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Using angle-resolved photoelectron spectroscopy (ARPES), we investigate the surface electronic
structure of the magnetic van der Waals compounds MnBi,Te; and MnBigTe,,, the n = 1 and 2 members
of a modular (Bi,Tes),(MnBi,Te,) series, which have attracted recent interest as intrinsic magnetic
topological insulators. Combining circular dichroic, spin-resolved and photon-energy-dependent ARPES
measurements with calculations based on density functional theory, we unveil complex momentum-
dependent orbital and spin textures in the surface electronic structure and disentangle topological from
trivial surface bands. We find that the Dirac-cone dispersion of the topologial surface state is strongly
perturbed by hybridization with valence-band states for Bi, Te;-terminated surfaces but remains preserved
for MnBi, Te,-terminated surfaces. Our results firmly establish the topologically nontrivial nature of these
magnetic van der Waals materials and indicate that the possibility of realizing a quantized anomalous Hall

conductivity depends on surface termination.

DOI: 10.1103/PhysRevLett.126.176403

Realizing new quantum states of matter based on the
interplay of nontrivial band topologies and magnetism is a
central goal in modern condensed matter physics [1-5]. A
case in point is the magnetic topological insulator (MTT)
which combines an inverted electronic band structure with
long-range magnetic order [l], providing a promising
material platform for the quantum anomalous Hall
(QAR) effect, axion electrodynamics, and the topological
magnetoelectric effect [2,6-8]. Over the past years, efforts
to realize MTI mainly relied on doping of known topo-
logical insulators with magnetic impurities [2,6]. Recently,
however, so-called intrinsic MTI, which do not require
doping, have been discovered in the MnBi,Te, class of
magnetic van der Waals compounds [4,9-16]. At the same
time, MnBi,Te, constitutes the first instance of an anti-
ferromagnetic topological insulator [4]. In accordance with
theoretical predictions [17,18], recent magnetotransport
experiments on two-dimensional few-layer flakes of
MnBi,Te, revealed signatures of the QAH effect [19]
and an axion insulator state [20]. In view of these
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developments, MnBi,Te, and related compounds presently
receive broad interest as a platform for the study of
quantized magnetoelectric phenomena [21,22].

MnBi,Te,; constitutes the progenitor of a modular
(BiyTe;),(MnBi,Te,) series of stacked van der Waals
compounds [23,24]. Interestingly, the structural incorpo-
ration of nonmagnetic Bi,Te; layers alters the magnetic
interlayer interactions, resulting in more complex magnetic
phase diagrams [5,24-27]. In turn, this provides additional
flexibility to manipulate the electronic topology via the
magnetic state, which will be crucial to realize recent
proposals of exotic electronic phenomena in these systems,
such as Majorana modes [28], a higher-order Mobius
insulator [29], and a time-reversal-broken quantum spin
Hall (QSH) state [30]. Evidence for topological surface states
in MnBi,Te; and MnBigTe,, has been reported based on
angle-resolved photoelectron  spectroscopy  (ARPES)
[14,25-27,31-38]. However, the assignment of topologically
trivial and nontrivial features in the complex, termination-
dependent surface electronic structure is still controversial.

© 2021 American Physical Society
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Moreover, the helical nature and spin-momentum locking of
the surface states, forming the basis of the exotic surface
phenomena associated with topological surface states, has not
been demonstrated for different terminations.

In this work, we investigate the electronic structure of
MnBi,Te; and MnBigTe,,(0001) surfaces by use of
circular dichroic, spin-resolved and photon-energy-depen-
dent ARPES measurements. Our results reveal helical spin
and orbital textures of the topological surface states (TSS)
for different surface terminations. For MnBi,Te,-termi-
nated surfaces we observe a single Dirac-cone surface state,
while for Bi,Tes-terminated surfaces hybridization with
valence band states strongly modifies the TSS dispersion
and induces a gaplike feature in the surface spectral density.
These findings have direct implications for future efforts to
realize the QAH and QSH effects [30] and other exotic
topological phenomena [28,29] in (Bi,Te;),(MnBi,Te,)
heterostructures. In particular, our results indicate that a
half-quantized Hall conductivity can be achieved for
MnBi,Te,-terminated surfaces but not for Bi,Tes-termi-
nated surfaces due to surface-bulk hybridization.

High-resolution ARPES measurements with variable light
polarization on single-crystals of MnBi, Te; and MnBigTeq
[24] were performed using a laser-based y-ARPES system
(hv = 6.3 eV) at the Hiroshima synchrotron radiation center
(Japan) [39]. Spin-resolved data were obtained using a laser-
based (hv = 6.02 eV) spin-ARPES apparatus at the Peter
Griinberg Institute (PGI-6) in lJiilich, equipped with an
exchange-scattering-based Focus FERRUM spin detector
(Sherman function § = 0.29) and an MBS A-1 hemispheri-
cal energy analyzer with deflector lens. Photon-energy-
dependent ARPES experiments were conducted at beam
line 105 of the Diamond Light Source (UK) [40]. Further
details of the experiments are provided in the Supplemental
Material [41]. Throughout the Letter the in-plane momentum
direction parallel (perpendicular) to the plane of light
incidence (xz plane) is denoted as k, (k).

To describe the surface electronic properties, we perform
calculations, based on density functional theory (DFT), of a
slab made of four MnBi,Te; unit cells with a vacuum of
30 A. We use the GGA + U method with the generalized
gradient approximation (GGA) [42] as implemented in the
FPLO code [43,44]. We fix parameters U = 5.34 eV and
J =0, as in Ref. [4], with atomic-limit double-counting
and treat the spin-orbit interaction in the fully relativistic
four-component formalism.

Depending on cleavage plane, the (0001) surfaces of
MnBi,Te; and MnBigTe,, have two and three inequivalent
surface terminations, respectively, as depicted schemati-
cally in Fig. 1(c). Different surface terminations can be
addressed individually by the u-sized photon-beam spot
and assigned based on a qualitative analysis of the Mn 3d
spectral weight (Supplemental Material, Sec. IX [41]).
ARPES data for surfaces terminated by a MnBi,Te,
septuple layer (SL) are shown in Figs. 1(a) and 1(d). For
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FIG. 1. Surface electronic structure for different (0001) surface

terminations of (Bi,Tes),(MnBi,Te,) with n = 1 and 2. (a),(b)
ARPES datasets for MnBi,Te; along T'K for a MnBi,Te,
septuple layer and a Bi,Te; quintuple layer termination, respec-
tively. (c) Schematic of the possible terminations of MnBi,Te,
and MnBigTe;((0001) surfaces, labeled with the panel showing
the corresponding ARPES data. (d)-(f) ARPES datasets along
I'M for MnBigTe,, with (d) SL termination, (e) QL-SL termi-
nation, and (f) QL-QL termination.

both compounds we observe a qualitatively similar band
structure. The main spectral features are CB1 and CB2,
which we attribute to conduction band states, as well as a
state with Dirac-like dispersion. We identify the latter as a
topological surface state (T'SS), which is in agreement with
previous work [14,27,32] and confirmed by our CD-
ARPES experiments discussed below. By contrast, data
obtained for surfaces terminated by a Bi,Te; quintuple
layer (QL) do not display a clearly discernable Dirac-like
dispersion [Figs. 1(b), I(e), and 1(f)]. Instead, as we
demonstrate in later parts of the Letter, the TSS dispersion
is split into an upper part, whose dispersion flattens near the
I point, and a lower part, whose dispersion is reminiscent
of a holelike band with Rashba-type spin splitting [45].
While the general band-structure features in Fig. 1 are
consistent with previous work, a precise assignment of the
individual features is still controversial [31-38]. The
measurements in Fig. 1 were carried out at temperatures
of ca. T~ 11K, ie., just slightly below the magnetic
ordering temperatures of 12—-13 K [24,26], at which no
signature of a magnetic gap in the TSS could be observed.

To investigate the character of the electronic states in
more detail we performed light-polarization- and photon-
energy-dependent measurements. We first consider
SL-terminated surfaces as studied by CD-ARPES. The
CD signal is defined as the difference in photoemission
intensity between right and left circularly polarized
light CD(kx,k),,E) = Ig(ky, ky, E) — IL(kx,ky,E). It can
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FIG. 2. CD-ARPES experiments for the SL-terminated surface of MnBi,Te-. (a) ARPES intensity /p measured with right circularly
polarized light. Wave vectors k, are perpendicular to the plane of light incidence. (b) Corresponding CD dataset defined as the intensity
difference Iy — I;. (c) ARPES intensity measured with s-polarized light. The overlaid markers indicate the dispersion extracted from
CD-ARPES data in (b) and the red or blue color refers to the sign of the CD. (d) Momentum distribution curves measured with right and
left circularly polarized light shown in blue and red, respectively. The energy regions above and below the Dirac point (DP) are labeled
by CB and VB, respectively. (e) Constant energy contours of the CD-ARPES signal.

provide detailed information about the orbital character of
electronic states [46—49]. Figure 2 shows CD-ARPES data
for the SL-termination of MnBi,Te;. Interestingly, as
opposed to the bare ARPES intensity in Fig. 2(a), the
CD spectral signature of the upper part of the TSS in
Fig. 2(b) is clearly distinguished from the band CB1. This
is due to the fact that these two features display opposite
CD patterns, which is also seen in the constant-energy CD
maps in Fig. 2(e). Consequently, the linear dispersion of the
TSS can be traced to significantly higher energies than in
the ARPES intensity. The TSS for the SL-terminated
surface thus shows a rather ideal Dirac-cone dispersion
over several hundred meV, comparable to paradigmatic TI
like Bi,Se; [50].

Focusing on the TSS, our data in Fig. 2 reveal a sign
change of the CD at the Dirac point (DP), as indicated by
the markers in Fig. 2(c). This reversal of the CD is also seen
clearly in the momentum distribution curves for Iz and I
in Fig. 2(d) and in the constant-energy contours in Fig. 2(e).
The fact that the reversal occurs precisely at the energy of
the DP indicates that it originates from a difference of the
TSS wave function above and below the DP [47,51,52].
Indeed, previous ARPES measurements for Bi,Se; iden-
tified a sign reversal of the CD at the DP as a characteristic
signature of the TSS [47,53]. Specifically, the opposite CD
has been shown to reflect a chiral orbital angular momen-
tum (OAM) of opposite sign in the upper and lower part of
the Dirac cone [47,54,55]. Our CD-ARPES data confirm
this OAM reversal for the present MTI and thus establish
the helical nature of the TSS (see also Supplemental
Material, Secs. IVand V [41]). This result is complemented
by spin-resolved ARPES data and -calculations (see
Supplemental Material, Figs. S4 and S5 [41]) that prove
a chiral spin angular momentum (SAM) of the TSS.

We now turn to the electronic structure of the QL-
terminated surface, where a gaplike feature modifies the

dispersion of the TSS. This led to inconsistent interpreta-
tions of the topological character of the states, ranging from
a gapped TSS [25-27,35], over an intact DP either at the
flat part of the TSS [31,33] or at the lower Rashba-like part
of the TSS [34] (cf. Fig. 1), to even more complex scenarios
where DPs arise from additional nontopological surface
bands [37].

Based on DFT calculations the gaplike feature has been
attributed to hybridization of the TSS with states at the
valence band maximum [34]. Our Av-dependent ARPES
data in Fig. 3 experimentally confirm this hybridization
scenario and show how it drives a complex momentum-
dependent orbital-character modulation in the surface band
structure. For the upper part of the TSS we observe a strong
change in intensity at the “kink,” where the dispersion
evolves from its steeply dispersive part into the flat part
close to the T" point [Figs. 3(a)-3(d)]. At the valence band
(VB) maximum we observe similarly abrupt intensity
changes at approximately the same wave vectors. The fact
that these intensity changes occur at characteristic points in
the surface band structure and systematically for different
photon energies shows that they reflect momentum-depen-
dent variations of the initial state wave function, i.e.,
changes in the orbital composition [56,57]. Interestingly,
the relative intensities of the different parts of the band
structure also strongly vary with photon energy, as seen by
comparing the datasets in Figs. 3(b) and 3(c) to the one in
Fig. 3(d). In the light of these data we may distinguish
between parts with “TSS-like” orbital character (high cross
section at hv = 6.3 and 61 eV) and parts with “VB-like”
orbital character (high cross section at Aiv = 79 eV). The
measured intensity distributions thus indicate that the flat
part of the upper TSS acquires a strong VB-like character,
while the states close to I near the VB maximum have TSS-
like character close to the surface. This assignment is
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FIG. 3. (a)—(d) Photon-energy-dependent ARPES data along T'K for the QL-terminated surface of MnBi,Te; obtained with

p-polarized light, except for (b) measured with s polarization [T = 8 K]. (e) Intensity difference between datasets measured at hv = 61
and hv = 79 eV. (f) ARPES intensities traced as a function of /v at specific points in the band structure, indicated by boxes in (a). The
colors of the boxes in (a) correspond to the respective data sets in (f). (g)—(j) Orbital-projected surface spectral densities for the
QL-terminated surface of MnBi,Te;. (j) Difference between the surface spectral densities projected on Bi J = 1/2 orbitals in (g) and Te

J =3/2, |M;| = 1/2 orbitals in (i).

further confirmed by the data in Fig. 3(f), showing that the
measured intensities of TSS-like and VB-like parts of the
band structure exhibit different characteristic hv depend-
ences. The data in Fig. 3(f) were normalized according to
the beam line flux curve published in Ref. [58].

The observed orbital-character changes as a result of
hybridization are supported by our calculations [Figs. 3(g)—
3(j)]- We have simulated atom- and orbital-projected sur-
face spectral densities by assuming an exponential decay
from the surface (A = 10 A), reflecting qualitatively the
finite probing depth of the ARPES experiment
(Supplemental Material, Fig. S1 [41]). First, our simulation
nicely reproduces the gaplike feature in the surface spectral
density, which is independent of orbital-type and thus
attributed mainly to the surface sensitivity of the experi-
ment. This is consistent with our ARPES data where a
gaplike feature is always observed, independently of hwv.
Second, we find qualitatively good similarities between
specific orbital projections and the ARPES intensity dis-
tributions. The close correspondence to the data allows us
to identify TSS-like parts of the surface band structure to
arise mainly from Bi and Te J = 1/2 states, while the VB-
like parts and also the CB can be attributed mainly to Te
J =3/2, |M;| = 1/2 character. The difference in orbital
composition of the respective band-structure parts results in
distinct hv-dependent cross sections, which allows us to
distinguish them in our ARPES data [Figs. 3(b)-3(d)]. The
agreement between measurement and calculations is further
illustrated by the difference datasets in Figs. 3(e) and 3(j),

where TSS-like parts appear in green and VB- and CB-like
parts appear in red. Based on this detailed analysis, the DP
of the TSS can be assigned to the Rashba-like band near the
VB maximum.

The topological classification of the surface bands for the
QL termination is confirmed by spin-resolved ARPES data
and calculations (Fig. 4). Both, experiment and theory
reveal a high in-plane spin polarization for TSS-like bands.
The chiral spin texture is imaged in full momentum space in
the constant energy map in Fig. 4(d). Moreover, the sign of
the spin polarization above and directly below the gaplike
feature is found to coincide [Fig. 4(c)], further substantiat-
ing the assignment discussed above. Further, we find
experimentally and theoretically a spin polarization in
the conduction band states whose sign is reversed com-
pared to the TSS spin. The same phenomenon has been
observed for the nonmagnetic TI Bi,Se; and attributed to
surface-resonance formation [59].

The results in Figs. 3 and 4 prove that the DP lies within
the region of projected bulk valence states for the QL
termination. By contrast, a free-standing Dirac cone is
realized in the bulk gap for the SL termination (Fig. 2).
These findings bear direct relevance for the possibility of
realizing a half-integer Hall conductivity o,, = +3e*/h on
these surfaces. Specifically, our results indicate that a half-
quantized Hall conductivity can be achieved for SL-
terminated surfaces, in line with recent experiments for
MnBi,Te, [19,20]. For QL-terminated surfaces, however,
the edge states will inevitably locate in the projected bulk
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continuum, prohibiting a half-quantized Hall conductivity
independently of the position of the Fermi level [60] (see
also Supplemental Material, Fig. S6 [41]).

In conclusion, our orbital- and spin-resolved analysis
enables an unequivocal assignment of the topological
surface bands in the magnetic van der Waals materials
(BiyTes),(MnBi,Tey) (n = 1 and 2), and it establishes the
helical nature of the surface states. An ideal surface Dirac
cone is observed for MnBi,Te,-terminated surfaces. For
Bi,Te;-terminated surfaces, hybridization with valence-
band states yields a more complex band structure, with a
nonmagnetic gaplike feature in the surface spectral weight
and the surface-state Dirac point buried in the bulk
continuum. These distinct electronic features for different
surface terminations will be directly relevant to realizing
long-sought topological phenomena in MnBi,Te,-based
van der Waals compounds, such as axion electrodynamics,
Majorana fermions, or higher-order topology. Our results
also indicate that structure-property relations in van der

Waals heterostructures, e.g., several possible terminations
of a single bulk compound, can be exploited to modify the
topological electronic surface properties.
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