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Quantum anomalous Hall effect (QAHE) has been experimentally realized in the intrinsic antiferromagnetic
topological insulator MnBi,Te,. However, at ambient condition the magnetization of the MnBi,Te, sample
decreases significantly after it is exposed in air for a couple of days, which hinders its potential application.
Here, we theoretically propose to cover 2D van der Waals materials such as hexagonal boron nitride (h-BN)
monolayer onto the surface of MnBi,Te4. This not only protects the stability of MnBi,Te,, but also leads to
interlayer ferromagnetic coupling and further realizes the QAHE at higher temperature. We find that interlayer
ferromagnetic transition occurs generally when monolayer h-BN, MoS,, or WSe; is covered onto two or three
septuple-layer MnBi,Te, with interlayer antiferromagnetic coupling. Band-structure and topological properties
calculations show that h-BN/MnBi, Te, heterostructure exhibits a topologically nontrivial band gap around
64—75 meV, hosting QAHE with a Chern number of C = 1. Our proposed materials system should be considered
as an ideal platform to explore high-temperature QAHE due to their relatively simple and stable structures.
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I. INTRODUCTION

Quantum anomalous Hall effect (QAHE) induced by the
intrinsic long-range ferromagnetism and spin-orbit coupling,
depends essentially on the topologically nontrivial electronic
structure but without necessity of an external magnetic field
[1-5]. Thanks to its robustness against backscattering, the dis-
sipationless chiral edge states are attractive for applications in
next-generation low-power consumption nanoelectronic de-
vices [2,6]. Haldane first proposed a honeycomb lattice toy
model for the QAHE without Landau levels caused by strong
magnetic field [1]. Thereafter, there have been numerous ef-
forts to search new systems for realizing the QAHE [7-18].
Among these proposals, using magnetically doped Z, topo-
logical insulator (TT) which has inherently strong spin-orbit
coupling is one of the most common routes [8—10,19-21].
This approach has indeed been verified experimentally, where
a quantized conductance plateau could be observed in mag-
netically doped TI (Cr-doped Bi,Sb, ,Tes) film for the first
time in 2013 [22]. However, the observation temperature of
QAHE in experiment is as extremely low as 300 mK [23],
which greatly limits the application of QAHE and therefore
there is an urgent need to increase it.

In addition to introducing magnetic dopants into TIs, it
is also possible to employ magnetic proximity to construct
TI/magnetic insulator heterojunctions [14,24-28] with higher
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Curie temperature [29]. However, due to the complex interac-
tion at the heterojunction interface, the quantized conductance
was not easy to be observed experimentally [30-32]. In order
to better control the heterostructures, van der Waals (vdW)
layered materials have attracted increasing attention. Re-
cently, both experiment and theory reports have successfully
confirmed MnBi, Te, (MBT) to be an intrinsic magnetic topo-
logical insulator, as a vdW layered compound with hexagonal
lattice [33,34]. It consists of seven atomic layers of Te-Bi-
Te-Mn-Te-Bi-Te to form a basic septuple-layer (SL) unit, as
shown in Fig. 1. Based on its intralayer ferromagnetic (FM)
and interlayer antiferromagnetic (AFM) couplings, MBT ex-
hibits very rich topological states. For example, when the
layer thickness number is an odd multiple of SLs, the system
is the quantum anomalous Hall phase; otherwise, it is the ax-
ion insulator phase and exhibits topological magnetoelectric
effect characteristics [33]. Therefore, there has been intensive
investigation on its physical properties, especially about the
QAHE [35-37]. A zero-field quantized conductance plateau
was successfully observed at 4.5 K, and an additional mag-
netic field applied to the MBT could transform it from an
antiferromagnetic state to a ferromagnetic state [38]. Clearly,
in order to realize QAHE for the MBT system under zero mag-
netic field, the inherent interlayer antiferromagnetic coupling
is an undesired obstacle. In addition, MBT films are prone to
degrade at ambient condition; the magnetization Mg of MBT
sample decreases significantly after it is exposed in air for
a couple of days [34,39—41]. Therefore, finding an effective
way to protect the material is also crucial for the experimen-
tal investigations. The relatively stable 2D vdW materials,
such as h-BN [42,43], MoS, [44], and WSe, [45], have been
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FIG. 1. Top and side views of vdW heterostructures consisting of different 2D materials on top of 2SL MnBi,Te,. (a) h-BN (BrNy),
(b) h-BN (N7By), (c) h-BN (ByNp), (d) MoS,, (e) WSe,, (f) zincblende, and (g) wurtzite «-In,Se; structures.

successfully exfoliated experimentally thanks to their weak
vdW interlayers interaction. In addition, experiments [46] and
theories [47] have demonstrated that h-BN/phosphorene/h-
BN heterostructures devices exist stably in the air by
encapsulating unstable phosphorene within h-BN.

In this paper, by performing the first-principles density-
functional theory (DFT) calculation, we show that MBT/2D
vdW heterostructures not only effectively protect MBT, but
also assist interlayer ferromagnetic transition for achieving
higher-temperature QAHE. This is generally possible when
a monolayer vdW material, such as h-BN, MoS,, and WSe,,
is used to cover onto MBT having interlayer antiferromag-
netic coupling. Moreover, our DFT calculations show that
band structures of 2SL or 3SL MBT/h-BN heterostructure
manifest topologically nontrivial band gaps about 64—75 meV
depending on different ways of stacking and thickness of
MBT, while hosting QAHE with a Chern number of C = 1.
Therefore, based on their simple and stable heterostructures,
our proposed systems should be excellent candidates to realize
high-temperature QAHE.

II. METHODS

Our first-principles calculations were performed using the
projected augmented-wave method as implemented in the
Vienna Ab initio Simulation Package (VASP) [48,49]. The
generalized gradient approximation (GGA) of Perdew-Burke-
Ernzerhof type was used to treat the exchange-correlation
interaction [50]. After building seven different heterostruc-
tures with h-BN, MoS,, WSe,, a-In,Ses, and MBT, we have
carried out a systematic investigation on them. We considered
three different structures that are composed of the following
unit cells: /3x./3 h-BN and 1x1 MBT, for different stack-

ing; \/7x4/7 MoS; and 2x2 MBT; /7x+/7 WSe; and 2x2
MBT; two structures of 1x1 «-In,Se; and 1x1 MBT, for two
different phases of a-In,Se;. A vacuum buffer space of 15
A was used to prevent coupling between adjacent slabs. The
kinetic energy cutoff was set to 450 eV. The optimal lattice
constants a = b = 4.334 A of 2SL MBT are obtained through
energy calculation, consistent with the available experimental
[51] and theoretical values [52-54]. All heterojunctions mod-
els are constructed by fixing the lattice parameter of MBT
and stretching or compressing other 2D materials. All the
internal atomic coordinates in the heterojunction systems have
been fully optimized. During structural relaxation, all atoms
were allowed to relax until the Hellmann-Feynman force on
each atom was less than 0.01 eV/A. The Brillouin-zone in-
tegration was carried out by using 7x7x1 for the structural
optimization, and 9x9x 1 for the total energy at I'-centered
grids. Spin-orbit coupling [55] and the vdW interactions were
considered in all calculations, and the GGA+U method was
used with the on-site repulsion parameter Ueyr = 4.00eV [34],
where U is applied to the localized 3d orbitals of Mn. In order
to better describe the topological properties, the Berry curva-
ture and the anomalous Hall conductivity were estimated from
a tight-binding Hamiltonian, constructed by the maximally
localized Wannier functions using the WANNIER9O package
[56,57].

III. STRUCTURAL STACKING AND STABILITY

Firstly, let us explore the stacking structures of different 2D
material/MBT heterostructures. For the h-BN monolayer, as
shown in Figs. 1(a)-1(c), three heterostructures of 2SL MBT
and h-BN with different stacking can be designed. BNy
configuration means boron atoms are located at top sites above
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TABLE I. Total magnetic moments M,,, magnetic order, energy difference AE between FM and AFM/ferrimagnetic configurations, and
Curie temperature T¢ in 2SL MBT and various 2D vdW heterostructures.

Systems Mot/ i Magnetic order AEpyiarm/Fiv/meV T./K
2SL MBT 0.0 AFM 1.6

2SL MBT/h-BN (BtNy) 10.0 FM —-22.3 34
3SL MBT/h-BN (BtNp) 15.0 FM —6.0 9
2SL MBT/h-BN (NtBy) 10.0 FM —28.7 43
2SL MBT/h-BN (ByNy) 10.0 FM —45.2 68
2SL MBT/MoS, 10.0 FM —15.1 23
2SL MBT/W Se, 10.0 FM —24.4 37
2SL MBT/a-In,Se; (zincblende) 0.0 AFM 0.8

2SL MBT/a-In,;Se; (wurtzite) 0.0 AFM 2.4

Bi/Te columns and nitrogen atoms at hollow sites of 2SL
MBT. Similarly NtBy means that nitrogen atoms are located
at top sites above Bi/Te and boron atoms at hollow sites
of MBT. And, in ByNy both boron and nitrogen atoms are
located at hollows site of MBT. Our numerical calculations
suggest that the ByNy is more stable since the total energy
of BrNy is 15.0 and 27.7 meV /unit cell lower than BNy
and NtBy, respectively. In addition, we also constructed
2SL MBT/MoS,, 2SL MBT/WSe, and 2SL. MBT/«-In,Ses
and 3SL MBT/h-BN (BtNy) heterojunction models. For the
different ferroelectric phases of (zincblende and wurtzite)
a-InySes, two MBT/«-In,Ses heterojunction models are dis-
played in Figs. 1(e) and 1(f). Experimentally MBT is easy to
be oxidized and decompose in the air; thus, covering the MBT
with the relatively stable 2D vdW material could significantly
enhance the stability of MBT. Additionally, the interaction
at the interface of the vdW heterojunction should retain the
electronic structures and topological properties of MBT as we
confirm in the following sections.

IV. MAGNETIC PROPERTIES

As found in previous studies, the relatively weak vdW
interaction might also affect the interlayer magnetic cou-
pling of heterostructures [11,26,58]. For example, a high-
temperature ferromagnetic topological phase is generated in
the Bi,Ses;/EuS heterojunction due to the proximity effect
[26]. In Table I, we first present the magnetic properties
of 2SL MBT and confirm that the total energy of the an-
tiferromagnetic order is 1.6 meV lower than ferromagnetic
order, in agreement with previous study [33]. Except for
the MBT/«-In,Ses heterojunctions, our results demonstrate
that interlayer ferromagnetic coupling takes place in the
MBT/h-BN, MBT/MoS,, and MBT/WSe, systems. And, the
ferromagnetic coupling of MBT/h-BN (ByNy) is stronger,
because the layer spacing between upper and lower MBT is
smaller than that of BNy and NtBy, by 0.08 and 0.04 A,
respectively. Meanwhile, all of the ferromagnetic phases host
a magnetic moment about 5 ug/Mn atom, consistent with
previous report as well [33]. On the other hand, the energies of
antiferromagnetic states are about 0.8 meV, 2.4 meV less than
the ferromagnetic states for the systems of «-In,Ses/MBT,
whether zincblende or wurtzite phase. Especially for the
MBT/h-BN (ByNy) heterojunction, the total energy of the

ferromagnetic state is 45.2 meV lower than the antiferromag-
netic state, corresponding to an estimated Curie temperature
of about 68 K. For the MBT/MoS,, MBT/WSe, systems,
interlayer ferromagnetic coupling should also be achievable.
In addition, we calculated the magnetic ground state of the
MBT/h-BN heterojunctions by including the spin-orbit cou-
pling, and found the out-of-plane magnetic structures are
preferred over in-plane state by lowering energy about 0.42,
0.10, and 0.19 meV, respectively. Moreover, our calculations
have approved that the interlayer ferromagnetic coupling is
still preferred in the 3SL MBT/h-BN (BtNy) heterojunc-
tion system, where the energy of the ferromagnetic state
is 6 meV lower than that of the ferrimagnetic (FIM) state.
These results show that the coverage of 2D materials can
help induce the occurrence of ferromagnetic phase transi-
tion. Therefore, such MBT/h-BN heterostructures have the
potential to become candidate systems for high-temperature
QAHE.

Next, we analyze the magnetic mechanisms of different 2D
materia/MBT heterostructures. Recently, some general rules
have been proposed to study the interlayer magnetic coupling
of vdW materials [58—-60], especially for the MBT-family het-
erostructures. Li ef al. attributed the interlayer ferromagnetic
coupling to long-range superexchange interaction mediated
by the p orbitals of nonmagnetic atoms across the vdW gap,
like Te and Bi atoms in MBT [58]. In order to realize the
interlayer ferromagnetic coupling, two prerequisites are indis-
pensable in MBT-family materials. One is that the interlayer
AFM coupling should be reduced while competing with FM
couplings in the MBT-family materials. The other is related to
the different 3d electrons occupations in the two different SLs
of MBT. As shown in Fig. 2, the differential charge density
of 2SL. MBT and its heterostructures has been calculated
according to the following formula [61]:

Ap = p(total) — p(covering 2D materials)
— p(upper MBT) — p(lower MBT).

For the 2SL MBT system with the space symmetry, the
charge accumulation or depletion in the upper SL and lower
SL MBT are the same, as shown in Figs. 2(a) and 2(i). How-
ever, once covered by 2D materials, additional and different
charge transfer between the upper and the lower SL MBT
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FIG. 2. Differential charge density in (a) 2SL MBT; and vdW heterostructures with top layer of (b) h-BN (ByNy), (c) h-BN (NBy),
(d) h-BN (ByNp), (e) MoS,, (f) WSe,, (g) a-In,Ses (zincblende), and (h) a-In,Se; (wurtzite). The yellow and green isosurfaces correspond
to the accumulation and consumption of charge, respectively. Local density of states of (i) pristine 2SL MBT and (j) MBT/MoS,. Te-p, Bi-p,

and Mn-d orbitals (7, and e,) in each SL of MBT are displayed.

happens in the MBT/2D heterojunction systems. In particular,
we find that the cover layers have obviously weakened the in-
terlayer AFM coupling between the upper and lower SL MBT.
Especially for the MBT/h-BN, MBT/MoS,, and MBT/WSe,
systems, the charge changes of Mn atoms in the upper SL
MBT are different from those in the lower SL MBT. These
unequal charge changes of the Mn atoms in two different SL
MBT could cause a new hopping channel between the upper
and lower layers of Mn atoms in MBT/2D heterojunction,
which is beneficial to the interlayer FM coupling with the
weakened interlayer AFM coupling. Figure 2(j) shows the
orbital resolved local density state of the MBT/MoS,. It can
be seen that the reduction of the d-orbital occupied state of
the upper Mn atom leads to the formation of new hopping of
fe and e,, which is prone to induce ferromagnetic coupling
[60,61]. The result presents inequivalent magnetic changes
of the upper and lower layers of Mn atoms, indicating that
the interlayer magnetic coupling is type I-II with preference
to ferromagnetic coupling [58,59]. It is notable that the su-
perexchange interaction [62,63] takes place in our systems,
rather than the double-exchange interaction [64—66]. But, for
the MBT/«-In,Ses heterojunction, from Figs. 2(g) and 2(h),
charge changes of Mn atoms in the upper SL MBT are nearly
the same as those in the lower SL MBT. Hence, interlayer
AFM coupling is still preferred although the interlayer AFM
coupling has been weakened in the MBT/x-In,Ses hetero-
junction.

V. BAND STRUCTURES AND QAHE

Figure 3 presents the band structures along high-symmetry
lines for the investigated systems including 2SL. MBT, 2SL
MBT/h-BN in three different stacking ways, 2SL. MBT/MoS,,
and 2SL MBT/WSe,. One can see that all heterostructures
have energy gap opening with different quantitative values
at the I' point. The energy gap of 2SL MBT/h-BN reaches
68 meV, which is only slightly smaller than the pristine 2SL
MBT. In comparison, the energy gaps of other 2SL. MBT
heterojunctions are also smaller, but they all possess interlayer
ferromagnetic coupling. Nevertheless, the energy gaps of
these heterostructures are substantially larger than many typ-
ical systems that are possible to realize the high-temperature
QAHE. Interestingly, 3SL MBT/h-BN (B1Np) heterojunction
system also has a large nontrivial energy gap of 75 meV, as
shown in Fig. 4(c).

Finally, we pay attention to the topology properties of these
heterojunctions. We have verified that MBT/h-BN (BtNy)
heterostructure has a nontrivial topological characteristic by
calculating the Chern number, obtained from integration of
the Berry curvature for the occupied valence bands [67].
Figures 4(a) and 4(c) display Berry curvature distribution
along high-symmetry lines for 2SL and 3SL MBT/h-BN
(BTNp) heterostructures, with large positive peaks near the
I" point and vanishing in other k space, respectively. Corre-
spondingly, the total integration or the Hall conductance with
the Fermi level lying inside the band gap must be nonzero. The
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FIG. 3. Band structures of 2SL. MBT and ferromagnetic
heterostructures. (a) 2SL MBT, (b) 2SL MBT/h-BN (BtNy),
(c) 2SL MBT/h-BN (N1By), (d) 2SL MBT/h-BN (ByNy), (e) 2SL
MBT/MoS,, and (f) 2SL MBT/WSe,. The dashed line denotes the
Fermi level.

Hall conductance o,y results as a function of energy are shown
in Figs. 4(b) and 4(d). The beautiful plateau oy, = +e%/h in
the energy interval near the Fermi level corresponds to the
Chern number of C = 1. These results thus confirm that the
2SL or 3SL MBT/h-BN (BtNp) heterostructure can achieve
QAHE, and its observation temperature could be estimated
to reach up to 34 K based on the previous calculation [68].
All these prove that the coverage of top 2D materials not only
induces the occurrence of ferromagnetic phase transition,
but also effectively protects the easily oxidized MBT. The
important consequence is that we may have a large nontrivial
energy gap to achieve high-temperature QAHE.

VI. SUMMARY

Based on first-principles calculations, we find that covering
2D systems such as h-BN, MoS,, and WSe,, onto MBT topo-
logical insulator cannot only protect it from degradation by the
external environment, but also form intrinsically ferromag-
netic vdW heterostructures to realize the high-temperature
QAHE. Our results have shown that (1) interlayer ferro-
magnetic transition happens when a monolayer covers 2SL

0.5

(@)

1 68meV

E-E, (V)

(ne o) O

-0.2 0.2

0.0
E-E, (eV)
FIG. 4. Band structures along high-symmetry lines near the T’
point. The corresponding Berry curvatures are indicated in (a); Hall
conductivity as a function of energy is in (b) for 2SL. MBT/h-BN
(BtNp) heterostructure; (c), (d) are for the 3SL MBT/h-BN (BtNpg)
heterostructure.

MBT with interlayer antiferromagnetic coupling; (2) band
structures for both 2SL and 3SL MBT/h-BN heterostruc-
tures exhibit topologically nontrivial energy gaps around
64-75 meV, which host QAHE with a Chern number of C =
1; and (3) in particular, the excellent chemical stability of h-
BN helps protect MBT in the air and maintain its outstanding
electronic structure. Therefore, we expect covering 2D vdW
materials onto MBT systems should be a very appropriate
and straightforward approach for realizing high-temperature
QAHE.
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