PHYSICAL REVIEW B 105, 155122 (2022)

High Chern number quantum anomalous Hall effect tunable by stacking order in van der Waals
topological insulators

Wenxuan Zhu, Cheng Song ©,” Hua Bai, Liyang Liao, and Feng Pan’
Key Laboratory of Advanced Materials, School of Materials Science and Engineering, Beijing Innovation Center for Future Chips,
Tsinghua University, Beijing 100084, China

® (Received 4 December 2021; accepted 8 February 2022; published 14 April 2022)

The discovery of van der Waals (vdW) MnBi, Te, provides a platform for investigating the quantum anomalous
Hall effect (QAHE), which is a candidate for quantum computation without dissipation. However, because of
the topological requirement, the High Chern number QAHE with extended dissipation-free channels is hard to
achieve in atomically thin samples, which can take full advantage of two-dimensional (2D) materials. In this
work, by first-principles calculations, the variable stacking order (inherent to vdW materials) was proposed as a
means of regulating the Chern number of the QAHE in MnBi,Te, (MBT). The interlayer stacking order in the
2D limit dominates the orbital hybridization, resulting in a tunable topological property. Furthermore, the High
Chern number QAHE with C = N was achieved in ultrathin MBT (2N septuple layers) with alternate stacking
orders, which have different topological states. This scenario was extended to the vdW heterostructure of MBT-
family materials for achieving a stable, zero-field, High Chern number QAHE. Our work reveals stacking tunable
topological properties in vdW magnetic topological insulators and provides an effective means of regulating the

QAHE.
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Topologically protected quantum states, robust against lo-
cal perturbations, are unique features in topological materials
[1,2]. Especially in the context of introducing ferromagnetism
into the topologically nontrivial band structure (Z, # 0) in
topological insulators (TIs), the magnetic order breaks the
time-reversal symmetry, and a chiral edge mode between the
opened Dirac point at the surface states is evident [1,3,4].
The chiral edge mode gives rise to the QAHE; its dissipation-
free edge channel is promising for future low-power quantum
computations [5,6]. The Chern number (C) determines the
number of the chiral edge channels, and characterizes the
topological invariance of the band structure [7,8]. The QAHE
with a high Chern number (C > 1), which provides more
dissipation-free channels, can reduce the contact resistance
in devices and facilitate quantum computations [9,10]. The
QAHE with C = 1 has been widely observed in several mag-
netic TIs, such as Cr- and V-doped (Bi, Sb),Te; [11-13],
and magnetic insulator/TT heterostructures by the proximity
effect [14,15]. The recent discovery of intrinsic van der Waals
(vdW) topological magnetic TI MnBi, Tes (MBT) provides an
ideal platform for achieving the QAHE [16-20]. Neverthe-
less, because of the topological requirement, massive stacked
bulk materials with a large thickness are generally necessary
to increase the Chern number to higher quantized values
(C > 1), such as bulk MBT with ten septuple layers (SLs)
(>13 nm) [21]; so doing decreases the advantage of vdW two-
dimensional (2D) materials. Another possibility for achieving
a high Chern number is constructing heterostructures with
multiperiod topological and conventional insulator layers, in
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which the large-thickness requirement remains because of the
spacer layer of a conventional insulator [22,23]; researchers
require an efficient method for regulating the QAHE in the
2D limit.

Based on flexible construction, which is a characteristic
of 2D materials [24], research on the QAHE has consider-
ably advanced. CrI3/MBT [25], MBT/VBi,Tes (VBT), and
MBT/EuBi,Tes (EBT) heterostructures [26,27] are predicted
to transform the interlayer antiferromagnetic coupling of
MBT into ferromagnetic coupling, which can stabilize the
magnetic configurations and surface states; in so doing, the re-
quirement of an external magnetic field for the QAHE will be
eliminated. The combination of MBT and Bi,Te; layers can
also increase the critical temperature of the QAHE to several
kelvin [28,29]. Another more important inherent feature of
2D materials, the variable interlayer stacking order, provides
anew possibility for regulating intrinsic properties. A variable
stacking order has been achieved through molecular-beam
epitaxy, which can be used to tune the interlayer magnetic
coupling in various 2D magnetic materials [30-34] and de-
termine the interlayer ferroelectric polarization in hexagonal
boron nitride [35]. Moreover, the stacking orders are also
predicted and observed to regulate various topological states
in nonmagnetic low-dimensional vdW topological materi-
als [36-38], such as ternary transition-metal chalcogenides.
Therefore, the variable stacking order is a promising proce-
dure within the 2D limit for regulating the QAHE in vdW
magnetic TIs.

In this work, by first-principles calculations based on
density-functional theory [39-43], we achieved the QAHE
with a tunable high Chern number by regulating the stack-
ing order in an MBT multilayer. By regulating the interlayer
stacking order, both topologically trivial and nontrivial states
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FIG. 1. (a,b) Structures and interlayer differential charge densities of A-B-C (a) and A-A (b) stacked MnBi,Te, (MBT). (c—f) Band
structures without spin-orbit coupling and left edge states of an MBT bilayer in A-B stacking order (c,d), and A-A stacking order (e,f).
(g) Schematic of the High Chern number quantum anomalous Hall effect in an MBT multilayer with alternate stacking orders. The black

arrows indicate the chiral edge channels of the MBT layers.

in MBT were obtained in a bilayer MBT, which was deter-
mined by the hybridization of the interlayer Te p orbitals.
The QAHE with C = N was achieved in 2N -SL MBT with
alternate stacking orders, which exhibit topologically trivial
and nontrivial properties. The nontrivial layer, which can tune
the Chern number, was reduced to an interface. Furthermore,
a robust High Chern number QAHE with zero field was
also predicted in MBT/VBT with a similar arrangement of
stacking orders.

Figure 1(a) shows a vdW magnetic TI MBT, composed
of layered Te-Bi-Te-Mn-Te-Bi-Te SLs with a stacking order
of A-B-C [16]. In the pristine stacking order A-B-C, each
SL shifts 1/3 in-plane distance between two Mn atoms along
the x direction and the interlayer Bi atoms from two SLs are
aligned in the z direction. Another high symmetric stacking
order, which has also been observed and proposed in many
other 2D materials [30,31,33,34,44], is A-A [Fig. 1(b)]. The
Mn atoms of two adjacent SLs are aligned in the z direction.
In the A-B-C and A-A stacking orders, the stacking of the
interlayer Te atoms is also distinct, which can lead to differ-
ent topological properties. In A-B-C, the interlayer Te atoms
are staggered along the z direction with a smaller interlayer
distance of 2.75 A and a large interlayer charge redistribution

was achieved in the vdW gap between layers as illustrated by
the differential charge density (DCD) in Fig. 1(a). The large
charge redistribution resided not only between the interlayer
Te atoms but also around the Bi atoms away from the inter-
layer vdW gap, leading to the strong interlayer coupling.

The significant interlayer DCD indicates the strong hy-
bridization between the valance electron orbitals of interlayer
Te atoms, i.e., 5p orbitals, and we describe such p-p interac-
tion as “quasibonding.” The interlayer quasibonding of Te-p,
orbitals would consequently lift its antibondinglike state to-
ward the Fermi level in the valance bands [37]. Therefore, the
strength of the interlayer quasibonding is pertinent to increas-
ing the top of the valance bands occupied by the Te-p, orbitals
at the I' point in k space. In the situation of AB stacking
with large interlayer hybridization and strong quasi-bonding,
a direct band gap was formed with a small gap energy without
consideration of spin-orbit coupling (SOC) [Fig. 1(c)]. By in-
troducing SOC, the direct band gap with small gap energy led
to the appearance of topologically nontrivial band structure
with band inversion between Bi-p, and Te-p, orbitals at the
I' point [25,45]. The QAHE with C = 1 was achieved in an
A-B stacked MBT bilayer when an external field was applied
to align the antiferromagnetically coupled moments and break
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FIG. 2. (a—c) Band structure with spin-orbit coupling of a high Chern quantum anomalous Hall effect (QAHE) multilayer. The insets show
schematics of the stacking order. An additional inset in (b) indicates the band projection from the two A-B stacked bilayers. The inversion
between the Bi-p, and Te-p, orbitals at the I" point is highlighted in blue and red, respectively. (d,e) Left edge state (d) and anomalous Hall
conductance (e) of a High Chern number QAHE multilayer. The insets in (e) show the magnetic configurations.

the time-reversal symmetry, indicated by the chiral edge state
[Fig. 1(d)]. In contrast, the interlayer distance in the A-A
stacking order was much larger and a less-redistributed charge
was mainly present between the interlayer Te atoms indicat-
ing a much weaker interlayer hybridization and quasibonding
between interlayer Te-p orbitals compared to AB stacking
[Fig. 1(d)]. Due to the weaker interlayer quasibonding and
atomic force, the total energy of AA stacking was 71 meV /f.u.
higher than the ground state of MBT with AB stacking. The
small energy difference makes it possible for AA stacking to
also exist in practical situations. Most importantly, the weak
interlayer hybridization in the A-A stacking made the Te-p,
orbitals which occupy the top of the valance bands at the
I' point possess lower-energy states. This led to an indirect
band gap with a much larger gap energy, as highlighted in

the band structure without SOC [Fig. 1(e)]. Therefore, a topo-
logically trivial property without an edge state was obtained
by introducing SOC [Fig. 1(f)]. In addition to the effect of
the interlayer distance, the orientation of the interlayer Bi-Te
bonding also influenced the interlayer orbital hybridization
when taking another stacking A-C into consideration [43].

In an N-layer ferromagnetic Weyl semimetal (WSM), the
ideal anomalous Hall conductance (AHC) is given by oy, =
Nlky|e?/h, in which |ky| denotes the ratio of I'-W (Weyl
point) to I'-Z along the I'-Z direction in k space [21,26].
Because of the topological requirement, o,, is quantized in
vdW WSM. Therefore, the AHC is o, = ([N IIEW 14 1)ée? /h
and an increase of the Chern number by 1 requires an in-
crease of the layer number AN = 1/|ky|, resulting in the
large thickness required for achieving a high Chern QAHE
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[21,26]. In addition to increasing in thickness, another pos-
sibility for achieving a high Chern number is sandwiching
the magnetic WSM with a conventional insulator. Because
of the topologically trivial band structure in conventional
insulator layers, the AHC of this heterostructure changes
t0 Oy = Z:’zl([N,-UEWI,-] + 1)e?/h, in which n denotes the
number of topologically nontrivial layers separated by topo-
logically trivial layers. In this scenario, accumulation of one
cycle of a magnetic WSM/conventional insulator [22] (or a
WSM/magnetic insulator [24]) increases the Chern number
by 1.

As demonstrated in previous paragraphs, distinct topologi-
cal states in MBT are also readily obtained by adjusting the
interlayer stacking order, which is a straightforward means
of constructing a high Chern QAHE system. As an interface,
the interlayer stacking order enables regulation of the Chern
number in the 2D limit, reducing the thickness to an atom-
ically thin scale compared with the previous utilization of a
conventional insulator as a spacer layer between the WSM
layers. Based on this guidance, the interlayer stacking orders
of an MBT multilayer was designed, based on the A-A and
A-B-C stacking orders; the magnetic moment of each SL
was aligned in the same direction along the z axis to break
the time-reversal symmetry. Figure 1(g) shows a schematic
of our design. The MBT bilayer in A-B stacking with one
chiral edge state (C = 1) is the basic building block of a high
Chern MBT multilayer. By combing two A-B stacked MBT
bilayers with an A-A stacking order, a topologically trivial
interface was created between two magnetic WSM layers,
which resulted in a doubling of the chiral edge states (C = 2).
On this foundation, further accumulating one A-B stacked unit
with an interlayer A-A stacking order achieved a tripling of
the edge modes.

The band structure with SOC and topological properties of
MBT multilayers was investigated; the Supplemental Material
shows the corresponding atomic structures [43]. Figure 2(a)
shows the topologically nontrivial band structure of an A-B
stacked MBT bilayer. With both SOC and strong interlayer
hybridization indicated in Fig. 1(a), a pair of band inversions
between the p, orbitals of interlayer Bi and Te atoms was
formed at the I" point in k space. When two A-B bilayers
were spaced by an A-A stacked interface [Fig. 2(b), inset],
the bands at the top of the valance bands and the bands
at the bottom of the conduction bands split. Consequently,
the number of the inversed bands doubled [Fig. 2(b)]. The
effect of the dipole resulting from the broken symmetry of
the structure was also excluded through the comparison with
the band structure after the dipole correction [43]. Generally,
in a pristine MBT multilayer with consistent A-B-C stacking,
every Bi-Te/Te-Bi at the interlayer interface is topologically
nontrivial and coupled through strong interlayer orbital hy-
bridizations, resulting in an overlap of their energy bands
[43]. In contrast, the weak interlayer coupling of A-A stacking
splits the bands around the Fermi level; they are contributed
by the two separated A-B stacked bilayers [Fig. 2(b)]. It is
important that the interlayer hybridization shown in Fig. 1(b)
ensures magnetic coupling between two A-B units separated
by an A-A stacked interface. The comparatively weak but
still evident interlayer coupling in A-A stacking prevents the

degradation of bands from two A-B units, which will happen
when two A-B units are completely decoupled. Therefore, two
pairs of band inversions composed of Bi-p, and Te-p, orbitals
become evident, reflecting the feature of C = 2. Furthermore,
a nontrivial band structure with triple band inversions was ob-
tained in three A-B bilayer units separated by a topologically
trivial A-A interface [Fig. 2(c)], which indicates the QAHE
with C = 3.

Figures 2(d) and 2(e) show the edge state and AHC (o0 ,)
of the designed MBT multilayers, which provide direct evi-
dence for the high Chern number QAHE. In Fig. 2(d), with
accumulation of each MBT bilayer in A-B stacking separated
by the interface of the A-A stacking, the number of the chiral
edge states of the surface state increases by 1. The increased
chiral edge state leads to enhancement of the quantized o,
[Fig. 2(e)], which further demonstrates the high Chern number
QAHE.

Although the A-A stacking changes the topological prop-
erties of MBT, the interlayer antiferromagnetic coupling of
MBT remains unchanged, with an energy of 0.3 meV/u.c.
(unit cell), which is lower than that of ferromagnetic coupling
[43], as the result of the half-occupied d orbitals of Mn2*
[26,27]. Considering that the designed MBT multilayers re-
main antiferromagnetically coupled, an external magnetic
field remains essential for achieving a robust, high Chern
number QAHE, which is unfavorable for practical appli-
cations. Theoretical predictions indicate that by combining
MBT with other vdW magnetic TIs from the same family,
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FIG. 3. (a) Schematic and magnetic ground state of five septuple
layer (5 SL) MnBi,Te, (MBT)/MBT/VBi,Te, (VBT) heterostruc-
tures with alternate stacking orders. The pink arrow indicates the
magnetic moment of each layer. The green arrows indicate the chiral
edge channels of the MBT/VBT layers. (b,c) Wannier charge cen-
ter loops of A-B-C stacked MBT/VBT/MBT (b) and A-B stacked
VBT/MBT (c). Red curves represent the evolution of the sum of
Wannier charge center of all occupied states. (d) Right edge state
of a five SL MBT/VBT heterostructure with C = 2.
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the magnetic ions of which have empty orbitals [such as VBT
(V#t) and EBT (Eu”")], researchers can create interlayer fer-
romagnetic coupling through interlayer exchange interactions.
Ferromagnetically coupled MBT/VBT(EBT) heterostructures
retain their topologically nontrivial property and achieve a
robust, zero-field QAHE in both an odd and even number of
layers. Therefore, alternate stacking orders were extended to
MBT/VBT heterostructures for achieving a robust, high Chern
number QAHE with zero field.

First, the A-A stacked MBT/VBT bilayer exhibited in-
terlayer ferromagnetic coupling with a total energy of
0.2 meV /u.c. (lower than that of antiferromagnetic coupling
[43]); which was the same as that of A-B stacking. Consider-
ing that the quite small band gap of the MBT/VBT bilayer at
the I point corresponds to challenges in the context of achiev-
ing multiple edge states [27], A-B-C stacked MBT/VBT/MBT
three-SLs were combined with an A-B stacked VBT/MBT
bilayer through an A-A stacking order, which concomitantly
ensured a large band gap and a minimal layer number. The
five-SL-MBT/VBT heterostructure exhibited the ground state
of interlayer ferromagnetic coupling with an out of plane
magnetic easy axis in each layer [43]; Fig. 3(a) shows a
schematic, and the Supplemental Material shows its atomic
structure [43]. First, MBT/VBT/MBT and VBT/MBT were
both topologically nontrivial with C = 1 without an external
magnetic field, indicated by the Wannier charge center loops
in k space in Figs. 3(b) and 3(c), respectively. By combining
these two parts with C = 1 through an A-A stacking order, a

zero-field magnetic TI with C = 2 was obtained. The double
gapless chiral edge states [Fig. 3(d)] indicate dual channels
for dissipation-free quantum computation at zero magnetic
field.

In conclusion, utilizing the advantage of the variable stack-
ing order that is unique in vdW materials, we regulated
the Chern number of the QAHE in an MBT multilayer.
The number of chiral edge states was increased by accumu-
lating topologically nontrivial layers, which were separated
by trivial stacked interfaces, providing more channels for
QAHE-based quantum computations. Our design will facili-
tate reduction of the large cost of the thickness of an interface
upon increasing the Chern number (compared with previous
scenarios), such as by constructing heterostructures with mul-
tiperiod topological and conventional insulators. Methods for
preparing a vdW single layer and heterostructures by precise
control (such as by mechanical exfoliation and transfer, and
molecular-beam epitaxy) will facilitate development of the
proposed structure. Our work provides a means of achiev-
ing a high Chern number QAHE system and will facilitate
corresponding regulation through the stacking order in 2D
materials.
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