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Local manifestations of thickness-dependent topology and edge states
in the topological magnet MnBi2Te4
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The interplay of nontrivial band topology and magnetism gives rise to a series of exotic quantum phenomena,
such as the emergent quantum anomalous Hall (QAH) effect and topological magnetoelectric effect. Many of
these quantum phenomena have local manifestations when the global symmetry is broken. Here, we report
local signatures of the thickness-dependent topology in intrinsic magnetic topological insulator MnBi2Te4

(MBT), using scanning tunneling microscopy and spectroscopy on molecular beam epitaxy grown MBT thin
films. A thickness-dependent band gap is revealed, which we reproduce with theoretical calculations. Our
theoretical results indicate a topological quantum phase transition beyond a film thickness of one monolayer,
with alternating QAH and axion insulating states for odd and even layers, respectively. At step edges, we
observe localized electronic states, in general agreement with axion insulator and QAH edge states, respectively,
indicating topological phase transitions across the steps. The demonstration of thickness-dependent topological
properties highlights the role of nanoscale control over novel quantum states, reinforcing the necessity of thin
film technology in quantum information science applications.
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Topological insulators (TIs), such as Bi2Te3, have an
inverted band gap which leads to topologically protected
Dirac-like surface states [1–4]. By introducing magnetism
into a topological insulator, the time-reversal-symmetry of the
system is broken and a magnetic exchange gap opens at its
Dirac point [5]. When the chemical potential is tuned into this
magnetic exchange gap, the quantum anomalous Hall (QAH)
effect with dissipationless chiral edge transport appears. The
QAH effect has been experimentally realized in magnetically
doped Bi2−xSbxTe3 thin films [6,7]. However, it has become
clear that the random distribution of dopants (e.g., Cr or
V) can lead to inhomogeneous magnetic exchange gaps [8]
and, more importantly for thin films, local chemical potential
fluctuations [9], which undermine the promises of the unique
electronic properties for potential applications.

Recently, it was shown that stoichiometric MnBi2Te4

(MBT) provides an alternative way to realize a magnetic TI. In
contrast to a TI with randomly distributed magnetic dopants,
MBT has an ordered crystal structure in which the magnetic
moments are arranged in layers with an A-type antiferromag-
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netic (AFM) ordering [10–14]. As a result, MBT promises
a bigger magnetic exchange gap and more uniform chemi-
cal potential than magnetically doped TIs [13,15,16]. More
interestingly, MBT thin films exhibit alternating topological
phases as their thickness decreases. In MBT thin films with
an odd number of layers, a zero magnetic field QAH state
has been theoretically predicted [11,17] and experimentally
demonstrated in transport measurements [16,18,19]. In con-
trast, the axion insulator state, which is characterized by a
vanishing Chern number but has a finite topological Chern-
Simons term, was claimed to be realized in thin films with
an even number of layers [20]. However, while the local
electronic structure of bulk MBT crystals has been studied in
detail with scanning probe techniques [21–24], the thickness-
dependent variations of electronic properties of the MBT thin
films remain elusive. Especially, how a symmetry breaking
introduced by thickness changes will affect the quantum states
in MBT remains to be explored.

Here, we report the structural and spectroscopic charac-
terization of epitaxial MBT thin films by scanning tunnel-
ing microscopy/spectroscopy (STM/S) in combination with
first-principles theoretical modeling to examine the thickness-
dependent electronic properties, which underpin the reported
QAH and axion insulator states. Moreover, we report the ob-
servation of edge states as a local manifestation of symmetry
breaking, which also allows us to infer the magnetic structure
of the MBT film. MBT films with a nominal thickness t of
several septuple layers (SL) are grown on a bilayer graphene
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FIG. 1. Epitaxial MnBi2Te4 thin films on bilayer graphene termi-
nated SiC. (a) Scanning electron micrograph of the sample showing
an island growth mode on the graphene (gr)/SiC substrate. (b)
Scanning tunneling micrograph of a MnBi2Te4 island with different
thicknesses (top), height profile along the indicated line (bottom) and
atomic model of MnBi2Te4 with indicated layer-to-layer distance. (c)
Atomic resolution tunneling image acquired on an island showing a
hexagonal lattice with lattice constant a = 4.3 Å. (d) Top view of the
MnBi2Te4 lattice with indicated lattice vectors corresponding to the
spacing of the topmost Te layer. (e) Low-energy electron diffraction
pattern showing streaks corresponding to a = 4.3 Å, indicating a
variation in the island orientation around a preferred alignment with
the graphene lattice.

terminated 6H-SiC(0001) substrate by molecular beam epi-
taxy. The growth procedure consists of alternating deposition
of Bi2Te3 and MnTe layers followed by annealing as re-
ported in Ref. [15]. After the growth, samples are capped with
∼10 nm of Te and transferred to a combined scanning electron
microscope (SEM)/STM chamber (Omicron LT Nanoprobe)
where the Te capping layer is removed by annealing the sam-
ple at ∼250 ◦C in UHV for 60 min. The subsequent STM/S
measurements are performed at 4.6 K.

SEM measurements of the decapped sample show island
growth [Fig. 1(a)]. Large area STM scans [Fig. 1(b)] reveal
MBT island thicknesses in multiples of t = (13 ± 0.3) Å =
1 SL. Atomic resolution scans on the islands show a hexag-

FIG. 2. Thickness-dependent electronic structure of MnBi2Te4.
(a) Tunneling conductance measured on MnBi2Te4 islands of differ-
ent thickness with valence and conduction band edges determined
from fitting log-scale spectra (see the Supplemental Material). (b)
Thickness-dependent experimental band gaps and comparison to
theoretical calculations using different kinds of functionals (HSE06
values reported with exact exchange fractions reported in Table I).
Independent of the functional used for the calculations, the band gap
is topological (inverted) above � 2 SL thickness.

onal lattice with lattice constant a = 4.3 Å [Fig. 1(c)],
consistent with the Te plane at the MBT surface [Fig. 1(d)]
and in agreement with measurements on MBT bulk crystals
[24]. Furthermore, low-energy electron diffraction (LEED)
measurements on the thin film [Fig. 1(e)] show circularly
elongated spots corresponding to a = 4.3 Å, in addition to
the well-known graphene/SiC substrate spots [25]. The MBT
spots indicate a preferred rotational alignment of the MBT
with the graphene substrate. From the width of the MBT spots,
we determine the alignment of the MBT islands with respect
to the substrate to have a standard deviation of ∼6.4◦ (see
Supplemental Material [26]).

Systematic scanning tunneling spectroscopy studies of the
MBT islands with thicknesses ranging from 1 SL to 6 SL
[Fig. 2(a)] show overall similarity to spectra taken on bulk
MBT crystals [24] but are shifted in energy and varying in
the gap sizes. Due to large step heights, partly mobile islands
and mobile adsorbates on the surface, STS experiments were
difficult, limiting the amount of available spectra at each layer
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TABLE I. Band gaps �, exact exchange values α and moments
per Mn atom as function of layer thickness t determined by fit of
HSE06 hybrid functional calculations to the experimental data.

t (SL) 1 2 3 4 5 6

� (meV) 323 147 157 174 175 198
α (%) 10 10 35 37 25 43
μB/Mn 4.27 4.26 4.47 4.48 4.41 4.51

thickness. Independent of the layer thickness, we find that the
conduction band edges of the films are located near the Fermi
energy EF. This band shift can be attributed to the same lattice
defects that render bulk MBT electron doped, particularly
Te vacancies and antisite defects [23,51]. This observation
is also in agreement with other vdW thin films grown on
graphene/SiC substrates [40]. Our results further show a sys-
tematic change of the MBT island band gap sizes as function
of their layer thickness. The extracted band gaps [Fig. 2(b)]
show a sharp decrease in gap size from 1 SL (∼296 meV)
to 2 SL (∼152 meV), followed by a gradual increase of the
band gap up to ∼200 meV for 6 SL (the thickest film studied
here). Interestingly, odd layers tend to show slightly smaller
gaps while even layers show slightly bigger gaps within the
error bars. Indeed, for S � 2 SL we find that a linear fit results
in a sum of squared residuals of 572 meV, while the residual
with respect to our HSE calculations is only 332 meV, i.e., the
latter is statistically more likely to be correct. The sizes of the
observed gaps generally agree well with recent photoemission
experiments [52], but are significantly larger than theoreti-
cally predicted gaps [17]. Possible explanations for a nonzero
dI/dV signal inside some of the gaps include tip-induced
band bending, in-gap defect states and a not entirely gapped
surface state, similar to observations on MBT bulk crystals
[24].

To capture the experimental trend and obtain a quantita-
tive comparison of the measured band gaps, we performed
density functional theory (DFT) calculations with improved
treatment of nonlocal exchange and correlation effects, which
allow us to explore the sensitivity of thin film band gaps to
interlayer separation, as well as local magnetic moments. A
summary of our calculations is shown in Fig. 2(b) alongside
the experimental data. Using Perdew-Burke-Ernzerhof (PBE)
functionals and a Hubbard U of 4 eV, our theoretical calcula-
tions qualitatively reproduce the trend of our experiments (for
details on the calculations see the Supplemental Material). In-
terestingly, even when using the same DFT-D3 type dispersion
correction and Hubbard U [41,42], we find that the interlayer
distances obtained from PBE are generally larger than those
obtained from the PBEsol functional by ∼0.5 Å, with the
PBE interlayer separation tending towards the bulk value of
13.6 Å [43] for 6 SL (Fig. S2). However, for thicknesses
of 3 to 4 SL, the PBEsol+U functional [44], which is an
improved functional for solids, predicts the interlayer distance
to be close to 13.1 Å, which is in better agreement with our
experimentally measured layer thickness of (13.0 ± 0.3) Å.
Consequently, due to different vdW interlayer distances, there
are quantitative differences in the band gaps as function of
thickness. Overall, we find that for thicknesses of 3 SL and

FIG. 3. Calculated band structure and edge states of a 3 SL and
4 SL MnBi2Te4 film. (a) Bulk band structure of 3 SL film with (b) a
gapless QAH edge state which crosses the band gap. (c) Bulk band
structure of 4 SL film with (d) a topologically trivial edge state with
a gap. Symbol sizes in (a) and (c) indicate strength of the orbital
contribution to the eigenvalue spectrum.

4 SL, the structures with smaller interlayer separation, ob-
tained from PBEsol+U, show a larger gap than the ones
obtained from PBE+U. Using a real-space code (RMG-DFT

[45–47]) with harder pseudopotentials, we find a similar trend
for the band gaps as from our plane-wave VASP calculations.
For both, PBE+U and PBEsol+U, even layers show a larger
gap than odd layers, due to the antiferromagnetic ordering,
which results in uncompensated moments in odd layers. This
even-odd oscillatory behavior on the bandgap is consistent
with our experiments and is reduced with increasing layer
thickness as expected in the thermodynamic limit. We note
that for t � 1 SL the spin-orbit coupling and exchange gaps
dominate the opening of the band gap. Quantitatively though,
PBE/PBEsol+U functionals still significantly underestimate
the gaps observed in the experiments.

To resolve this discrepancy, we resort to the more com-
putationally expensive Heyd-Scuseria-Ernzerhof-type hybrid
functionals (HSE06) [48–50], which includes a varying de-
gree of exact exchange interaction to the total potential, to
capture nonlocal effects in the correlation of electrons with
the same spin. From calculations with the hybrid functional
approach, we find that adding the exact exchange gener-
ally results in larger gaps than obtained from PBE+U and
PBEsol+U (see the Supplemental Material for details). As a
result, by varying the exact exchange, we can fit the band gaps
obtained from PBEsol+U+D3 to the experimental gap data,
resulting in the values listed in Table I. These results directly
indicate that the thinner films (1 SL and 2 SL) have ∼0.2 μB

lower local moment per Mn atom compared to the thicker
films (3 to 6 SL), which are close to the theoretical bulk value
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FIG. 4. Observation of edge states. (a) Topography of a 4 SL-3 SL step edge. (b) Tunneling conductance at different locations across the
step as indicated in the inset. Away from the edge, the spectra on the terraces correspond to the spectra shown in Fig. 2. Near the position of
the edge (indicated as dashed line in the inset) an additional density of states is observed, indicating the presence of an edge state. Stabilization
parameters: E − EF = 0.5 V, It = 100 pA. (c) Tunneling spectra taken along the line indicated in the inset in (b) aligned with the height profile
along the same line. The increased density of states of the edge state feature is visible on top of the flat terrace in vicinity to the topographic
edge. (d) Intensity map of the tunneling conductance at E − EF = −0.3 eV showing the spectral feature of the edge state along the edge. (e)
Same as (b) but for a 5 SL-4 SL step edge.

(∼4.51 μB per Mn), as detailed in the Supplemental Material.
Our calculated moments are in the range of reported bulk
magnetic moments [12,13] (see the Supplemental Material
for more details). Even layers in general have similar sized
or higher moments per Mn atom, than the thinner odd layers,
thus explaining the larger gaps observed on the even layers
compared to the odd layer due to the overall antiferromagnetic
ordering.

Independent of the employed functionals, our calculations
show a sharp decrease of the band gap from 1 to 2 SL fol-
lowed by the opening of an inverted gap for �2 SL. This
inverted band gap gives rise to QAH and axion insulator
phases in odd and even layers, respectively. We calculated
the resulting edge states in a 3 and 4 SL film (Fig. 3). For
a 3 SL film, the uncompensated magnetic moments result in
the breaking of time reversal symmetry, which gives rise to a
topologically protected gapless edge state, namely, the QAH
edge state. In contrast, for a 4-SL film, the combination of
preserved time-reversal-symmetry and half translation sym-
metry (T �1/2) results in an edge state that is not topologically
protected and for which our DFT calculations predict a gap
of 20 meV. We explore the latter edge state experimentally
by studying a 4 SL-3 SL step edge [Fig. 4(a)]. STS mea-

surements across the step edge [Fig. 4(b)] show the presence
of an increased dI/dV signal on the 4 SL terrace, next to
the topographic position of the step edge. The spectroscopic
signature of this edge state is an increased density of states in
the energy range −0.35 eV � E � 0 eV, i.e., extending into
the � ≈ 175 meV band gap observed on the 4 SL terrace.
The lateral extension of the edge state into the 4 SL terrace
is ∼1.5 nm [Fig. 4(c)]. In qualitative agreement with our cal-
culations, this edge state has a gap of � ≈ 55 meV, which is
located at the Fermi energy. In differential conductance maps
corresponding to the edge state energy E − EF = −300 meV,
we find that the edge state extends along the topographic
step of the 4 SL terrace [Fig. 4(d)], similar to the case of,
e.g., the quantum spin Hall edge state in WTe2 [40,53]. The
observation of the gapped edge state in the 4 SL film indicates
an AFM alignment between the layers such that the individual
layer’s magnetic moments are compensated, because if the
film had a net magnetic moment we would expect a gapless
QAH edge state based on theory. In combination with the
remarkable agreement between our film thickness-dependent
theoretical calculations of the electronic structure with our
experimental STS data, we therefore conclude that the ob-
served edge state feature is the manifestation of the axion
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insulator edge state. In comparison, the edge state observed
at a 5 SL-4 SL step edge is expected to show metallic be-
havior, yet we still observe a small gap of ∼10 mV near
EF [Fig. 4(e)]. This small gap at EF could be indicative of
a Tomonaga-Luttinger liquid behavior in the metallic edge
state, which results in an algebraic suppression of the tunnel-
ing density of states towards EF, similar to those observed
in QSH edge states in other systems [40,53,54]. To deter-
mine the underlying nature of the observed gap warrants
further study. We note that the measurement of the 5-SL edge
state suffers from a somewhat insulating tip, but was repro-
ducible. Additional data can be found in the Supplemental
Material.

In conclusion, we have demonstrated the local manifesta-
tion of QAH and axion insulator phases in MBT thin films
with varying thickness. The observation of a gapped edge
state at an even-odd layer step edge and nearly metallic edge
state at odd-even steps supports the existence of the axion
and QSH phase. A temperature-dependent study of the local
electronic structure of MBT thin films could provide further
insight into the nature of the surface and edge states, as a
transition to a 3D TI is expected above the Néel temperature.
In combination with s-wave superconductivity, the QAH and
axion state in MBT thin films provide a route towards the
realization of Majorana zero modes for topological quantum
computing [55]. Lastly, we note that we observe an overall
larger fraction of even layer thicknesses than odd layers in our
samples. This observation indicates that MBT films with even
layer thicknesses are energetically favored during the film
growth, likely due to their compensated magnetic moments.
This finding could possibly be exploited to achieve uniform
film thicknesses for applications.

From a theoretical point of view, the improved agreement
of our calculations with experiments, by variation of the
exact exchange for different thicknesses, suggests a compli-
cated interplay between electronic correlations, magnetism,
and hybridization. This makes MBT an interesting benchmark
system to validate a variety of theoretical methods beyond
the conventional DFT approach such as the dynamic mean
field theory and quantum Monte Carlo methods [56]. Further-

more, while plane-wave DFT-methods do not allow explicit
simulations of step-edges, we demonstrate that DFT methods
using multiresolution real-space grids are suitable for large-
scale simulations [45–47], which agree well with plane-wave
codes and enable calculations of edge states for arbitrary film
thicknesses in future studies.
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