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Abstract: Thin films of magnetic topological insulators (TIs) are expected to exhibit a quantized
anomalous Hall effect when the magnetizations on the top and bottom surfaces are parallel and a
quantized topological magnetoelectric effect when the magnetizations have opposite orientations.
Progress in the observation of these quantum effects was achieved earlier in the films with modulated
magnetic doping. On the other hand, the molecular-beam-epitaxy technique allowing the growth of
stoichiometric magnetic van der Waals blocks in combination with blocks of topological insulator
was developed. This approach should allow the construction of modulated heterostructures with the
desired architecture. In the present paper, based on the first-principles calculations, we study the
electronic structure of symmetric thin film heterostructures composed of magnetic MnBi2Se4 blocks
(septuple layers, SLs) and blocks of Bi2Se3 TI (quintuple layers, QLs) in dependence on the depth of
the magnetic SLs relative to the film surface and the TI spacer between them. Among considered
heterostructures we have revealed those characterized by nontrivial band topology.

Keywords: topological insulators; magnetism; density functional theory calculations

1. Introduction

The combination of nontrivial band topology and magnetism gives rise to novel
spintronic phenomena, such as the quantum anomalous Hall effect and the topological
magnetoelectric effect. The defining features of the quantum anomalous Hall (QAH) ef-
fect [1] is the appearance of the quantized Hall resistivity (ρyx) and vanishing longitudinal
resistivity (ρxx) in the absence of an external magnetic field. A necessary condition for this
is the band gap opening in the Dirac surface state of a topological insulator (TI) due to the
exchange interaction between the surface electrons and the magnetic moments perpendicu-
lar to the surface. The QAH effect was observed first for the molecular beam epitaxy (MBE)
grown (Bi,Sb)2Te3 TI thin films doped with magnetic elements such as chromium [2–7] and
vanadium [8,9]. However, the observed temperature of the QAH effect in such films was
limited to below 300 mK due to the inhomogeneity of the coupling between the surface
Dirac electrons and the dopants’ magnetic moments. Later, it was reported that the QAH
effect was observed at 1 K, which was achieved by the construction of modulated thin TI
films where magnetic doping (Cr) was organized only in certain quintuple layers (QLs) of
(Bi1−ySby)2Te3 [10]. Such modulated doping enhanced the magnetically induced gap in the
TI surface Dirac state due to a higher Cr doping concentration as well as the reduction of the
doping induced disorder on the TI surface. The topological magnetoelectric (TME) effect is
another quantization phenomenon [11,12] due to which the magnetization of a material
can be induced by an external electric field, and electric polarization can be induced by
an external magnetic field. In order to observe the TME effect, the magnetizations are re-
quired to point inwards or outwards from the surface so that all the TI surfaces are gapped
and the 3D TI becomes an insulator, termed an axion insulator (AXI). The TME effect
can also occur in thin films with the anti-parallel magnetization alignment at the top and
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bottom surfaces [13,14]. The axion insulator state was realized in the modulation-doped
magnetic heterostructures prepared by the layer-by-layer MBE with Cr in the vicinity of
the top and bottom surfaces of the (Bi1−ySby)2Te3 with the asymmetric location of the
magnetic layer [15] and in asymmetric films where a nonmagnetic layer of (Bi1−ySby)2Te3
is sandwiched by a Cr-doped and V-doped layers [16].

However, there is an alternative way to combine magnetism with TI which provides
even more magnetic homogeneity than magnetic modulated doping, that is, the formation
of van der Waals heterostructures based on magnetic and topological insulators. Van der
Waals materials offer a platform that allows the creation of heterostructures (including
those composed of topological and magnetic materials) with a variety of properties [17–21].
The magnetic topological van der Waals heterostructure was experimentally realized for the
first time by self-organized incorporation of an MnSe bilayer inside Bi2Se3, resulting in the
formation of an MnBi2Se4/Bi2Se3 heterostructure [22]. Similar heterostructures composed
of a magnetic septuple layer (SL) MnBi2Te4 or CrBi2Se4 on top of TIs have been proposed
theoretically, called TI magnetic extension heterostructures [23–25]. Furthermore, MnBi2Te4
bulk crystals were found to be an intrinsic antiferromagnetic topological insulator (AFM
TI) [26–31]. It allows us to observe a number of exotic states of matter and phenomena such
as quantized magnetoelectric coupling [31], axion insulator state [27,28,32], and various
Hall effects [27,28,31–36]. A family of V-containing planar AFM TI compounds was also
theoretically proposed [37]. A homologous series of (MnBi2Te4)·(Bi2Te3)n stoichiometric
bulk materials [38–45], in which the MnBi2Te4 SLs are periodically separated by n QLs
of Bi2Te3, demonstrate tunable interlayer exchange coupling depending on n. Similar
(MnSb2Te4)·(Sb2Te3)n magnetic materials with non-trivial band topology were recently
proposed theoretically [46]. Relatively thick films composed of MnBi2Se4 and Bi2Se3, or
MnBi2Te4 and Bi2Te3 with random distribution of the magnetic SLs as well as a novel mag-
netic heterostructure Mn4Bi2Te7/Bi2Te3 were experimentally fabricated by MBE [47–49].
However, precise layer-by-layer MBE growth based on the self-organized incorporation
of an Mn monolayer [22] potentially allows the preparation of ordered van der Waals
heterostructures, composed of SL blocks of MnBi2Se4, MnBi2Te4 and MnSb2Te4 antifer-
romagnetic compounds [50] separated by QLs of related Bi2Se3, Bi2Te3, and Sb2Te3 TIs,
structurally similar to those in the modulated magnetic-doped films.

In the present study, using the state-of-the-art DFT calculations, we theoretically
scrutinize an interplay between magnetism and topology in symmetric thin films composed
of magnetic MnBi2Se4 SL blocks and QLs of Bi2Se3 TI in dependence on the depth of
magnetic SLs and the width of the TI spacer between them. We found that thin film
heterostructures, in which the magnetic SL blocks are placed on top of or near the surface
with at least a 3QL thick TI spacer, are potential candidates for realizing topological edge
states within a relatively large band gap. On the other hand, the heterostructures in which
the TI spacer is thin or absent and magnetic SL blocks are buried deep under the surface are
characterized by a small (or even absent) hybridization gap and are topologically trivial.

2. Materials and Methods

The calculations were carried out using the projector augmented-wave method (PAW) [51]
implemented in the VASP package [52–54]. The exchange-correlation effects were taken into
account using Perdew–Burke–Ernzerhof generalized gradient approximation (GGA) [55].
Spin-orbit coupling was treated using the second variation method [56]. The DFT-D3
method [57] was used to accurately describe the van der Waals interaction. All slab calcula-
tions were carried out within the repeating slabs model with a vacuum layer thickness of
10 Å. All considered crystal structure parameters were optimized until ionic forces became
less than 10−2 eV/Å. It should be noted that, in bulk material, the thickness of Bi2Se3
QL blocks is ≈9.549 Å, and the thickness of MnBi2Se4 SL blocks is ≈12.602 Å. However,
the thickness of the top QL (SL) blocks in the relaxed heterostructures becomes different
compared to their thickness in the bulk Bi2Se3 (MnBi2Se4). The difference magnitude is
not large, although it is significant. Plane wave energy cutoff was set to Ecut = 280 eV and
was kept constant through all calculations. Edge band structures were calculated within
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the tight-binding approach based on maximally localized Wannier functions [58–60] using
the iterative Green’s function method [61] implemented in the WannierTools package [62].
Mn 3d-states were treated using the GGA+U approach [63,64]. The adopted value of
Ueff = 5.24 eV was set to the one determined for bulk MnSe [65]. This value was also
compared to the one calculated using the linear response method [66] and they were found
to be similar. Chern numbers were calculated using Z2pack [67,68].

3. Results

In the present study, we consider heterostructures consisting of MnBi2Se4 and Bi2Se3
blocks stacked along the [0001] direction with MnBi2Se4 SLs located at different depths from
the surface. First, we would like to establish a nomenclature we could use to refer to certain
heterostructure configurations. For brevity, we will denote the magnetic block as M and the
number of TI blocks numerically. Thus, in general form, mMnMm means a symmetric film
containing two magnetic MnBi2Se4 SL blocks covered with m QL blocks of Bi2Se3 TI with
an n QLs spacer placed between magnetic SLs. At that, m and n can take on a zero value.
As an example, we show the structure of 1M3M1 film, that is, QL-SL-QL-QL-QL-SL-QL, in
Figure 1a.
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Figure 1. (a) Schematic structure of the MnBi2Se4-based modulated mMnMm heterostructures
(1M3M1 case is shown as an example). (b–f, left side) Calculated band structures of the MM, M6M,
1M5M1, 1M4M1, and 1M3M1 heterostructures near the Fermi level. The black lines represent the
dispersion curves. The color lines (see the legend in panel b) correspond to the weight of Bi and Se pz

orbitals. Yellow stripes in the spectra mark the band gap. (b–f, right side) Spatial localization of the
states marked in the spectra with circles of the same colors.

First, we consider the simplest MM case (m = n = 0), which corresponds to an isolated
2 SL slab of antiferromagnetic MnBi2Se4. As can be seen from Figure 1b (left panel), in this
case the band structure exhibits ≈250 meV band gap. The orbital composition of the band
gap edges, which demonstrate that the top of the valence band is formed by Se pz orbitals
and the bottom of the conduction band occupied by Bi pz orbitals, suggests that there is no
band gap inversion. This is confirmed by the Chern number C calculation, which shows
C = 0. In the artificial FM configuration (which can be achieved in the external magnetic
field), the band structure remains topologically trivial (C = 0). A similar situation has
been observed in a 2 SL slab of MnSb2Te4 [46]. In contrast, a 2 SL slab of MnBi2Te4, being
topologically trivial in the AFM state, in the FM configuration exhibits non-trivial band
topology and possesses axion insulator phase [27]. At the opposite extreme, when magnetic
MnBi2Se4 SL blocks are separated by a sufficiently thick TI spacer of six QLs (Figure 1c
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(left panel)), we have the M6M heterostructure which has been studied earlier [22]. This
symmetric heterostructure is characterized by the non-zero Chern number which shows
that this is a QAH phase. It should be noted that the band gap in the Dirac state of ≈81 meV
remains the same in the asymmetric “M6” heterostructure. This indicates that the magnetic
SL blocks do not interact with each other in the M6M heterostructure. Both the large band
gap in the Dirac state and the absence of interaction of the states of opposite surfaces stem
from their spacial localization (Figure 1c, right panel). The gapped Dirac state is located
mainly in the outer SLs that provides its effective hybridization with Mn orbitals, and states
localized on the top and bottom surfaces of the film do not overlap with each other. It is
obvious that a small decrease in the TI spacer thickness (e.g., by one QL block) will not
affect the spectrum and band topology.

Next we consider 1MnM1 heterostructures in which the magnetic MnBi2Se4 SLs are
buried under Bi2Se3 QL (similar to Cr-doped modulated films [10]) with variation of TI
spacer width n from 5 to 3 QLs. In these cases, the band structures have a lot in common
and exhibit indirect band gaps ranging from 62 to 69 meV (Figure 1d–f, left panels). Another
common feature of the 1MnM1 heterostructures is the spatial localization of the gapped
Dirac state (Figure 1d–f, right panels). It is almost equally distributed in the outer QL and
subsurface SL blocks. Compared to the M6M heterostructure, the weight of the state in the
magnetic block is decreased, which results in a smaller magnetic gap. It should be noted
that decreasing n from 5 to 3 QLs does not result in an overlap of the Dirac states localized
on the opposite surfaces of the film. The orbital composition of the band gap edges suggests
the band gap inversion, that is, in the Γ̄ point vicinity the valence band top is mainly formed
by Bi pz orbitals, while away from the Γ̄ it is mainly Se pz orbitals. On the other hand,
the conduction band is rather equally formed by both Bi and Se pz orbitals. The 1MnM1
heterostructures, when Mn magnetic moments on the top and bottom sides of the film are
oppositely oriented, are found to be topologically trivial according to the Chern number
calculation. When Mn magnetic moments in both SLs are oriented parallel, all considered
1MnM1 films exhibit no significant change in the band spectra (the band gaps are 65.8, 67.9
and 66.4 meV for n = 5, 4, 3, respectively), but show non-trivial band topology with Chern
number C = 1. Hence, in these cases it is possible to observe the quantum Hall effect in the
external magnetic field without Landau levels. On the other hand, 1MnM1 heterostructures,
being topologically trivial insulators in an antiparallel magnetic configuration and showing
C = 1 under external magnetic field, change the sign of the Chern number to −1 when
FM magnetization is reversed, indicating an AXI topological phase. Earlier, the QAH state
was observed in the modulated heterostructure of a similar architecture with Cr doping
introduced in the second (subsurface) QL of topological insulator film where an undoped
TI spacer between Cr-doped blocks of four QLs [10]. It was found that the QAH state in the
given film with immersed magnetic block is more stable than that in the heterostructure
with a magnetic block on top. In contrast, our results show no advantage for structures with
immersed magnetic block and hence it is rather due to technical limitations in the MBE-
grown heterostructures. Our results also demonstrate weak dependence of the electronic
structure of 1MnM1 films on n ranging from 3 to 5 QLs.

Figure 2 shows the edge band spectra of the 1M3M1 film cut along the (110) crystallo-
graphic plane with different magnetization directions on opposite surfaces, antiparallel,
when the film possesses the topologically trivial phase, and parallel, when it exhibits
non-trivial band topology. The edge electronic structure of the topologically trivial phase
(Figure 2a) demonstrates the gapped spectrum while being switched into the topological
phase, characterized by the C = 1, the film possesses a single linear spin-polarized state
crossing the Fermi level (Figure 2b).

Now we consider 2M3M2, 2M2M2 and 2M1M2 heterostructures in which MnBi2Se4
SLs are buried under two Bi2Se3 QLs and separated by 3, 2 and 1 Bi2Se3 QLs, respectively. In
these heterostructures the electronic spectra are rather different. They exhibit narrow band
gaps of 17 meV, 20.6 meV and 17.9 meV for 2M3M2, 2M2M2 and 2M1M2 cases, respectively
(see Figure 3a–c, left panels), for antiparallel orientation of Mn magnetic moments in top
and bottom SLs. When the magnetization has the same direction in the top and bottom SLs
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these gaps are similarly small or even absent. In both parallel and antiparallel Mn magnetic
moments orientations, the band structures exhibit trivial band topology. The small gap at
the Fermi level in these spectra emerges from hybridization of the Dirac state, localized
primarily within the two outer QLs of Bi2Se3, like in pristine Bi2Se3-type topological
insulators [69], and the hole-like parabolic band, which has maximum of localization in
the SL blocks, see Figure 3a–c (right panels). The Dirac state is gapless in the 2M3M2
case. However, it acquires a band gap as the spacer thickness decreases (and overall film
thickness) due to overlap of the topological states localized on opposite surfaces.
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Figure 2. Calculated edge band structure in the 1M3M1 heterostructure with antiparallel (a) and
parallel (b) magnetization in the MnBi2Se4 SL blocks.
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Figure 3. (a–f, left side) Calculated band structures of 2M3M2, 2M2M2, 2M1M2, 1MM1, 2MM2 and
3MM3 heterostructures and spatial localization of the states near the Fermi level. (b–f, right side)
Spatial localization of the states marked in the spectra with circles of the same colors. The notations
are the same as in Figure 1b–f.

Finally, we consider 1MM1, 2MM2 and 3MM3 heterostructures in which two SLs are
located in the center (with spacer thickness n = 0) and have a Bi2Se3 “coat” of different
thicknesses (m equals to 1, 2, and 3). In the 1MM1 case, when the AFM magnetic alignment
of Mn spins is preserved (Figure 3d), the band structure exhibits an indirect band gap of
≈85 meV, which is almost three times less than in the MM film . The band gap becomes
much smaller (20 meV) in the artificial FM configuration. As in the 2MnM2 heterostruc-
tures, this gap emerges due to hybridization between the surface Dirac states and the
state predominantly localized in the SLs. However, in thin 1MM1 heterostructure this
hybridization is much stronger. In the 2MM2 case, the band structure manifests an outline
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of the Dirac cone (Figure 3e) and the hybridization gap at the Fermi level is noticeably
smaller and comparable with those in the 2MnM2 heterostructures. In the 3MM3 case, the
Dirac cone is completely formed with a clearly visible Dirac point at the Γ̄ point (Figure 3f).
However, since the Dirac state is localized at the surface, it is practically independent
from the MnBi2Se4-derived state near the Fermi level. Hence, they do not hybridize with
each other resulting in the gapless spectrum. In the magnetic configuration with paral-
lel magnetization of the two SL blocks , the 2MM2 and 3MM3 heterostructures exhibit
metallic spectra. All these heterostructures, in which the TI spacer is small or absent and
magnetic SL blocks are buried deep under TI coat, are topologically trivial regardless of the
magnetization direction.

4. Summary and Conclusions

In summary, we have studied the MnBi2Se4-based magnetic heterostructures of
mMnMm architecture containing two magnetic MnBi2Se4 SL blocks (M) covered with
m QL blocks of Bi2Se3 with n QL spacer are placed between magnetic SLs. Such heterostruc-
tures can be fabricated by precise layer-by-layer MBE growth based on the prefabricated
Bi2Se3 layers and Mn-Se co-deposition. These heterostructures, being based on van der
Waals blocks of the stoichiometric magnetic compound MnBi2Se4, should demonstrate
greater magnetic homogeneity than magnetic heterostructures with modulated doping,
which should not impair the manifestations of non-trivial band topology by magnetic
disorder. Based on the DFT calculations, we have scrutinized the electronic structure and
topological invariants of these heterostructures in dependence on structure parameters m
and n, as well as on magnetization directions in two magnetic SLs, antiparallel or parallel.
Among the considered heterostructures, we revealed potential candidates for realizing
topological phases. These prospective heterostructures are those containing magnetic SL
blocks on top of or near the surface with a TI spacer not less than n = 3 QLs.
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