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The two-dimensional quantum anomalous Hall (QAH) effect is
direct evidence of non-trivial Berry curvature topology in con-
densed matter physics. Searching for QAH in 2D materials, particu-
larly with simplified fabrication methods, poses a significant
challenge in future applications. Despite numerous theoretical
works proposed for the QAH effect with C = 2 in graphene,
neglecting magnetism sources such as proper substrate effects
lacks experimental evidence. In this work, we propose the QAH
effect in graphene/MnBi,Te; (MBT) heterostructure based on
density-functional theory (DFT) calculations. The monolayer MBT
introduces spin-orbital coupling, Zeeman exchange field, and
Kekulé distortion as a substrate effect into graphene, resulting in
QAH with C = 1 in the heterostructure. Our effective Hamiltonian
further presents a rich phase diagram that has not been studied
previously. Our work provides a new and practical way to explore
the QAH effect in monolayer graphene and the magnetic topolo-
gical phases by the flexibility of MBT family materials.

1. Introduction

Searching the non-trivial topological states in real material is a
primary goal in modern condensed matter physics."”> The
quantum anomalous Hall (QAH) effect, which is the experi-
mental observation of the Chern insulator, shows promising
potential in electronic devices with low power consumption.>™
Until now, the QAH effect has been observed in magnetically-
doped topological insulators,®® the intrinsic magnetic topolo-
gical insulator MnBi,Te, families,”'® and twisted multilayer
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New concepts

Introduced by 2016 Nobel Prize Winner Prof. F. D. M. Haldane in 1988,
the quantum anomalous Hall effect (QAHE) proposes a quantized Hall
conductivity in the graphene lattice, even in the absence of an external
magnetic field. Despite successful QAHE realization in 3D topological
insulators, achieving QAHE in the original Haldane model within 2D
graphene remains challenging. Recent theoretical works reported QAHE
in freestanding graphene, yet experimental evidence is lacking possibly
due to oversight regarding magnetic sources such as substrate effects. In
this study, we present QAHE in a graphene/MnBi,Te, heterostructure
through first-principles calculations. This finding starkly contrasts with
previous investigations. Additionally, our effective Hamiltonian unveils a
comprehensive topological phase diagram not explored before.
Leveraging the established experimental benefits of graphene/Bi,Te;
and the structural similarity between graphene/Bi,Te; and graphene/
MnBi,Te, interfaces, we confidently predict the experimental realization
of the graphene/MnBi,Te, heterostructure. Our work not only introduces
a new pathway for achieving QAHE in graphene but also investigates
magnetic topological phase transitions within 2D heterostructures,
capitalizing on the flexibility of MnBi,Te, families and graphene systems.

moiré systems.""'> The exploration of QAH materials continues
to attract considerable attention in applications.

Graphene, as the prototypical 2D material, boasts numerous
advantages, including remarkable robustness, high electronic
mobility, and a massless Dirac band structure. In particular,
the massless Dirac band structure can be viewed as a critical
point adjacent to various topological phases. For instance, the
introduction of spin-orbit coupling (SOC) transforms mono-
layer graphene into a quantum spin Hall (QSH) insulator.'*'*
Moreover, with the incorporation of both SOC and Zeeman
exchange fields, monolayer graphene can evolve into a quan-
tum anomalous Hall insulator.’>*® Despite numerous theore-
tical works that proposed the QAH effect in graphene,'*™
experimental evidence remains absent. This discrepancy may
stem from prior investigations neglecting magnetism sources
such as proper substrate effects. In recent years, the intrinsic
topological insulator MnBi,Te, (MBT) families have emerged as

This journal is © The Royal Society of Chemistry 2024
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a promising platform for exploring magnetic topological
phases.”> The monolayer MBT can be viewed as intercalating
a Mn-Te bilayer into the center of a Bi,Te; quintuple layer,
forming a Te-Bi-Te-Mn-Te-Bi-Te septuple layer. Notably, the
MBT lattice exhibits an almost perfect lattice match with the
v/3 x /3 supercell of monolayer graphene. Indeed, researchers
have investigated the potential use of the Bi,Te; families*
(which have the same lattice constant as MBT but lacking
magnetism) to introduce SOC in graphene, both theoretically
and experimentally.>**® Drawing inspiration from these find-
ings and preceding studies, our present work explores the
innovative prospect of utilizing MBT as a substrate for mono-
layer graphene. This approach aims to concurrently introduce
SOC, Kekulé distortion, and Zeeman exchange field, thereby
inducing the QAH effect in monolayer graphene.

In this work, we analyze the electronic structure and present
a comprehensive topological phase diagram for the monolayer
graphene/MBT heterostructure. Our results reveal that the
proximity to monolayer MBT opens a band gap in graphene
by introducing SOC and/or Kekulé distortion. Specifically, SOC
causes graphene to transition from a Dirac semimetal to the
QSH state,"'* while the Kekulé distortion introduces a super-
lattice potential, mixing different valley states and transform-
ing graphene into a normal insulator (NI).>>” The interplay of

Mn

) Te
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(b)
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these gap-opening mechanisms and the Zeeman exchange field
from the monolayer MBT significantly enriches the topological
phase diagram, giving rise to spin Chern insulator (observed
QSH effect), Chern insulator (observed QAH effect), two-fold/
four-fold/eight-fold degenerate Dirac semimetal, and NI
phases. The conventional understanding for inducing the
QAH effect in graphene posits that each valley contributes a
unit conductance e*/i, leading to a quantized Hall conductivity
at oy, = 2¢’°/h, without considering the source of Zeeman
exchange field.">'®'%?° In contrast, incorporating the Zeeman
exchange field from the MBT substrate, coupled with valley
mixing from Kekulé distortion, results in a quantized Hall
conductivity at o, = €’/h, representing the ground state of
Chern insulator with C = 1. Our first-principles calculations
substantiate the existence of the C = 1 ground state with o, =
€’/h in graphene/MBT heterostructure. The emergence of
Kekulé distortion at the graphene/MBT interface presents a
unique opportunity for achieving tunable Chern numbers in
the heterostructure system.

2. Results

The graphene/MBT heterostructure consists of monolayer gra-
phene and one septuple-layer MBT, as illustrated in Fig. 1(a) for

(d)

Fig. 1 The crystal structure of the graphene/MBT heterostructure in (a) side view and (b) top view. The black, red, blue, green atoms indicate the C, Mn,
Bi, Te atoms, respectively. (c) lllustrates Kekulé distortion with two distinct hopping strengths: the red bonding involves the hopping surrounding Te
atoms with the strength to, while the black bonding connects the red ring with a hopping strength t,. The blue parallelogram denotes a graphene
primitive cell, and the black one is a commensurate v/3 x v/3 graphene supercell. Green arrows indicate the direction of Rashba SOC induced by the in-
plane electric field surrounding the Te atoms. (d) Brillouin zone of graphene primitive cell (blue line) and the v/3 x v/3 commensurate cell (black line).
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the side view and Fig. 1(b) for the top view. The in-plane lattice
constant of MBT is approximately 4.33 A, while the /3 x /3
supercell constant of graphene is around 4.27 A. Consequently,
a 1.4% lattice mismatch exists between MBT and v/3 x v/3
graphene. Due to the mechanical flexibility of graphene, the
lattice mismatch, along with the topmost Te layer, locally
stretches the graphene lattice, leading to Kekulé distortion.
The Kekulé distortion breaks the bond symmetry in graphene,
forming equivalent C-C bonding into two distinct red and
black bonds in Fig. 1(c) with different hopping strengths.>®?”
To describe the electronic properties of the graphene/MBT
heterostructure, we employ an effective graphene supercell
Hamiltonian by introducing SOC, Kekulé distortion, and Zee-
man exchange field in graphene:

k=0,p
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where cL is the creation operator and c;, is the annihilation
operator of an electron with spin polarization o at site i. (i, j)
and ((i, j)) run over the nearest neighbor and next-nearest
neighbor hopping sites with unit vector &y and Dy, respectively.
The first term describes the nearest neighbor hopping of
graphene with two different hopping strengths: the ¢, with
red-bonding carbon rings surrounding the top Te atoms and
t, connecting the rings (Fig. 1(c)). The hopping difference
reflects the Kekulé distortion in graphene supercell, opening
a band gap of 2|t, — tp|. The second term represents the
intrinsic SOC, which opens a non-trivial band gap of 2 /;,
where s = (s%, &, s°) is the Pauli matrix in the spin degree of
freedom. The parameter v; describes the next-nearest neighbor
hopping in a clockwise/counterclockwise direction to the posi-
tive z-axis with +1/—1 values. The third and fourth terms
account for the Rashba SOC. The third term A%, associated
with the nearest neighbor hopping, is induced by the external
electric field perpendicular to the graphene sheet from the MBT
substrate, breaking the out-of-plane inversion symmetry. The
fourth term AR arises from the nonuniform in-plane electric
field, represented by the green arrow in Fig. 1(c), breaking
the in-plane inversion symmetry. The fifth term is the second-
order Rashba SOC Ag,, associated with next-nearest-neighbor
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(a) The topological phase diagram, with intrinsic SOC (vertical axis) and Kekulé distortion (horizontal axis). The heavy lines represent phase

transition boundaries, indicating the Dirac semimetal state. The topological invariant in this phase diagram is represented by the spin Chern number Ci.
The dashed lines indicate the selected phase evolution. (b) The bulk band structure of Dirac semimetal phase (DSM1). (c) and (d) The spin Chern insulating
phase in QSH1 and QSH2, both without and with Kekulé distortion, respectively. (e) DSM2 phase, denoting the critical point of phase transition between
the spin Chern insulator and normal insulator (NI). (f) NI phase. The inset in (b)—-(f) shows the edge band structure on the armchair edge.
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hopping, with p; = +1(—1) for the A(B) site. The sixth term
represents the Zeeman exchange field magnetization originat-
ing from the Mn atoms in the MBT substrate.

We explore the topological phase diagram in eqn (1) through
the utilization of two fundamental topological invariants,
Chern number C and spin Chern number C;. For the Chern
insulator, as observed in the QAH effect, the quantized charge
Hall conductivity o,, = C x €*/h is directly proportional to an
integer denoted as Chern number C. The Chern number can be
calculated from the integral of Berry curvature in the momen-
tum space and sum over all occupied bands below the bulk
band gap, which is directly related to the number of chiral edge
states in the two-dimensional topological system.>?® In a s,
conserved system, the spin Chern number C; is identical to Z,
index owing to the good quantum number s,. The Cy is

1

expressed as Cy = E(CT — C)), where C4/C| is computed simi-

larly to the Chern number, but the occupied states are sepa-
rated by spin-up/spin-down electrons."*'* This configuration
characterizes the system as a spin Chern insulator, observed in
the QSH effect. Recent studies show that even in scenarios
where s, is not a good quantum number, the C,; remains well-
defined through the introduction of Rashba SOC.>*> By

(a) (€, Cy) M
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calculating these two critical invariants, we identify the topo-
logical phase at each point within the parameter space of the
phase diagram.

We initially present the topological phase diagram, delineat-
ing the interplay between the two band gap opening mechan-
isms, Kekulé distortion and intrinsic SOC, in the absence of
exchange field M (Fig. 2(a)). The two Dirac cones within the
graphene unit cell distinctly segregate into two valleys, K and
K', positioned at the corner of the Brillouin zone (BZ). Con-
sidering the periodicity with the MBT substrate, the unit cell of
the heterostructure aligns with a commensurate V3 x /3 gra-
phene supercell. This alignment folds both Dirac cones from
the corner of the original BZ of graphene to I' point in the
momentum space of the supercell (Fig. 1(d)). This folding effect
gives rise to the Dirac semimetal DSM1 phase, illustrating an
eight-fold degenerate Dirac point at the I' point (Fig. 2(b)).
Upon the introduction of intrinsic SOC /;, this highly degen-
erate Dirac state undergoes band gap opening (Fig. 2(c)). Due to
the spin and valley degeneracy, the valence and conduction
bands that separate by a gap become four-fold degenerate at
the I' point. In this scenario, graphene transforms from DSM1
to a spin Chern insulator with C; = 1 (labeled QSH1). The
boundary state with the armchair edge showcases a non-trivial
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(a) The topological phase diagram, with Kekulé distortion (horizontal axis) and Zeeman exchange field (vertical axis). Here the intrinsic SOC and

Rashba SOC are included. The heavy lines represent phase transition boundaries, indicating the semimetal state. The topological invariant in this phase
diagram is represented by the spin Chern number Cs and Chern number C. The dashed lines indicate the selected phase evolution. (b) Chern insulating
phase (QAH1). (c) Spin Chern insulating phase with finite Zeeman exchange field (QSH3). (d) SM1 phase, denoting the critical point of phase transition
between QSH3 and QAHL. (e) SM2 phase, denoting the critical point of phase transition between QAH1 and QAH2. (f) Chern insulating phase with C = 2
phase (QAH2). The inset in (b)—-(f) shows the edge band structure on the armchair edge.
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edge state connecting the valence and conduction bands,
characteristic of the QSH effect (inset of Fig. 2(c)). In contrast
to the intrinsic SOC, Kekulé distortion introduces a superlattice
potential in the graphene supercell, resulting in the opening of
a band gap for the Dirac cones with Cs = 0. The edge state
calculations reveal a gapped edge state, as depicted in the inset
of Fig. 2(f). Due to the competing mechanisms of the intrinsic
SOC and Kekulé distortion, the ground state of the graphene
supercell will lie between QSH1 and NI. For instance, Fig. 2(d)
illustrates a spin Chern insulator induced by the cooperative
action of intrinsic SOC and Kekulé distortion (labeled QSH2).
The doubly degenerated band dispersion arises from the PT-
symmetry, wherein the opposite spin states degenerate in
different valleys. In this case, A; > |t, — t;|, thus the stronger
intrinsic SOC results in the spin Chern insulator phase with the
non-trivial edge state (inset of Fig. 2(d)). When /; = |t, — tp|, a
topological phase transition critical point, a Dirac semimetal
phase with a four-fold degenerate Dirac point (DSM2) emerging
between QSH2 and NI, as presented in Fig. 2(e).
Subsequently, we extend our analysis to include the Zeeman
exchange field M in the graphene supercell, simulating the
graphene/MBT heterostructure. The intricate interplay among
SOC, Kekulé distortion, and the Zeeman effect give rise to a
comprehensive phase diagram. For example, commencing with
the QSH2 characterized by a band gap Egqsmz) = 41 — (fo ~ tp)
(Fig. 2(d)), the introduction of the exchange field M induces a
time-reversal breaking spin Chern insulator (labeled QSH3)

(@ 1
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when M < Egqsuz)- The topological edge state of QSH3 shifts
away from the I' point due to the breaking of time-reversal
symmetry. Simultaneously, this edge state opens a gap when
further considering the effect of Rashba SOC.*® At a critical
point, M = Eyqsmn2), a two-fold degenerated quadratic band
dispersion emerges (labeled SM1, Fig. 3(d)). Subsequently, a
band inversion occurs in the parameter region of Egqsnuz) <
M < 3Eg(qsm2), leading the system into a Chern insulator with
C =1 (labeled QAH1, Fig. 3(b)). The inset of Fig. 3(b) displays a
chiral edge state of QAH1. With a further increase in the
strength of the Zeeman exchange field, the evolution of the
band structure progresses through another two-fold quadratic
semimetal phase SM2 (Fig. 3(e)), and then a second band
inversion transpires, resulting in a Chern insulator with C = 2
(labeled QAH2, Fig. 3(f)). The inset of Fig. 3(f) exhibits two
chiral edge states within the bulk gap of QAH2.

To pinpoint the ground state of graphene/MBT heterostruc-
ture within the presented parameter space of the phase dia-
gram (Fig. 3(a)), we conducted the first-principles calculations
using DFT. The graphene/MBT first-principle calculations are
presented by DFT with the projector augmented wave method
implemented in the Vienna ab initio simulation package
(VASP).>** The top and bottom vacuum space is 10 A to
avoid the interaction between two adjacent heterostructures.
The structure in Fig. 1(a) is fully relaxed until the force
on each atom is smaller than 0.01 ev A™'. The interlayer
distance between graphene and MBT is 3.4 A. We used the
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Fig. 4

(a) Left-hand side: The band structure of graphene/MBT. Right-hand side: The band structure around the Fermi level obtained through DFT and

an effective Hamiltonian. (b) The Hall conductivity was calculated using the Kubo formula. (c) and (d) Schematic representation illustrates the formation of
the Chern insulating state in (c) graphene unit cell and (d) v/3 x v/3 commensurate supercell. The green square indicates the G/MBT heterostructure

phase.
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Monkhorst-pack grides with 11 x 11 x 1 mesh. The exchange-
correlation method with GGA+U is adopted with Hubbard U is
4 eV. The Heyd-Scuseria-Ernzerhof (HSE) hybrid function®® is
used to correct the band gap of monolayer MBT. The van der
Waals interaction correction using the Grimme (DFT-D2)
method®” was considered. Our calculations demonstrate that
the hollow site stacking with an out-of-plane ferromagnetic
spin configuration exhibits the lowest energy. The energy
differences for alternative stacking and spin configurations
are provided in Tables S1 and S2 in the ESI,} respectively.

The calculated band structure of the graphene/MBT hetero-
structure is depicted in Fig. 4(a). We find the band structure
exhibits pronounced hybridization at higher binding energies,
typically around £0.5 eV. At binding energies proximate to the
Fermi level, graphene predominantly governs the band struc-
ture, while MBT acts as a Zeeman exchange field upon gra-
phene, notably influencing the four bands surrounding the
Fermi level. It is noteworthy that each band exhibits single
degeneration with a band gap of 3.5 meV. Additionally, the
zoom-in band structure reveals a resemblance to the band
dispersion observed in QAH1 (Fig. 3(b)). The Hall conductivity
calculated using the Kubo formula showcases a quantized value
of €*/h, indicative of Chern insulator with C = 1 (Fig. 4(b)). This
finding starkly contrasts with previous investigations where the
Chern number was identified as C = 2 (labeled QAH’ in
Fig. 4(c)). The QAH state in earlier studies results from the
band inversion at both valleys, induced by the interplay of SOC
and Zeeman exchange field. This mechanism, though concep-
tually straightforward, lacks consideration for substrate effects,
making experimental realization challenging. Fig. 4(d) provides
a schematic representation systematically illustrating the for-
mation of the Chern insulating state with C =1 in the graphene/
MBT heterostructure. The original unit cell of graphene har-
bors two Dirac cones at K/K’ valleys. These Dirac cones fold to a
I' point, forming the DSM phase within the context of a v/3 x
v/3 commensurate supercell of graphene. The introduction of
SOC opens the band gap at both K/K’ valleys, giving rise to the
QSH1. Upon further consideration of the substrate effect,
specifically Kekulé distortion, QSH1 transitions into QSH2. In
this phase, two valleys at the original BZ of graphene become
intertwined exhibiting distinct energy eigenvalues. Conse-
quently, the Zeeman exchange field selectively inverts the top-
most valence band and the bottommost conduction band,
leading to the emergence of QAH1 with C = 1. How the Zeeman
exchange field of MBT affects the evolution of graphene band
structure from QSH2 to QAH1 is explained in more detail in the
ESL. 7

3. Discussion and conclusions

Our systematic study unveils the capability of the graphene/
MBT heterostructure to control topological phase transitions,
offering avenues for manipulation through methods, such as
doping or stacking additional van der Waals layers to adjust the
Fermi level and/or the strength of exchange coupling.**™*° For

This journal is © The Royal Society of Chemistry 2024
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instance, the Zeeman exchange field can be enhanced by
increasing the stack of MBT layers and MnTe layers®® to
produce the QAH2 C = 2 phase, as shown in Fig. 3(f). These
advantages present a tunable platform for quantum Hall
devices and advancing spintronics.

In summary, we systematically investigated the realization
of the QAH effect on monolayer graphene through an effective
model Hamiltonian and first-principle calculations. We discern
that the graphene/MBT heterostructure manifests a Chern
insulating phase with C = 1, considering the interplay of the
SOC, Kekulé distortion, and Zeeman exchange interaction
within a fruitful topological phase diagram. Leveraging the
flexibility inherent in both MBT families and graphene systems,
coupled with the previously established experimental advan-
tage of graphene/Bi,Te; systems,” our work not only intro-
duces a novel avenue for achieving the QAH effect in monolayer
graphene but also delves into magnetic topological phase
transition within 2D heterostructures.
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