conversion between heat and electricity. Many good
thermoelectric materials contain rare or toxic elements, so developing low-cost and
high-performance thermoelectric materials is warranted. Here, we report the temperature-
dependent interplay of three separate electronic bands in hole-doped tin sulfide (SnS) crystals.
This behavior leads to synergistic optimization between effective mass (m*) and carrier
mobility (1) and can be boosted through introducing selenium (Se). This enhanced the power
factor from ~30 to ~53 microwatts per centimeter per square kelvin (4W cm™ K2 at 300 K),
while lowering the thermal conductivity after Se alloying. As a result, we obtained a maximum
figure of merit ZT (ZT,,ax) of ~1.6 at 873 K and an average ZT (ZT,.) of ~1.25 at 300 to 873 K
in SnSp 91Sep o9 crystals. Our strategy for band manipulation offers a different route for
optimizing thermoelectric performance. The high-performance SnS crystals represent an
important step toward low-cost, Earth-abundant, and environmentally friendly thermoelectrics.

hermoelectric technology enables invert-

ible conversion between thermal energy

and electricity, providing an environmen-

tally friendly route for power generation

through harvesting waste heat, as well as
for refrigeration by solid-state cooling (7, 2). The
conversion efficiency of thermoelectric technol-
ogy is determined by the dimensionless figure of
merit (Z7T) for a given thermoelectric material,
expressed by ZT = S26T/(Kja+Kee), Where S is the
Seebeck coefficient, o is the electrical conductiv-
ity, T'is the temperature (in kelvin), and «,; and
Kele are the phonon and carrier contributions
to the thermal conductivity, respectively. These
thermoelectric parameters are intertwined,
making manipulation of any single parameter
targeted to improving the overall thermoelectric
performance a challenge. Several strategies have
emerged for improving ZTs. Optimizing power
factors (PF = S%c) can be accomplished through
band convergence (3, 4), band flattening (5, 6), or
density of states (DOS) distortion (7, 8). Reducing
thermal conductivity is possible by introducing
nanostructures (9-11) or all-scale hierarchical
architectures (12, 13). Decoupling thermoelec-
tric parameters can be done through embedding
magnetic nanoparticles (74, 15). Finally, entirely
new materials can be developed with intrinsi-

cally low thermal conductivity (16-19) or large
power factor (4, 20, 21), or by seeking high-
performance thermoelectrics through reliable
high-throughput material screening (22).
High-performance thermoelectrics are often
the widely studied group IV-VI compounds, such
as GeTe (23), PbTe (7, 12, 24), PbSe (25, 26), PbS
(27), and SnTe (8, 28). The scarcity of Ge and
Te, combined with the toxicity of Pb, makes
compounds such as SnSe (16) promising thermo-
electric materials, as they do not contain these
elements. Moreover, SnSe has a high Z7T due to
its strong anharmonicity (16, 29, 30), multiple
valence bands (31-33), and three-dimensional
(3D) charge and 2D phonon transport (34-36).
An analog compound of SnSe is SnS, which is also
predicted to be an attractive thermoelectric can-
didate. The lower cost and more Earth-abundant
S is appealing for large-scale commercial applica-
tions. However, the low carrier mobility results in
poor electrical transport properties and impedes
high thermoelectric performance in polycrystal-
line SnS (37). Nevertheless, the carrier mobility
in SnS crystals can be boosted by one order of
magnitude by making use of its layer strcuture,
leading to a high room-temperature PF of ~20 to
30 uW cm ™ K2 (38, 39). To further exploit the
thermoelectric potentialities of SnS crystals, we

sought to manipulate its electronic band struc-
ture (4, 31, 40).

Manipulating the electronic band structure
involves optimizing a dimensionless quality
factor (B) for a given thermoelectric material
(41,42), characterized by p o (1m*)*?, where m*
and p are the effective mass and carrier mobility,
respectively. The behavior of m* and p is usually
anticorrelated, and synergistically optimizing
them is challenging. The quality factor in the sin-
gle parabolic band (SPB) structure can be opti-
mized by lowering m* and enhancing p through
sharpening electronic bands (43). In a two-band
structure, two-band convergence can improve m*
but cause u to deteriorate (3, 40), whereas two-
band divergence can boost u but lower m* (36).
Therefore, we sought new band structures to
optimize m* and p simultaneously.

In contrast to the well-known two-band con-
vergence and divergence, other types of band
interaction have not been well explored for ther-
moelectric materials (40, 44, 45). In this study,
we synthesized SnS;_,Se,, crystals using the tem-
perature gradient method (figs. S1 and S2) with
Na doped at 2% to investigate the role of Se (38).
‘We reported the temperature-dependent evolu-
tion and interplay of three separate electronic
bands, involving the interplay of two-band con-
vergence, two-band divergence, and two-band
crossing. The three interplaying bands became
sharper with rising temperature. We obtained
temperature-dependent electronic band structures
using density function theory (DFT) calculations,
which are based on the atomic positions derived
from the high-temperature synchrotron radiation
x-ray diffraction (SR-XRD) data. Our DFT calcu-
lations and angle-resolved photoemission spec-
troscopy (ARPES) measurements confirmed the
band interactions. The outstanding behavior—
interplay of three separate electronic bands—
could be promoted through substitution of S
with Se, allowing successful optimization of m*
and p. Thus, we enhanced the PF from ~30 to
~53 uW em™' K2 at 300 K. The Se substitution
was confirmed with aberration-corrected scan-
ning transmission electron microscopy (STEM)
and x-ray absorption fine structure spectroscopy
(XAFS). Our inelastic neutron scattering (INS)
measurements showthat the optical phonons are
softened by Se substitution and further coupled
with acoustic branches. This leads to a lower
thermal conductivity. Collectively, we achieved
a maximum Z7T (ZTa,) Of ~1.6 at 873 K and an
average ZT (ZT ) of ~1.25 at 300 to 873 K in
SnSy g15€0.09 Crystals.

Electrical transport properties

The room-temperature electrical conductivity
increased from ~692 to ~1279 S cm™ after 9% Se
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alloying, whereas the carrier concentration de-
creased from ~3.4 x 10" to ~2.6 x 10" em™
(Fig. 1A). This implies that the improvement of
electrical conductivity stemmed from the enhanced
carrier mobility. At a doping level of ~10" em™, all
the samples possessed large Seebeck coefficients
(Fig. 1B), namely, ~ +211 uV K* for SnS, and
maintained a large value of ~ +203 uV K™ for
SnSpg15€0.00- The Seebeck coefficients in SnS, ,Se,,
crystals were higher than that of the enhance-
ment through activating multiple valence bands
found in SnSe (Fig. 1B) (31). The combination of
increased electrical conductivity and large Seebeck
coefficient gave rise to a PF of ~53 uW cm ' K2 for
SnSy g15€0.00 at 300 K (Fig. 1C). When we compared
the PF of SnS; g;Se( o9 to those of other thermo-
electric materials in the group IV-VI compounds
(24, 25, 27, 28), we found that it exceeded those
of the other compounds in the range from 300
to 523 K (Fig. 1D).

To elucidate the high electrical transport prop-
erties in SnS crystals, we performed DFT calcu-
lations to obtain the electronic band structures.
Using the atomic position parameters that we
extracted from the temperature-dependent SR-
XRD data (fig. S3 and tables S1 and S2), our
DFT calculations show the evolution of band
structures with rising temperature in SnS (Fig. 2A).
Three valence bands lie close to each other in the
energy range from ~-0.20 to ~-0.07 eV. The first
valence band maximum (VBM]1) lies in the I'-Z
direction, the second VBM (VBM2) is located on
the U point, and the third VBM (VBM3) lies in the
I'-Y direction (Fig. 2A). The schematic diagram
displays the dynamic evolution of these three
valence bands and the energy offset between
them as a function of temperature (Fig. 2B). The
changes in energy offsets between these three
valence bands are also evidence of the triple-band
evolution with temperature. The energy offset
between VBM1 and VBM2 is ~0.07 eV at 323 K,
expanding to ~0.13 eV with increasing tem-
perature. Conversely, the energy offset between
VBM1 and VBM3 is ~0.12 eV at 323 K and grad-
ually decreases to a convergence at 873 K. After
Se alloying, the band convergence between VBM2
and VBM3 advances from ~650 to ~600 K, and
the band convergence between VBM1 and VBM3
also takes place at lower temperature. With rising
temperature, both VBM1 and VBM3 increase, but
VBMS3 moves faster than VBM1 while VBM2 de-
creases. That is, VBM1 and VBM2 diverge whereas
VMB3 and VBMI1 converge at elevated temper-
atures. VBM2 and VBM3 eventually cross one
another, converging at a temperature of ~650 K
before diverging. The increased hole concentra-
tion at high temperature may come from the
band convergence of VMB2 and VBM3, result-
ing in a carrier redistribution (3, 34, 45) (fig. S6).
Thereafter, the divergence from VBM3 (lighter
band) rising and VBM2 (heavier band) dropping
may contribute to the enhancement of carrier
mobility (3, 36). This behavior would transfer to
lower temperature after Se alloying (fig. S6).

With rising temperature, the band sharpening
decreases the effective masses, which is further
reduced after Se alloying, thus resulting in an
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improved carrier mobility (Fig. 2C and fig. S6).
Hence, introducing Se promotes the interplay
of the three valence bands in SnS, which is
responsible for the optimization between m*
and p. That is, p is improved through lowering
m* as a result of both band divergence and
band sharpness (3), whereas the larger Seebeck
coefficient is achieved as a result of multiple
electronic bands, because the interplay of these
three valence bands occurs within ~0.16 eV. The
energy difference of ~0.16 €V in SnS is compa-
rable to the ~0.15 eV difference between the
first light and the second heavy valence bands
of PbTe, in which the contribution from the
heavy band becomes considerable with rising
temperature (3, 40).

On the basis of the DFT calculated band struc-
ture, we investigated the variations of m* and p
to clarify the higher electrical transport proper-
ties in SnS;_,Se, crystals. Our DFT calculations
show that the density of states (DOS) effective
mass (mgq*) of VBM1 decreases from ~0.74 m,, for
SnS to ~0.66 m, for SnS; g;Se( oo (table S1). We
have calculated Pisarenko lines with single Kane
band (SKB), double Kane band (DKB), and triple
Kane band (TKB) models to estimate the experi-
mental Seebeck coefficient data (Fig. 2D). It is
clearly seen that the experimental values obtained
in SnS,,Se, crystals (x = 0 to 0.12) are higher than
the Pisarenko line with the SKB model, indicat-
ing the contribution of multiple bands. When the

A - - - - -
15F % SnS1_XSeX 4
e \ —m—x=0
'E —e—x=0.03
o 1.0 . x=0.06 1
%) —v—x=0.09
Iy —4—x=0.12
‘C_> —>—8nSe Zhao et al.
— 0.5¢ , 1
S
0.0 T - - -
300 450 600 750 900
Temperature (K)
C 60— T - - -
. SnS,_Se,
(\"! 50 - —m—x=0 1
= —o—x=0.03
IE 401 & x=0.06 g
o —v—x=0.09
—4—x=0.12
% 301 —— SnSe Zhao et al.|
w 20f 1
Q.
10+ b
300 450 600 750 900

Temperature (K)

three bands are considered, the TKB model can
well elucidate that the enhanced Seebeck coef-
ficients come from three or more bands involved
in electrical transport in the SnS;_,Se, system.
After Se alloying, the Hall carrier mobility in-
creases (Fig. 2E), which can be well explained by
the decreasing effective masses of three bands
after introducing Se. We have adopted differ-
ent band models to simulate the carrier mobility
versus carrier concentration. The TKB model is
consistent with our experimental data before
and after Se alloying in SnS, indicating one good
three-valance-band transporting feature. The
product of Seebeck coefficient and carrier mobil-
ity can reflect the coordination between effective
mass (m*) and carrier mobility (1) in SnS,,Se,
crystals. The value reaches a maximum at a Se
fraction of 9%, which is consistent with the TKB
model (Fig. 2F). The power factors also have been
simulated with different models to elucidate the
contributions from the interplay of three bands
(Fig. 2G). The TKB transport model appears to be
superior to the SKB and DKB models in SnS;_, Se,,
crystals. After 9% Se alloying, the TKB model
accurately predicts the high power factor, con-
sistent with the experimental data that we ob-
tained. In addition, the competing parameters
m* and u have been optimized and the quality
factor has peaked in SnS with the 9% Se fraction
(Fig. 2G, inset). Therefore, three-band transport
plays an important part in the improvement of

—{>— SnSe Zhao et al.
300 450 600 750 900
Temperature (K)

60 — T T

T T
~O~ This work
—<4—SnSe i
—m— PbTe-SrTe
—p— PbSe-HgSe
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30} ]
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oleet™ :
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Fig. 1. Electrical transport properties as a function of temperature for SnS;.,Se, crystals.

(A) Electrical conductivity. (B) Seebeck coefficient. (C) Power factor. The electrical properties

of SnSe crystals are also added for comparison (31). (D) Power factor comparisons of p-type lead
and tin chalcogenides (24, 25, 27, 28, 31). The power factor achieved for SnS indicates a more
complex band structure of SnS than of other thermoelectrics.
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Fig. 2. Temperature-dependent electronic band structure and
theoretical simulations on electrical transport properties. (A) Electronic
band structure as a function of temperature. (B) Schematic of dynamic
evolution of three separate valence bands with increasing temperature for
SnS. (Top) As the temperature increases, VBM2 (blue) separates away
from VBML1 (red), while VBM3 (green) approaches VBM1, and VBM2
crosses VBM3. (Bottom) The energy gap (AE) between VBM1 and VBM2,
and between VBM1 and VBM3, as a function of temperature in SnS;.,Se,.
(C) The effective masses as a function of temperature for VBM1, VBM2,
and VBM3 in SnSy.,Se,, indicating that effective masses decrease after Se
alloying. (D) Pisarenko plots showing the Seebeck coefficients as a

electrical transport properties (power factor) in
SnS._.Se, crystals.

Electronic band structures

We observed the electronic band structure of SnS
crystals by ARPES. We plot the three valence
bands along different directions and their rela-
tive energy levels using triple cuts in the 3D
Brillouin zone (Fig. 3A) and the calculated band
structure (Fig. 2A) as a reference (Fig. 3B). The
triple cuts clearly illustrate the band dispersion
of the three VBMs of SnS. The valence band
structure along the I'-Z direction shows that
VBM1 is located at the Fermi energy level (£, =

He et al., Science 365, 1418-1424 (2019)

band; and TKB, a triple

0 eV) and that VBM3 along the I'-Y direction is
located at E3 = —0.30 eV. The parabolic energy
distribution curve (EDC) fitting gives VBM2 at
k= 0.69 A™!, which is located at E, = —0.05 eV
(Fig. 3C). Therefore, the energy offset between
VBMI1 and VBM2 is ~0.05 and ~0.30 eV between
VBM1 and VBM3 at 20 K. We also observed the
electronic band structures in the Y-I'-Z plane at
different temperatures. The energy offset between
VBM1 (I'-Z direction) and VBM3 (I'-Y direction) is
~0.50 eV at 5 K, and then decreases to ~ 0.30 eV
at 80 K (Fig. 3, D and E). When the temperature
is fixed at 80 K, the energy offset between VBM1
and VBM3 decreases from ~0.30 eV for SnS to

27 September 2019

function of carrier concentration with different band models. (E) Carrier
mobility as a function of carrier concentration with different band
models. (F) The product of the Seebeck coefficient and carrier mobility
as a function of carrier concentration in SnS;.,Se, crystals, elucidating
the advanced interplay of three separate bands. (G) The simulated
power factor as a function of carrier concentration with different band
models. The inset shows the ratio of quality factor (B/Bo) in SnSy.,Sey
crystals to that in SnS. The experimental data are consistent with

the simulations with the TKB model, indicating the contribution of
three bands. SKB indicates a single Kane band; DKB, a double Kane

Kane band.

~0.15 eV (Fig. 3, D and E). Both the declining
trend with rising temperature and the approach
of VBM1 toward VBMS3 after Se alloying are con-
sistent with our DFT results (Fig. 2A).

Thermal transport properties

With increasing Se alloying fraction, the thermal
conductivities (ko; and Ki,;) of SnS decrease. At
room temperature, the total thermal conductivity
(iop) decreases from ~3.3 to ~2.5 Wm ™ K7, and
the lattice thermal conductivity (k) decreases
from ~3.0 to ~1.7 Wm ™ K" for SnSo.9:S€0.00- The
thermal conductivity in SnS reaches a mini-
mum at 873 K. After alloying with 9% Se, the «o;
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decreases from ~0.72 to ~0.61 W m™ K, and the
Kiat decreases from ~0.65 to ~0.51 W m™ K™ at
873 K. Our calculations with the Callaway model
(46, 47) are consistent with these reductions
being due to Se substitution (Fig. 4A, inset). We
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performed x-ray absorption fine structure
spectroscopy (XAFS) analysis on SnS;_,Se, crys-
tals to identify the Se substitution. Our XAFS
results for SnS g;Sey 09 Show that the Se K-edge
x-ray absorption near-edge structure (XANES)

27 September 2019

Fig. 3. Brillouin zone and band structures
observed by ARPES. (A) Brillouin zone of SnS,
and sketch of the three cuts in the Brillouin
zone. (B) ARPES band structures of SnS along
the I-Y, I'-Z, and X-U directions. The VBM3

(T-Y) is located at £5 = =0.30 eV, VBML1 (I'-2) is
located at the Fermi level (E; = O eV), and VBM2
(X-U) is located at E; = —0.05 eV. Three cuts
illustrate the band dispersion of the three VBMs
in SnS. (C) ARPES band structure along the

X-U direction. Parabolic fit of the energy
distribution curve gives VBM2 at k = 0.69 A™,
E, = —-0.05 eV. (D) Electronic band structures
for SnS1.,Se, (x = 0, 0.09) along the Y-I-Z

plane at 5 and 80 K, respectively. The energy
gaps (AE) between VBM1 and VBMZ2 are 0.50 eV
(5K, SnS), 0.30 eV (80 K, SnS), and 0.15 eV
(80 K, SnSp.01Sepn9), respectively. (E) Second-
derivative maps (with respect to energy) along
the Y - - Z plane for SnSy.,Se, (x = 0, 0.09).

Fig. 4. Thermal conductivity as a function of
temperature and phonon band structure.

(A) Total and lattice thermal conductivity

for SnSy.,Se, crystals. Inset shows the room-
temperature lattice thermal conductivities
fitted with the Callaway model. (B) Comparison
of the experimental and theoretical Se K-edge
XANES spectra. Inset: A sketch of the atomic
structure indicating Se substituting for S in SnS.
(C) Phonon band structure of SnS;.,Se, (x = 0,
0.09). (D) Typical constant-Q scans of the

TO mode at Q = (0, 0, 2) and (O, 0.2, 2), and
TA mode at Q = (4, 0.3, 0) and (4, 0.4, 0),
which indicates that the phonon energy of the
TO mode decreases after Se alloying, whereas
the TA mode changes only slightly.

spectrum contains three major features (Fig. 4B).
Peak A originates from 1s to 4p transitions, which
could present both geometric and electronic struc-
tural information (48). The subsequent features
B and C correspond to multiple scattering of the
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Fig. 5. Atomic-scale
structures of high-
performance snsO_glseo_og
crystal. (Al, B1, C1) Atomi-
cally resolved STEM

HAADF images along the
[100], [010], and [001]
zone axes, respectively,
with enlarged images shown
in the insets. (A2, B2, C2)
The respective structural
models. (A3, B3, C3)

The respective electron
diffraction patterns.

(D) Atomically resolved
STEM HAADF image along
the [001] zone axis, with
enlarged images showing the
intensity difference between
Se-substituted S and the
SnS matrix. (E) Intensity
profile from the dashed line
of (C1) showing the higher
intensity of Se-substituted

S, compared with the

SnS matrix.
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photoelectrons by the atoms coordinated in dif-
ferent shells surrounding Se, and the substitu-
tion of S by Se is schematically shown in the
inset of Fig. 4B. We reproduced all three major
features of the experimental Se K-edge XANES
with a simulated spectrum using a Se substitu-
tion model for SnS. This result indicates the
successful introduction of Se into the SnS lattice
by occupation of the S site. We observed this
feature in all SnS, ,Se, crystals (fig. S2).

We investigated the phonon band structures
of both SnS and SnS, g;Se¢ 09 With DFT calcula-
tions. The optical branches show a softening
trend in the whole Brillouin zone after Se substi-
tution, which is more pronounced than that in
the acoustic branches (Fig. 4C). The softening of
optical branches can be coupled with acoustic
branches, and this optical-acoustic mode coupling
leads to lower lattice thermal conductivity (49).
We performed inelastic neutron scattering (INS)
experiments on SnS and SnS, g;Se o9 crystals with
constant-Q scans for the transverse acoustic (TA)
and transverse optical (TO) modes along the I'-Y
direction (fig. S8). After the introduction of Se,

He et al., Science 365, 1418-1424 (2019)

1 2 3 4 5 6

the excitation peaks shifted to lower energy for
the TO mode whereas the TA mode showed no
substantial change (Fig. 4D and fig. S8). The
phonon dispersions that we measured for TA
and TO modes along I'-Y show excellent agree-
ment with the S (Q, E) spectra simulated by our
first-principles calculation (fig. S8). Therefore,
we conclude that the softening of optical pho-
nons in SnS crystals derives from Se substitu-
tion and that the coupling between optical and
acoustic phonons contributes to the lower ther-
mal conductivity.

Microstructures

We observed the atomic-scale Se substitutions
on S sites in SnS; g;S€g o9 through aberration-
corrected STEM, because STEM high-angle an-
nular dark-field (HAADF) produces a contrast
image that can be interpreted by mass thickness
(the number of atoms) or atomic number (2)
contrast (50). We obtained atomically resolved
STEM HAADF images along [100] (a axis), [010]
(b axis), and [001] (c axis), respectively (Fig. 5, Al
to C1). We also obtained the structural modes

27 September 2019
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and electron diffraction patterns (Fig. 5). Be-
cause the structures of SnSe and SnS both show
a dumbbell-like atomic arrangement along the
a axis (51), viewing the Se substitutions along
this axis is difficult, as the two atom columns of
each dumbbell are close in intensity. To better
observe the Se substitutions on the S sites, we
turned to the b or ¢ axis, along which the Sn
and S atom columns are well separated in the
Z-contrast image, where the heavier Se (Z =
34) substitutions may be more visible in the
lighter S (Z = 16) matrix. The abnormally brighter
contrast on S sites is consistent with Se substi-
tutions (Fig. 5D). The Se and S atoms are well
distinguished through line profiles with intensity
difference. The peaks with abnormally higher
intensity are the Se-substituted ones, compared
with the S matrix (Fig. 5E and fig. S9).

ZT values and conversion efficiency

The combination of exceptionally high PF and
low thermal conductivity generates a maximum
ZT (ZT maz), Which increases from ~1.0 for SnS
to ~1.6 for SnSy ¢1Sep. 09 at 873 K (Fig. 6A). We
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Fig. 6. ZT values, Earth-abundance, and projected power generation efficiency. (A) ZT
values as a function of temperature for SnS;.,Se, crystals with corresponding ZT,,. values.
(B) Comparisons of ZT,,e for p-type lead and tin chalcogenides and element abundance

in Earth (24, 25, 27, 28, 31). (C) Theoretical power generation efficiency as a function

of hot-side temperature (cold-side temperature is 300 K) for SnSp 91Seg.09, compared to
reported lead and tin chalcogenides (24, 25, 27, 28, 31). (D) Experimental power generation

efficiency and output power for SnSegp 91S0.09.

found good thermoelectric stability for such
high-performance SnSy ¢:S€¢.09 Samples with
three heating-cooling cycle measurements (fig.
S10). Notably, the thermoelectric properties of
SnS, 915€9.09 also show excellent stability after
neutron (Cf-252) irradiation for 432 hours. The
radiation resistance of SnS crystals (fig. S11) is
important for radioisotope thermoelectric gen-
erators geared for deep-space exploration (Z, 3).
We can maintain the high Z7 values over a large
temperature range (300 to 873 K), which results in
a high average ZT (ZT ) of ~1.25 in SnS; g15€0.09-
This value is twice that of SnS (ZT,y. = 0.64).
Noticeably, the ZT,,. of SnS is comparable to
those of the state-of-the-art PbTe and SnSe crys-
tals (24, 31). Moreover, the abundance of S in the
Earth is 420 parts per million (ppm), which far
exceeds that of Te (0.001 ppm) and Se (0.05 ppm)
(52) (Fig. 6B). Hence, compared with these group
IV-VI thermoelectric materials, such as Pb- and
Sn-based chalcogenides (24, 25, 27, 28, 31), SnS
is far superior when considering toxicity and ele-
mental abundance. The ZT,,. must be high over
the entire working temperature range, because
it determines the thermoelectric conversion effi-
ciency (n) (563). For SnSy 91Se( 9, the theoretical
conversion efficiency (1)) is ~18% at 873 K and ex-
ceeds those of most of thermoelectric materials in
the group IV-VI compounds (24, 25, 27, 28, 31)
(Fig. 6C). To experimentally investigate the power

He et al., Science 365, 1418-1424 (2019)

efficiency, we attempted to carry out the mea-
surement using the high-performance SnS, g;Seg 09
crystals. At the hot-side temperature of ~560 K,
which is the highest temperature that is allowed
for lower electrical resistivity from the contact
materials (Au and Cu), we obtained an efficiency
of ~3.0% and an output power of ~15 mW (Fig.
6D). These values are far lower than the the-
oretical value (fig. S14)). The experimental con-
version efficiency that we obtained in SnS is
comparable to the reported efficiency in p-type
half-Heusler at the same hot-side temperature
(54). Because the S is quite reactive with the con-
tact materials (fig. S15), a diffusion barrier must
be developed. A higher experimental efficiency
for SnS with low cost and high performance
can be expected through future optimizing con-
tact materials. Nevertheless, the great potential
of SnS may make it competitive in large-scale
applications.
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