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Stacking-dependent topological quantum states in bilayer Mn,Cl;Br;

Xinlei Zhao,"?> Peng-Jie Guo,? Fengjie Ma®,">" and Zhong-Yi Lu®3

'The Center for Advanced Quantum Studies and Department of Physics, Beijing Normal University, Beijing 100875, China
2Key Laboratory of Multiscale Spin Physics (Ministry of Education), Beijing Normal University, Beijing 100875, China

3Department of Physics, Renmin University of China, Beijing 100872, China
@ (Received 17 November 2022; accepted 16 June 2023; published 21 July 2023)

Stacking-dependent physics is emerging as a fascinating research topic for two-dimensional materials. A
variety of novel properties can be achieved by layer stacking according to different modes. However, most of
the studies focus on the impact of electronic, superconducting, optical, and magnetic properties. In this work,
we have systematically studied the stacking-dependent topological quantum states in bilayer Mn,Cl;Br; by the
first-principles electronic structure calculations. Here, ferromagnetic layer coupling is always favored in different
stacking modes. Many exotic topological quantum states, such as topological nodal-ring spin-gapless semimetal
state, spin-valley polarized quantum valley Hall (SVP-QVH) effect, and high Chern number quantum anomalous
Hall effect can be realized in this single system. Among these states, the SVP-QVH is a new topological phase
discovered for the first time, in which there are two topologically protected gapless chiral edge states that carry
the same spin, localize respectively on the two polarized valleys, and propagate in opposite directions along
the edges. The spin-valley polarized anomalous valley Hall effect can be further realized with electron doping
or gate tuning, resulting in edge states that integrate multiple degrees of freedom of valley, spin, and charge.
Our research therefore provides an idea for discovery of new topological phases and design of two-dimensional

multifunctional electronic, spintronic, and topological devices.

DOLI: 10.1103/PhysRevResearch.5.033040

I. INTRODUCTION

Due to the reduced dimensionality and symmetry, two-
dimensional (2D) materials exhibit lots of fantastic and unique
characteristics in electronic, magnetic, thermal, and mechan-
ical properties, and thus have attracted tremendous interest
from researchers in varying fields [1-4]. In recent years, the
stacking-dependent phenomena in 2D bilayer structures are
emerging as a fascinating topic, disclosing novel physical
properties that are critical for state-of-the-art technological
applications [5-21].

In bilayer materials, two 2D atomically thin layers stack
vertically together by van der Waals interactions, giving rise
to not only the possibility of combining the inherent properties
of each layer, but also the possibility of emerging properties
far beyond those of the individuals [4—13]. The extra layer
degree of freedom in bilayer materials can result in rich phase
diagram [4-9]. Moreover, since the interlayer coupling can be
adjusted flexibly by interacting with different surfaces, result-
ing in stacking-dependent electronic properties, the physical
properties of bilayer system can be precisely engineered. The
most well-known example of stacking-dependent 2D system
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is bilayer graphene, in which two graphene monolayers are
stacked together with small twisted angles, resulting in the
vanishing of Fermi velocity and the development of flat en-
ergy bands hosting domes of superconductivity, thus opening
the era of twistronics [14,15]. Another typical example is
bilayer Crls, whose magnetic ground state can be modulated
by changing the stacking configurations [19]. However, de-
spite the increased efforts devoted to the field, studies of
stacking-dependent phenomena in 2D systems have so far
mainly focused on the electronic, superconducting, optical,
and magnetic properties [16—19]. There is only very lim-
ited exploration of whether stacking-dependent phenomena
can be extended to topological properties [21], which would
be of fundamental interest and greatly enrich the stacking-
dependent physics of bilayer structures.

Recently, the experimentally synthesized 2D Janus mono-
layers become an exciting new class of materials that
exhibit unique optical, electronic, valleytronic, and topolog-
ical properties [22-29], such as Janus graphene with powerful
surfactants [22], Janus transition metal dichalcogenide MoSSe
that shows high basal plane hydrogen evolution reaction
activity, topological, and ferroelastic properties [23-25]. In
comparison with their prototypes MX, (M and X repre-
sent transition metal and chalcogen element, respectively),
2D Janus materials have an asymmetric out-of-plane struc-
tural configurations of different elements on the upper and
lower surfaces, which breaks the space-inversion symmetry or
mirror-z (M;) symmetry, and thus can induce many superior
properties [26-29].

As we have known, if the space-inversion and time-
reversal symmetries simultaneously exist in a system, Berry
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curvature will vanish in the entire Brillouin zone (BZ) [30].
For 2D Janus materials with hexagonal lattices, the break-
ing of space-inversion symmetry not only results in nonzero
Berry curvature, but also lifts the degeneracy of K and K’
valleys, leading to a controllable valley pseudospin degree
of freedom [31]. The valleys possess opposite spin splittings,
Berry curvatures, and orbital magnetic moments, which can
generate exotic physics, such as the valley Hall effect and
optical circular dichroism [28,29,32]. If the materials have
intrinsic magnetism that further breaks the time-reversal sym-
metry, they can host the quantum anomalous Hall (QAH)
effect and topologically protected chiral edge states which
carry dissipationless current, providing a fertile platform for
realizing low energy consumption and dissipationless spin-
tronic devices [33—44]. The combination of topological and
valley physical properties therefore makes 2D Janus materials
a promising candidate for future technological applications.
However, despite intensive research for decades, the reports
of 2D Janus materials with intrinsic magnetism are still very
rare. Recently, several magnetic 2D Janus monolayers have
been theoretically proposed [45—49], exhibiting many exotic
physical properties, such as the QAH effect [46], valley polar-
ization [48], and enhanced Curie temperature [49].

In this work, based on the first-principles electronic
structure calculations, we have systematically studied the
stacking-dependent electronic and topological properties of
bilayer Mn,Cl;Br;, whose monolayer is an intrinsic ferro-
magnetic QAH system. Many exotic topological quantum
states beyond those of the monolayer, such as topological
nodal-ring spin-gapless semimetal state, spin-valley polarized
quantum valley Hall (SVP-QVH) effect, and high Chern num-
ber QAH (HC-QAH) effect, can be realized in this single
system with different stacking modes. Our work reveals that
these rich stacking-dependent, design-programmable proper-
ties of 2D Janus magnetic materials will greatly broaden the
impact of bilayer materials in fundamental scientific research
and technological applications.

II. COMPUTATIONAL DETAILS

In our calculations, the plane-wave basis based method and
Quantum-ESPRESSO software package were used [50,51].
We adopted the generalized gradient approximation (GGA)
of the Perdew-Burke-Ernzerhof formula for the exchange-
correlation potentials [52]. The ultrasoft pseudopotentials
were employed to model the electron-ion interactions [53]. A
corrective Hubbard-like U term was introduced to treat the
strong on-site Coulomb interaction of the localized electrons
of the transition metal ions [54,55]. The effective values of U
used in calculations was 4.0 eV for Mn-3d electrons. A mesh
of 16 x 16x1 k-points grid was used for sampling the BZ,
and the Marzari-Vanderbilt broadening technique was adopted
[56]. In order to avoid the residual interaction between adja-
cent layers, a 20 A vacuum layer was used. After convergence
tests, the kinetic energy cutoffs for wave functions and charge
densities were chosen to be 60 and 480 Ry, respectively.
During the simulations, all structural geometries were fully
optimized to achieve the minimum energy. The edge states
were studied using tight-binding methods by the combi-
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FIG. 1. (a) Top and side view of monolayer Mn,Cl;Br3, in which
the Mn, Cl, and Br atoms are located in three atomic layers denoted
respectively by different colors. The black dashed line represents
the unit cell, while the red solid hexagon shows the Mn lattice.
(b) Band structure of monolayer Mn,Cl;Br; with/without SOC in
the ferromagnetic ground state. In the absence of SOC, the minority
spin has about a 4.1 eV energy gap at the Fermi level, and hence it
is not visible in the energy window illustrated. (c) The top and side
views of AA, AB, and AC stacking modes of bilayer Mn,Cl;Brs. The
red solid and cyan dashed lines represent the Mn lattice as illustrated
in (a), and the blue and green spheres represent the two subsets of
Mn atoms.

nation of Wannier90 and WannierTools software packages
[57,58].

III. RESULTS AND DISCUSSION
A. Monolayer Mn,Cl;Br;

The 2D Janus Mn,Cl;Br; monolayer crystallizes in a
hexagonal structure with P31m (No. 157) space group, as
shown in Fig. 1(a), using the Device Studio program for
visualization and modeling [59]. The 3d-metal Mn cations
form a honeycomb lattice and are sandwiched between lay-
ers of two different halogen atoms CI and Br. Due to the
asymmetry of Janus structure, space-inversion symmetry is
broken in Mn;Cl3Br; monolayer, resulting in a Cz, symme-
try. In our calculations, a ferromagnetic ground state with
an out-of-plane magnetic moment ~4.0 up per Mn atom is
found, consistent with the previous report [46]. The material
is dynamically stable [46], whose lattice constant is about
6.51 A.

Figure 1(b) shows the calculated electronic band structures
of monolayer Mn,Cl3Br; in the ferromagnetic ground state.
In the absence of spin-orbit coupling (SOC), the 2D Janus
Mn,Cl;Brj is a perfect half-semi-metal, whose majority spin
exhibits a linearly crossing band dispersion and vanishing
density of states at the Fermi level while the minority one
has a large, ~4.1 eV, insulating band gap (not shown in the
plotted energy window). A full (100%) spin polarization near
the Fermi level is expected in Mn,Cl;Br; monolayer. The
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states near the Fermi level are mainly contributed by Cl-3p
and Br-4p orbitals. Once SOC is included in calculations, a
~9 meV nontrivial energy gap is opened at the linear crossing
point, accompanied by the emergence of a chiral edge state
that is predicted to give rise to a QAH effect with Chern
number C = 1 [46].

B. Bilayer Mn,Cl;Br;

If we assemble two Mn,Cl3Br; monolayers vertically into
a bilayer structure, different stacking patterns will endow the
system with different symmetries, resulting in a variety of
topological states, especially offering the possibility of emer-
gent properties far beyond those of the monolayer. Figure 1(c)
illustrates three stacking modes of bilayer Mn,Cl;Br3, namely
as AA, AB, and AC structures. The hexagonal lattice corre-
sponds to the Mn lattice [the red hexagon shown in Fig. 1(a)],
while the blue and green spheres represent the two subsets
of Mn atoms in each layer. Our calculations reveal that ferro-
magnetic interlayer coupling is the most favorable interaction
for the various stacking modes. If we set the energies of the
states with ferromagnetic interlayer coupling to be zero as a
reference, the relative energies of the states with antiferro-
magnetic interlayer coupling are about 0.1, 2.0, and 0.6 meV
per unit cell for CI-Cl neighbor; 5.9, 4.1, and 2.4 meV per
unit cell for Br-Br neighbor; and 0.1, 0.6, and 0.4 meV per
unit cell for CI-Br neighbor with AA, AB, and AC stack-
ing modes, respectively. This means that the ferromagnetic
state is always the ground state for different stacking bilayer
Mn;Cl;Br;. In the following, we discuss in detail the topo-
logical quantum phases originating from the different stacking
modes.

1. Nodal-ring semimetal state

If Mn,Cl3Br; monolayers are stacked with X-X (X = Cl
or Br) AA mode, the bilayer system belongs to P-62 m (No.
189) space group with one M, symmetry and three mirror
symmetries perpendicular to the atomic layers. From our cal-
culations, we find that different X-X (X = Cl or Br) AA
patterns of bilayer Mn,Cl3Br; share similar electronic and
topological properties. Here we take the CI-Cl AA stacking
pattern as a concrete example.

Without considering SOC, the internal spin space is de-
coupled from the real space. As shown in Fig. 2(a), there is
only majority spin (spin up) near the Fermi level, while the
minority one is insulating with a trivial band gap of ~4.1 eV,
indicating a 100% spin polarization. The conduction and va-
lence bands of the majority spin intersect with each other at
the Fermi level, forming two Weyl rings protected by the M,
symmetry. Once SOC is taken into account, the spin space
couples with the real space, breaking the spin-rotation sym-
metry. Since the magnetic moments of Mn atoms are along
the out-of-plane direction, the three vertical mirror symme-
tries parallel to the spin direction are destroyed, while the
horizontal M, symmetry perpendicular to the spin direction
is preserved, resulting in the electronic band structure shown
in Fig. 2(b). Since the highest valence and lowest conduction
bands belong to two different irreducible representations, I'3
and I'y of C; double point group, their crossings (the Weyl
points) at the Fermi level still exist, as they are protected by
the M, symmetry. Figure 2(c) shows the energy dispersions
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FIG. 2. Band structure of CI-Cl AA stacking Mn,Cl;Br;
(a) without and (b) with SOC in the ferromagnetic ground state.
(c) The three dimensional energy dispersions of the highest valence
and lowest conduction bands around K or K’ near the Fermi level.
(d) The distribution of nodal-ring Weyl states in the BZ.

of the highest valence and lowest conduction bands around K
or K’. The two bands intersect with each other, forming the
flat nodalrings of Weyl points centered around K and K’, as
shown in Fig. 2(d). The system is therefore manifested as a
2D spin-gapless topological nodal-ring semimetal. Moreover,
this type of nodalring is characterized by fully spin polar-
ized states near the Fermi level, which can avoid the spin
current hybridization [60,61], different from the system with
opposite spin-polarized states that coexist at the Fermi level
[62,63].

2. SVP-QVH effect

The X-Y (CI-Br or Br-Cl) AB stacking bilayer Mn,Cl;Br3
belong to P3 (No. 143) space group, which has C; rotation
symmetry along the z axis. The space-inversion symmetry and
mirror symmetries are broken, which makes the two valleys
K and K’ no longer equal to each other. In these stacking
modes we choose Cl-Br AB stacking pattern as a concrete
example.

Figure 3(a) shows the electronic band structure of CIl-Br
AB stacking bilayer Mn,Cl3Br3 in the absence of SOC. The
system is a ferromagnetic semiconductor. A small energy gap,
~5 meV, is opened for the majority spin, while the minority
one is insulating with a trivial band gap of ~4.1 eV. Once
SOC is included in calculations, the valleys K and K’ become
significantly different, as shown in Fig. 3(b). The band gaps
around K and K’ points are ~7 and ~3 meV, respectively.

To further study the topological properties of the sys-
tem, we calculate the Berry curvature, which arises as a
consequence of either space-inversion symmetry breaking
or time-reversal symmetry breaking in a system and is a
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FIG. 3. (a) Band structure of CI-Br AB stacking bilayer
Mn,CI3Br; (a) without and (b) with SOC in the ferromagnetic
ground state. (c) The calculated Berry curvatures. (d) The edge states
on the zigzag (100) edge. (e) Schematic showing the propagation
direction of the edge states (the direction of an edge current, denoted
by arrows) in the SVP-QVH phase. (f) Deflection of the carrier under
in-plane longitudinal electric field.

paramount physical property that leads to interesting phenom-
ena such as the valley Hall effect [64]. The Berry curvature for
the nth band is defined as

nk = —2Im Z

’;én

nklvx|n’k (W'k|vy|nk)
— w,)?

; ey

in which v, and v, are the velocity operators. For 2D Bloch
electrons, the total Chern number Cy can be determined by
the integration of the Berry curvature over the whole BZ:

1
Cot = — Ak, 2
" 2n2,,:/gz . @

while the local Chern numbers at the K and K’ points, Cg
and Cg, are defined in half of the first BZ around K or K/,
respectively [65]. The corresponding valley Chern number
C, = Cx — Cg is normally used to characterize the quantum
valley Hall (QVH) effect.

As shown in Fig. 3(c), the Berry curvatures of CI-Br
AB stacking bilayer Mn,Cl;Br; show peaks with opposite
signs around the two valleys, K and K’, generating a valley-
dependent anomalous velocity at the boundary and opposite
valley Chern numbers (Cx = —Cg = 1). The calculated total
Chern number is then Ci,; = 0 by integrating the Berry cur-
vatures over the whole BZ, while the valley Chern number
is C, = 2, indicating a quantum valley Hall (QVH) effect
in the system. Furthermore, within the bulk gap, there exist
two fully spin-polarized topologically protected gapless chiral
edge states localized on different valleys and propagated in

opposite directions along the edges, as shown in Fig. 3(d). A
feature in this system is that the pair of counter-propagating
edge states in different valleys carry the same spin and origi-
nate from K and K’ valleys separately. Therefore, a spin-valley
polarized quantum valley Hall (SVP-QVH) effect exists in the
material. This is a phase that belongs to a type of QVH state
but with both spin and valley polarized.

In Fig. 3(e), we schematically plot the spatial distribu-
tion and spin polarization of edge states for this new phase.
Since the two states come from different valleys, they do
not mix with each other on the edges. Compared with the
QVH system, the valley properties of materials with SVP-
QVH effect rely on the break of space-inversion symmetry.
With electron doping or gate tuning, a net current with spin
polarization can be generated on the K’ valley. When an in-
plane longitudinal electric field is applied, the carrier will be
deflected in transverse direction without an external magnetic
field, generating anomalous valley Hall effect. Since the band
structure is fully spin polarized around the Fermi level, the
resulting net transverse Hall current is contributed by single
spin, giving rise to spin-valley polarized anomalous valley
Hall effect [31,66], as shown in Fig. 3(f). The combination of
valleytronics and topological properties in Cl-Br AB-stacking
bilayer Mn,Cl3;Br; can yield many interesting applications,
such as the valley controlled dissipationless spintronics.

3. HC-QAH effect

In this subsection, we reveal the HC-QAH effect of X-
X (X = Cl or Br) and X-Y (CI-Br or Br-Cl) AC stacking
bilayer Mn,Cl3;Br;. The system belongs to the Cm (No. 8)
space group, which has only one combined symmetry of time-
reversal symmetry and mirror symmetry perpendicular to the
atomic layers. Here, we take Br-Br AC stacking pattern as
an example, since different X-X (X = Cl or Br) AC patterns
of bilayer Mn,Cl;Brj; share similar electronic and topological
properties.

In the absence of SOC, the valence band and conduction
band of Br-Br AC stacking bilayer Mn,Cl;Br3, as well as
the Fermi level, intersect linearly at the points near K and
K’, which are protected by the vertical mirror symmetry, as
shown in Fig. 4(a). The vertical mirror symmetry is broken
once SOC is included, and hence a local gap is opened at the
linear crossing points, as shown in Fig. 4(b).

The Berry curvatures of Br-Br AC stacking bilayer
Mn,Cl;Br; show two sharp peaks around the valleys K and
K’, as illustrated in Fig. 4(c). By integrating the Berry curva-
tures at the first BZ, a high Chern number of two is obtained.
Figure 4(d) shows the edge states along the zigzag (100) di-
rection, in which there are two topologically protected gapless
chiral edge sates connecting the bulk valence and conduction
bands in the valley K'. The two chiral edge states on the
same boundary are located on the same valley and propagated
in the same direction, whose number equals to the Chern
number of two. Therefore, the system exhibits a high Chern
number QAH phase with C = 2, which can provide an en-
hanced anomalous Hall conductivity due to the presence of
two chiral edge states within the bulk gap leading to two QAH
subsystems superimposed together.
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FIG. 4. (a) Band structure of Br-Br AC stacking bilayer
Mn,Cl3Br; (a) without and (b) with SOC in the ferromagnetic
ground state. (c) The calculated Berry curvatures. (d) The edge states
on the zigzag (100) edge.

IV. CONCLUSION

In summary, by assembling 2D Janus Mn;Cl3Br; mono-
layers into a bilayer system, we can achieve various topo-
logical phases with different stacking modes, including a
topological nodal-ring spin-gapless semimetal state, SVP-
QVH state, and HC-QAH state, in which SVP-QVH is a new
topological phase discovered in this work. In addition to the
edge states counterpropagated in different valleys, the system
with SVP-QVH is also characterized by spin polarization
and valley polarization, upon which the spin-valley polarized
anomalous valley Hall effect can be further realized by elec-
tron doping or gate tuning. Our findings therefore provide
an excellent design-programmable platform and construction
method for the future applications of topological physics com-
bined with spintronics and valleytronics.
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