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TOPICAL REVIEW — Topological electronic states

Quantum anomalous Hall effect in real materials*
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Under a strong magnetic field, the quantum Hall (QH) effect can be observed in two-dimensional electronic gas
systems. If the quantized Hall conductivity is acquired in a system without the need of an external magnetic field, then
it will give rise to a new quantum state, the quantum anomalous Hall (QAH) state. The QAH state is a novel quantum
state that is insulating in the bulk but exhibits unique conducting edge states topologically protected from backscattering
and holds great potential for applications in low-power-consumption electronics. The realization of the QAH effect in real
materials is of great significance. In this paper, we systematically review the theoretical proposals that have been brought
forward to realize the QAH effect in various real material systems or structures, including magnetically doped topological
insulators, graphene-based systems, silicene-based systems, two-dimensional organometallic frameworks, quantum wells,
and functionalized Sb(111) monolayers, etc. Our paper can help our readers to quickly grasp the recent developments in

this field.
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1. Introduction

Topological states are insulating in the bulk but exhibit ro-
bust conducting boundary states topologically protected from
backscattering. Recently, finding these topologically non-
trivial states in realistic material systems has become one of
the fastest developing research directions in condensed matter
physics and materials science.!' In a two-dimensional (2D)
electron gas, quantum Hall (QH) effect,!”] which was later
called the first category of the topological states, can be ob-
served by applying an external strong magnetic field to the sys-
tem, breaking the time reversal symmetry (TRS) of the system.
Actually, internal magnetization can also break the TRS of a
system without the need of an external magnetic field. When
coupled with special band structures and spin—orbit coupling
(SOC) of the system, it can generate the so called quantum
anomalous Hall (QAH) effect, which was first proposed by
Haldane. 8! The realization of QAH effects in realistic material
systems may greatly promote the development of low-power-
consumption electronics. So far, a number of theoretical pro-
posals have been raised to produce the QAH effect, 34! such
as mercury-based quantum walls,”! thin films of magneti-
cally doped topological insulators (TIs),!!] graphene and sil-
icene based systems,!!>~2!] organic TIs,!??! (111) bilayers of
LaCo03,!>! and so on. The topology of a QAH state is char-
acterized by the appearance of a quantized Hall conductivity
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in the absence of an external magnetic field.

To acquire QAH insulators, the following four conditions
should be satisfied simultaneously: 2D systems, insulators,
long-range ferromagnetic (FM) order, and special band struc-
tures with finite Chern number. In general, one real material
may solely satisfy one or two of the above conditions. In par-
ticular, the insulators in nature usually have the antiferromag-
netic (AFM) order instead of the FM order. Thus, real ma-
terials need to be designed and reconstructed to present the
QAH effect. The finite Chern number is usually triggered by
SOC interactions in the system. Forming an FM order in a 2D
insulating film through magnetic doping is a classical route
to produce the QAH effect. For example, the experimental
realization of the QAH effect was reported in thin films of
Cr- or V-doped (Bi,Sb);Te3 topological insulators.[>>38] Ac-
tually, both the experimental and theoretical researches indi-
cate that introducing a long-range FM order in insulating films
is one of the toughest tasks in carrying out experiments with
the QAH effect. Some theoretical studies have shown that the
TRS of the 2D systems can be broken by introducing a mag-
netic exchange field through doping (adsorbing) transition-
metal (TM) atoms!!'"!?) or proximity coupling to an FM or
AFM insulator.!16-18]

In this paper, we systematically review the theoretical
proposals that have been brought forward to produce the QAH
effect in realistic material systems. In Section 2, we review
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the work of realizing the QAH effect by doping TM atoms in
topological insulators. In Section 3, we introduce the theoreti-
cal model of realizing the QAH effect in graphene, and review
the work of achieving the QAH effect in graphene-based sys-
tems. Silicene is a monolayer of silicon atoms with a buck-
led honeycomb structure but which still possesses the Dirac
electronic properties, like graphene. How to realize the QAH
effect in silicene-based systems is given in Section 4. In Sec-
tion 5, we review the QAH effect studied in several other sys-
tems, including 2D organic topological insulators and square
or triangular lattice systems, etc. In Section 6, we briefly in-
troduce some new topological states proposed based on the
QAH effect, including valley-polarized quantum anomalous
Hall (VP-QAH) state and quantum spin-quantum anomalous
Hall (QSQAH) state. Our conclusions and outlook are given
in Section 7.

2. QAH effect in magnetic atom doped topologi-
cal insulator films

The QAH effect may be realized in a topological insulator
film with quantum spin Hall (QSH) effect by breaking its TRS.
If one spin state in the system is in the inverted regime and the
other spin state is in the normal regime, then the inverted spin
state may give a topologically nontrivial insulating state with
a quantized Hall conductivity and the system will become a
QAH effect insulator, indicating the QAH state closely related
to the QSH state. The theoretical models and first-principles
calculations showed that the QAH state can indeed be real-
ized in the TRS-breaking topological insulator films by doping
magnetic atoms.”~'!l Some typical examples are illustrated in
the following.

The HgTe quantum well (QW) is a well-known QSH ef-
fect insulator,3°! which has been observed in experiments. [4°]
Liu et al. proposed that the QAH effect can be observed in
the TRS-breaking HgTe QWs.[”! To obtain the QAH effect,
the system must satisfy two conditions: (i) the state with one
kind of spin is in the inverted regime while the other is in the
normal regime, (ii) the entire system is still in the insulating
state with a bulk band gap. The above conditions are illus-
trated in Fig. 1(a), and the physics can be understood from
the edge states picture (Fig. 1(b)). The counter propagating
edge states carrying opposite spins will appear on the bound-
ary of the QSH insulator. With the increase of the spin split-
ting term, one of the two spin states (the spin-down edge state)
will experience a topological phase transition. The spin-down
edge states penetrate much deeper into the bulk due to the de-
creasing gap and eventually disappear, leaving only the spin-
up edge states bound more strongly to the edge. Thus, the
system has only the spin-up edge states and transforms from
the QSH state to the QAH state.”! Therefore, a QAH effect

insulator can be achieved from a QSH effect insulator by in-
troducing a TRS-breaking perturbation. For the HgTe QWs,
the theoretical study predicted that the TRS could be broken
by doping Mn atoms, and the QAH effect existed in this sys-
tem as long as the Mn spins were polarized."”! Besides, based
on first-principles calculations, Zhang et al. predicted that the
junction wells comprising I[I-VI, III-V, or IV semiconductors
were a large class of new QSH effect insulators, and the tran-
sition from the QSH state to the QAH state could also be real-
ized by breaking the TRS through doping magnetic atoms. ']

increasing |Gg| and |G|

Fig. 1. (color online) Evolution of band structure and edge states upon
increasing the spin splitting. (a) The spin-down states |E1,—) and
|[H1,—) in the same block of the Hamiltonian (Eq. (1) from Ref. [6])
touch each other and then enter the normal regime. In panel (b), the
behavior of the edge states during the level crossing in the case of panel
(a) is shown. Reprinted with permission from Ref. [9]. Copyright 2008
by the American Physical Society.

The tetradymite semiconductors BirTe;, BipSes,

and SbpTe; are also a well-known class of topological

(411 Yy et al. predicted that thin films made out of

insulators.
this family of compounds doped with proper magnetic atoms
(Cr or Fe) supported the QAH state.!'!] The physical mecha-
nism of realizing the QAH effect in the thin-film topological
insulator systems with FM ordering is illustrated in Fig. 2. The
TRS can be broken by introducing a magnetic exchange field,
and the Chern number of one of the two spin states can be
changed by a large exchange field. As displayed in Fig. 2(a),
the four-band system is originally in the topologically triv-
ial phase. When a large exchange field is included, the band
inversion will be induced in the upper block and the two sub-
bands in the lower block will be pushed even farther away
from each other. After the SOC is considered, a bulk band gap
will be opened and the 2D model with a negative mass in the
upper block gives the integer Hall conductivity of e?/h, indi-
cating the realization of the QAH effect. Figure 2(b) shows
the case when the system is originally in the topological non-
trivial phase, where the inverted band structures exist in both
of the two blocks. In this case, the band inversion in the upper
block can be increased and in the lower block can be released
by a sufficiently large exchange field. The bulk band gap
will also be induced after including the SOC and the negative
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mass in the upper block gives a quantized Hall conductivity of
% /h."11 The QAH effect in this proposal is robust, compared
to the above HgMnTe QWs system in which a further assump-
tion that the hole and electron sub-bands have opposite signs
of the exchange splitting is required.>!!l Based on this theo-
retical proposal (Fig. 2), the first experimental observation of
the QAH effect was realized in a magnetic topological insula-
tor of Cr-doped (Bi,Sb),Te3 thin films*>! in 2013. However,
the experimental realization of the QAH effect in thin films of
magnetically doped topological insulators>-38 is still full of
challenges and the observation temperature is very low (such
as 30 milli-Kelvin[®*¥), which is probably associated with the
unavoidable disorder effect due to the extreme concentration
of magnetic dopants.

s 9 ’ 5

Without With ) :
Exchange Exchange With Exchange
Field Field Field and SOC

Fig. 2. (color online) Evolution of the sub-band structure upon increas-
ing the exchange field. The solid lines denote the sub-bands that have
even parity at I point, and the dashed lines denote the sub-bands with
odd parity at I" point. The blue (red) color denotes the spin-down (spin-
up) electrons. (a) The initial sub-bands are not inverted. When the
exchange field is strong enough, a pair of inverted sub-bands appear
(red dashed line and blue solid line). (b) The initial sub-bands are al-
ready inverted. The exchange field releases the band inversion in one
pair of sub-bands (red solid line and blue dashed line) and increases
the band inversion in the other pair (red dashed line and blue solid
line). Reprinted with permission from Ref. [11]. Copyright 2010 by
the American Association for the Advancement Science.

3. QAH effect in graphene-based systems

Graphene, which is a fascinating 2D material with a hon-
eycomb lattice, special Dirac-cone electronic properties, and
relatively mature technologies of sample growth and device
fabrication, has become a prototype material for engineering
the QAH effect.!'>~18] Theoretical studies show that a nontriv-
ial QAH band gap in graphene-based systems can be opened
near the Dirac points in the presence of both Rashba spin—orbit
coupling and magnetic exchange field.['>!3] We now intro-
duce the physical mechanism of the gap opening and the QAH
effect in graphene through the tight-binding (TB) model.!!?]
The TB Hamiltonian for graphene with the consideration of

Rashba SOC and magnetic exchange field can be written as!!?!

H = —t Z cjacja—i—itso Z éz-(aaﬁ X dij);ﬁcjacj[}
(ij)o (ij)aB

+1Y ¢l 0:cia, (1)
104

where cja (¢iq) creates (annihilates) an electron with spin o on
site i, (i, j) runs over all the nearest-neighboring hopping sites,
o is the Pauli matrix, and d;; denotes the lattice vector point-
ing from site j to site i. In Eq. (1), the first term describes the
nearest-neighbor hopping, and the second and the third terms
represent the Rashba SOC and the magnetic exchange field,
respectively.

11\ (@)
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Fig. 3. Evolution of band structures of bulk graphene along the pro-
file of ky, = 0. The arrows represent the spin directions. (a) Pristine
graphene: spin-up and spin-down states are degenerate; (b) when only
exchange field A = 0.4 is applied, the spin-up/spin-down bands are
upward/downward lifted with the four bands crossing near K and K’
points; (c) when only Rashba SOC 750 = 0.1 is present, the spin-up and
spin-down states are mixed around the band crossing points; (d) when
both exchange field A = 0.4 and Rashba SOC 5o = 0.1 are present, a
bulk gap is opened and all four bands become nondegenerate. Reprinted

with permission from Ref. [12]. Copyright 2010 by the American Phys-
ical Society.

K K’

Figure 3 shows the evolution of the band structures
of graphene obtained from the above TB Hamiltonian with
Rashba SOC fso and exchange field A.!'?! Figure 3(a) plots
the band structure of pristine graphene with the perfect Dirac
bands located at the K and K’ points. The K and K’ points are
four-fold degenerate, while the other points are doubly degen-
erate due to the spin degeneracy. When only the exchange field
is included, the spin-up and spin-down Dirac bands around the
K and K’ points will cross with each other (Fig. 3(b)). Thus,
a bulk band gap can be opened at the band-crossing points
when both Rashba SOC and exchange field are considered
(Fig. 3(d)). This SOC-induced insulting state is topologically
nontrivial and exhibits the quantized charge Hall conductivity,
which can be identified by calculating the Berry curvature and

the Chern number. The Berry curvature Q (k) is calculated
ag: [42-44]

Q (k) :angn (k) )

2
Q, (k)= —2Im Z h <‘Vnk|vx|ll/mk><‘l/mk|vy|V/nk:>’ )

m#n (Em - En)2
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where E, is the eigenvalue of the Bloch functions |Wug ), vy(y)

are the velocity operators, f, is the Fermi—Dirac distribution

function, and the summation is over all of the occupied states.

By integrating the Berry curvature over the first Brillouin zone

(BZ), the Chern number C and Hall conductivity oy, can be

obtained as C = 2= ¥ [, %k, and oy, = Ce? /h. The abso-
n

lute value of the Chern number corresponds to the number of
gapless chiral edge states along each side of the sample.

The above band evolution clearly shows the physical
mechanism of realizing the QAH effect in the graphene sys-
tem, indicating that graphene is an ideal system for applica-
tions of the QAH effect.
graphene has extremely weak intrinsic SOC,*>%6] both the

In consideration of the fact that

magnetic exchange field and the SOC should be induced exter-
nally to realize the QAH effect in graphene. We now introduce
the theoretical proposals of achieving the QAH effect in the
graphene-based systems through adsorbing TM atoms!'%!4]
and proximity coupling to magnetic insulators.[6-18]

3.1. QAH effect in graphene via transition-metal-atom ad-
sorption

To realize the QAH effect in the graphene system, the
time-reversal symmetry must be broken and the Rashba SOC
must be enlarged.!!?) The time-reversal symmetry of graphene
can be broken by introducing an external magnetic exchange
field through adsorbing TM atoms.!!?>~!4] Besides, when ad-
sorbing low-concentration TM atoms on the graphene sheet,
the interaction between the magnetic adatoms and the 7 or-
bital of graphene, occurring on one side of graphene, will in-
duce a sizeable Rashba SOC.*”l The first-principles calcula-
tions show that the QAH effect can be realized in graphene via
adsorbing appropriate TM atoms at the hollow adsorption sites
of the graphene supercell.!'*] We take the case of Fe adsorbed
at the hollow adsorption site of the 4 x 4 supercell of graphene
as an example to illustrate the above proposal.!'? Figure 4(a)
shows the atomic structure of one Fe atom adsorbed at the hol-
low site of the 4 x 4 supercell of graphene. The calculated
band structures show that the magnetic exchange field is in-
duced in graphene by the Fe atoms and a bulk band gap is
indeed opened at the crossing points of the spin-up and spin-
down bands. Figures 4(e) and 4(f) plot the calculated Berry
curvature (k) along the high-symmetry lines. Most of the
nonzero (k) only locates at the SOC-induced band gaps
around the K and K’ points with the same sign. By integrat-
ing Q(k) over the first BZ, the nonzero integer Chern number
C = 2 is obtained, indicating that the QAH effect is realized
in this system. The opened nontrivial bulk band gap is not
small (about 5.5 meV) due to the enlarged Rashba SOC by
the adsorption of Fe atoms, which is accessible under current

experimental conditions.[!?]
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Fig. 4. (color online) (a) Typical structure geometry of a Fe atom on
top of the hollow position of a 4 x 4 supercell of graphene. (b) Bulk
band structure with SOC included along the high symmetry lines. The
Fermi level is exactly located in the gap. (c) and (d) Zoom-in plots of
the band structure at K and K’ points, respectively. Gaps of ~ 5.5 meV,
circled by the green dotted curves, are opened. (e) and (f) Berry cur-
vature distribution £ of the valence bands near K and K’ points. The
Berry curvatures at K and K’ share the same sign, thus giving a nonzero
Chern number. Reprinted with permission from Ref. [12]. Copyright
2010 by the American Physical Society.

3.2. QAH effect in graphene proximity coupled to antifer-
romagnetic insulators

The above theoretical proposal shows that the QAH effect
can be realized in graphene by depositing low-concentration

TM atoms. The adsorption energies of the TM atoms on

Fig. 5. (color online) (a) Supercell for graphene on a (111) BiFeO3
surface. Gray (the top layer), purple (large), yellow (medium), and red
(small) colors represent C, Bi, Fe, and O atoms, respectively. (b) A top
view of graphene with one layer of iron atoms. One Fe atom is located
at the hollow site labeled by H, while the other two Fe atoms are located
at the top sites labeled by A and B. (c) Band structure along high sym-
metry lines for a 4 x 4 supercell of graphene. Reprinted with permission
from Ref. [16]. Copyright 2014 by the American Physical Society.
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graphene are, however, usually very small.['*! Thus, the TM
atoms tend to gather into clusters!*®*°! and the long-range
FM order may not survive as expected, which make it par-
ticular difficult to realize the QAH effect in TM atoms dec-
orated graphene systems in experiments. Besides depositing
TM atoms, the ferromagnetism can also be induced by prox-
imity coupling graphene to an FM insulator, which may over-
come the above mentioned problems. Depositing graphene on
a magnetic substrate can induce both the magnetic exchange
field and considerable Rashba SOC, essential for the realiza-
tion of the QAH effect. BiFeO3 has a perovskite structure
and is a G-type antiferromagnet. When graphene is deposited
on the (111) surface of BiFeO3; with Fe terminal (Fig. 5), the
nearest-neighboring FM Fe plane will induce a strong homo-
geneous magnetic exchange field in the graphene layer. Qiao
et al. proposed that the QAH effect can be realized in graphene
proximity coupled to the (111) surface of the G-type AFM

E—Ep/eV

2 = =
r K K I K’

insulator BiFeO3 with the combination configuration shown
in Fig. 5(b).
large Rashba SOC are both well preserved in the top layer

The long-range FM order and the relatively

graphene. ['% The band structures in Fig. 6 show that the Dirac
points of graphene just locate inside the bulk band gap of the
substrate and a bulk band gap of about 1.1 meV is opened at
the crossing points of the spin-up and spin-down Dirac bands
after considering the SOC.

RbMnCls is an AFM insulator with the Mn sites form-
ing alternating (001) FM planes, and it also has a hexagonal

(501 a5 the graphene does, which makes the experi-

structure
mental fabrication of the heterostructure of graphene on the
(001) surface of RbMnCl; easy. Based on first-principles cal-
culations, Zhang et al. showed that the QAH effect could be
realized in the heterostructure of graphene on the AFM insu-

lator RbMnCl; with Mn terminal. 17!

@ 7

K

Fig. 6. (color online) Bulk band structures of graphene on BiFeOs. (a) Spin-resolved band structures. (b) Zoom in on the green box
of panel (a). The blue (thin) and red (thick) lines in panels (a) and (b) represent the spin-up and spin-down bands, respectively. (c)
Band structure when the spin—orbit coupling is included. A bulk gap 6 of about 1.1 meV is centered on the avoided crossings near the
K and K’ valleys. Note that the nontrivial band gap § is inside the bulk gap A of BiFeOs. (d) Zoom in on the green box of panel (c).
Reprinted with permission from Ref. [16]. Copyright 2014 by the American Physical Society.

(a)

Mn

Fig. 7. (color online) (a) Side view of the heterostructure with graphene on a
(001) RbMnClj surface. The C, Rb, Mn, and CI atoms are denoted in brown,
purple, red, and green, respectively. (b) Top view of the heterostructure with
the topmost layer Mn atoms of the MnRbCl3 located at the hollow site of
graphene. For clarity, only graphene and the topmost layer Mn atoms are
displayed. (c) The reciprocal momentum space structures for the 1 x 1 and
3 x 3 supercells of graphene, where b; > and b?_z are the reciprocal vectors
of the 1 x 1 and 3 x 3 supercells, respectively. K and K’ points of the 3 x 3
supercell of graphene are folded into the I" point. Reprinted with permission
from Ref. [17]. Copyright 2015 by Nature Publication Group.

In their first-principles calculations, a 3 x 3 supercell
of graphene was employed to match the (001) surface of
RbMnCl; with Mn terminal, as shown in Fig. 7(a).['”] In con-
trast from the cases of the 1 x 1 and 4 x 4 supercells, the K
and K’ points for the 3 x 3 supercell of graphene are both
folded into the I" point (as illustrated in Fig. 7(c)). When the
graphene is deposited on the (001) surface of the RbMnCl3
substrate, through the proximity effect, the topmost FM Mn
layer in RbMnCl; will induce a strong magnetic exchange
field in graphene, which makes the spin-up and spin-down
bands of the 7 states of graphene cross with each other around
the Dirac point. Besides, the Dirac bands are just located in-
side the bulk band gap of the substrate. The crossing of spin-up
and spin-down Dirac bands induced by the magnetic exchange
field is essential to the QAH effect.l!?! A bulk band gap of
about 1.2 meV is opened at the bands crossing points after the
SOC is included (Fig. 8(a)). The size of the gap is much larger
than the topologically nontrivial gap of pure graphene!*>#0]
due to the enhanced Rashba SOC through the interaction be-
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tween graphene and the RbMnCl; substrate. The peaks of
the calculated Berry curvature Q (k) only locate around the
SOC-induced band gaps (Figs. 8(a) and 8(b)). The Chern
number C = 2 is obtained for the system, meaning two chi-
ral edge channels will arise on each side of the sample and
confirming the realization of the QAH effect in the graphene/
RbMnCl; heterostructure.!!'”] As shown in Fig. 8(d), the QAH
gap can be greatly increased by enhancing the interaction be-
tween graphene and the substrate.

(a)
-0.90 120

E—Ep/eV

0 0.03 0.06 0.09
(do—d)/do

Fig. 8. (color online) (a) The band structure (black solid curves) and
the Berry curvature (red dotted curve) of the graphene/RbMnCl;3 het-
erostructure. (b) The 2D distribution of the Berry curvature in the mo-
mentum space, located primarily around the I" point. (c) The bulk band
structure of the graphene/RbMnCl3 heterostructure with an extra hole
in the supercell. (d) The bulk band gap E; as a function of (dy —d)/dy,
where d is the distance between graphene and the RbMnCl3 film and
dy is the corresponding optimized distance. Reprinted with permission
from Ref. [17]. Copyright 2015 by Nature Publication Group.

K M

3.3. Robust QAH effect in graphene-based van der Waals
heterostructures

As discussed above, the QAH effect can emerge in
graphene by depositing it onto a suitable magnetic substrate.
The hidden challenge in such proposals is, however, that the
QAH effect depends quite sensitively on the combination con-
figuration of graphene and the substrate. The QAH effect may
be quenched if the pattern between graphene and the substrate
is varied slightly, making the experimental observation very
difficult. A recent first-principles study of graphene on a lay-
ered FM insulator Cr,Ge;Teg has solved this problem.!'®! The
system of graphene on a Cr,Ge;Teg film belongs to a special
structure, called van der Waals (vdW) heterostructures, ?1-52]
due to the vdW interaction between the graphene and the sub-
strate. This category of heterostructures is found to own sev-
eral fantastic characteristics beneficial to realizing the QAH
effect in experiments.

Cr,GeyTeg is an FM insulator with a relatively high
Curie temperature of 61 K.133 The hexagonal structure of
CryGe,Teg matches very well with that of graphene. Partic-
ularly, the Cr,Ge,Teg bulk is layered with the adjacent planes
joined by vdW bonds. The Cr,Ge,Teg films of very high

quality have been successfully fabricated in experiments. >3]

When the graphene is deposited on the 2D exfoliated film of
Cr,GesTeg, a vdW heterostructure is formed.!! The exotic
feature of this system is that the achieved QAH effect is in-
dependent of the stacking patterns between graphene and the
FM substrate. This robustness makes the experimental obser-
vation highly accessible. The Fermi level (Ep) is found to be
located exactly inside the nontrivial bulk band gap, favorable
to the transport measurement of the QAH effect. The nontriv-
ial bulk band gap can be tuned flexibly by varying the vdW
gap between graphene and the substrate.

Fig. 9. (color online) Top (a) and side (b) views of one of the vdW
heterostructures of graphene on a monolayer Cr,Ge,Teg. In the unit
cell, two C atoms of graphene lie directly above two Te atoms (la-
beled by dashed circles) of Cr,Ge, Teg. Reprinted with permission from
Ref. [18]. Copyright 2015 by the American Physical Society.

Figure 9 shows the atomistic structure of the het-
erostructure, where graphene is deposited on a monolayer
Cr2GesTeg. According to the first-principles calculations, '8!
the optimized distance between graphene and the monolayer
Cr,GeyTeg is 3.56 A, which together with the small co-
hesive energy implies that this kind of heterostructure is a
vdW heterostructure, relatively straightforward to fabricate in
experiments.>!l The magnetic exchange field can indeed be
induced in the graphene sheet through the proximity effect by
the FM insulator substrate Cr,Ge,Teg, as shown in the spin-
polarized band structures (Figs. 10(a) and 10(b)). The Dirac
bands of the graphene are located just inside the bulk band gap
of the CryGe;, Teg substrate. When the SOC is included, an en-
ergy gap is opened at the crossing points of the crossing bands
with opposite spin orientations, just around Ef (Figs. 10(c) and
10(d)). The gap is about 0.5 meV, much larger than the topo-
logically nontrivial band gap of pure graphene. The calculated
Berry curvatures and Chern number (C = 2) confirm that the
SOC-induced insulating state in the vdW heterostructure is the
QAH state. The calculated edge states at an armchair edge
of the semi-infinite heterostructure system (Fig. 11(b)) shows
that two chiral charge conducting channels will appear on each
side of the sample, consistent with the obtained Chern number
C =218l
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Fig. 10. (color online) (a), (c) The calculated band structures of the vdW heterostructure in Fig. 9 without (a) and with (c) the consideration
of SOC, respectively. The red and blue curves denote the spin-up and spin-down bands, respectively. (b), (d) Zoom in on the black dashed
circles in panels (a) and (c), respectively. (e)—(h) The same as panels (a)—(d) except that the distance (vdW gap) between graphene and the
CrGe, Teg sheet is reduced by 0.3 A (d = 3.26 A). Reprinted with permission from Ref. [18]. Copyright 2015 by the American Physical

Society.
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Fig. 11. (color online) (a) The calculated Berry curvature (red) for the whole valence bands. The black curves and green dots denote
the band structures obtained from the DFT calculations and the TB model, respectively. (b) The calculated edge density of states for
the armchair edge of the semi-infinite system. (c) and (d) The same as panels (a) and (b) except that the distance (vdW gap) between
graphene and the Cr,Ge, Teg sheet is reduced by 0.3 A (d = 3.26 A). (e) The induced exchange splitting (M) in the graphene layer as
a function of d — dy, where d is the vdW distance between graphene and the Cr,Ge,Teg sheet and d is the corresponding optimized
vdW distance (dp = 3.56 A). (f) The SOC induced band gap E; as a function of d —dy. Reprinted with permission from Ref. [18].

Copyright 2015 by the American Physical Society.

The proximity coupling effect in the vdW heterostructure
can be enhanced by reducing the distance between graphene
and the substrate. Due to the weak vdW interaction, the dis-
tance between graphene and the FM substrate Cr,Ge,Teg can
be easily reduced in experiments by applying an external pres-
sure. Figures 11(e) and 11(f) show that the exchange field and
the QAH gap can be increased significantly through reducing
the vdW gap. The nontrivial QAH gap is increased to 4.3 meV
when the vdW gap is reduced by 0.7 A. The size of the gap

corresponds to a temperature of about 50.0 K, promising for
experimental observation of the QAH effect in high tempera-
ture. The robustness of the achieved QAH effect is confirmed
by investigating the electronic and topological behaviors of the
heterostructure with other combination configurations, which
means that the QAH effect in the vdW heterostructure is in-
dependent of the stacking patterns and can be easily realized
in experiments as long as the graphene is placed on the top

of the Cr,Ge;Teg sheet, superior to other theoretical models
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proposed to realize the QAH effect in graphene. Based on the
above graphene-based vdW heterostructure, a brand new mul-
tichannel or high Chern number QAH device prototype made
of alternating Cr,Ge,Teg and graphene is proposed, support-
ing dissipationless edge conducting transport with a quantized
conductivity of 2N x e? /h, where N is the number of graphene
layers in the system. Thus, the graphene-based vdW het-
erostructure is a perfect system to observe the QAH effect with
currently experimental technologies and may greatly push the

experimental study of the QAH effect. 8]

4. QAH effect in silicene-based systems

Silicene, a monolayer of silicon atoms with a two-
dimensional honeycomb lattice, is closely analogous to
graphene and has been synthesized in experiments.>%7] Sil-
icene also possesses the Dirac electronic properties and is pre-
dicted to be a 2D topological insulator (QSH insulator). 8! In
contrast to graphene, silicene is in a low buckled honeycomb
structure with the two sublattices in different planes, which
leads to the relatively large SOC gap of 1.55 meV.!®®! Similar
to graphene, the QAH effect can also be realized in silicene
through introducing magnetism and Rashba SOC.!"?] Recent
first-principles calculations demonstrated that silicene deco-
rated with proper TM atoms at the hollow adsorption site can
realize the QAH effect.!?>?!1 The adsorption energies of the
TM atoms adsorbed on silicene are much larger than those on
graphene, indicating strong structural stability of silicene dec-
orated with TM atoms and the TM atoms generally do not form
into clusters when they are deposited on the silicene sheet. The
mechanism of the QAH effect in silicene with TM atoms ad-
sorbed at the hollow site can be explained by the following
TB model. In this model, the TM induced exchange field,
the staggered AB-sublattice potential, and the extrinsic Rashba
SOC are only considered for the Si atoms nearest to the TM

adatoms. The TB Hamiltonian can be written as[!9-20]

. 2’SO
H = —t Z c;racja—i—l— Z vichaGéﬁcjﬁ
(i,j)a 3‘/§(i,j>aﬁ l

2

—l—iARz Z C;rmx (0’ X dAi/')fxB Cnp
(m,n)op

+ Zl-lmUC::mCma +M Z Cj”“céﬁcmﬁ’ 3)
mao

maf

where cja (cie) creates (annihilates) an electron with spin o
on site i, (i, j) ({{{,j))) runs over all the nearest (next-nearest)
neighbor hopping sites, o is the Pauli matrix, v;; = %1 if the
next-nearest-neighboring hopping is counterclockwise (clock-
wise) with respect to the positive ¢ axis, and symbols m, n refer
to the sites nearest to the TM atom. The first term represents
the nearest-neighboring hopping with amplitude ¢, and the sec-
ond term is the intrinsic SOC. The third term describes the in-
trinsic Rashba SOC arising from the low-buckled structure of
silicene, where d;; denotes the lattice vector pointing from site
Jj to site 7 in the same sublattice and y; = %1 for the A-type (B-
type) site. The last three terms represent the extrinsic Rashba
SOC, the staggered AB-sublattice potential, and the magnetic
exchange field, respectively, all induced by the TM atoms. The
TM-induced extrinsic Rashba SOC is usually much larger than
the other two SOC terms. Figure 12(a) plots the band struc-
ture of pristine silicene with the perfect spin degenerate Dirac
bands at the K (K’) point. When the TM-induced staggered
AB-sublattice potential U is present, a trivial bulk band gap
is opened at the Dirac points, as shown in Fig. 12(b). When
the magnetic exchange field is taken into account, the spin de-
generate states will split into the spin-up and spin-down Dirac
bands. If the exchange field is strong enough, the trivial band
gap induced by the staggered AB-sublattice potential will dis-
appear, and the spin-up and spin-down Dirac bands will cross
with each other, as displayed in Fig. 12(c). Then, a new band
gap can be opened around the K and K’ Dirac points after the
Rashba SOC is included (Fig. 12(d)). Due to the inequivalence
of the A and B sublattices in TM-silicene, the sizes of the gaps
opened by the Rashba SOC around the K and K’ points are
not equal to each other. Similar to the case of graphene, these
SOC-induced band gaps are topologically nontrivial and the

—1=ARj cj oxdi;) e
3 (« i%;’a B Hicia ( ]> op “iP obtained insulting state is the QAH state.!>!
0.30
(a) (b) (c) (d) (e)
> 0.15 1T
o
~
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Gs_-J: . & Py 4 IV " \a
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Fig. 12. (color online) Band structures calculated by using TB models with silicene hopping strength # = 1.6 eV. The parameters
adopted are (a) U =M =0.0eV; (b) U =0.18 eV, M =0.0eV; and (c) U = 0.18 eV, M = 0.25. When the SOC is included, bands
in panel (d) are obtained. The arrows in panel (d) represent the spin directions. Reprinted with permission from Ref. [20]. Copyright

2013 by the American Physical Society.
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The band evolution obtained from the above TB model
illustrates clearly how the QAH effect can be realized in the
TM atoms decorated silicene system in the present of stag-
gered AB-sublattice potential, exchange field, and Rashba
SOC. Here, we take the 4d TM Nb decorated silicene sys-
tem (Nb-silicene) as an example to illustrate how the QAH
effect is achieved in the real system./?”! The DFT band struc-
ture of pristine silicene without SOC is shown in Fig. 13(a),
and the linear Dirac dispersion appears at the K and K’ points.
The slight structural distortion induced by the adsorption of
Nb atoms at the hollow sites of silicene induces a band gap of
about 26.5 meV at Dirac points K and K’, which is obtained by
calculating the band structure of the distortion silicene without
Nb atoms. For the Nb-silicene system, the trivial gap at the K
and K’ Dirac points is enhanced to 50.3 meV (Fig. 13(b)) due
to the local staggered AB-sublattice potential induced by the
Nb atoms. When the spin polarization is included in the calcu-
lations, obvious spin splitting appears (Fig. 13(c)). The mag-
netic exchange field is much larger than the induced staggered
potential, resulting in the crossing of spin-up and spin-down
Dirac bands around Ef (as shown in Fig. 13(c)). When the
SOC is considered, the band gaps appear at the band cross-
ing points. The SOC-induced local gaps around the K and
K’ points are 18 meV and 10 meV (Fig. 13(d)), respectively.
Thus, a global gap of about 10 meV is opened. Namely, a
SOC-induced insulating state appears in the Nb—silicene sys-
tem. This gap is opened by the Rashba-type SOC. The cal-
culated magnetic anisotropic energies of the system show that

the SOC ground state has the out-of-plane spin orientation,
20]

also important to observe the QAH effect.!

Energy/eV

Energy/eV

r K M I’ K MTI KM T K' M

Fig. 13. (color online) (a) Band structures for pristine (black curves)
and deformed (blue curves) silicene with a 4 x 4 supercell. In the de-
formed case, the Nb atoms are removed. Insets: magnified bands near
the K points and the optimized structure around the Nb. (b) and (c) The
band structures of silicene adsorbed with Nb without (b) and with (c) the
consideration of spin polarization, respectively. The contributions from
Si 3p/Nb 4d states to the bands are denoted by the orange/blue circles.
The inset in panel (c) is the spatial distribution of the spin difference.
(d) The corresponding bands of panel (c) with the SOC. The EF is set
at energy zero. Reprinted with permission from Ref. [20]. Copyright

2013 by the American Physical Society.

Since the adsorption energies of TM atoms on silicene
are large and the TM atoms generally do not form into clus-
ters, one may expect the realization of the QAH effect through
adsorbing TM atoms on silicene is easier in experiments, com-
pared to graphene. There are, however, other difficulties in the
system. Due to the absence of the freestanding silicene in na-
ture, the silicene is usually grown on metal substrates in exper-
iments, which will absolutely destroy the original QAH effect.
Thus, to realize the QAH effect in TM decorated silicene sys-
tems in experiments, some suitable insulating substrates must
be first designed for silicene. For graphene, the freestand-
ing monolayer exists in nature and has been fabricated suc-
cessfully in experiments. According to the above discussion,
the QAH effect in graphene systems can hopefully be real-
ized in experiments by forming graphene-based heterostruc-
tures, especially the vdW-heterostructure, through depositing

a graphene sheet on suitable magnetic insulating substrates.

5. QAH effect in various other material systems

Besides the typical systems of HgTe QWs, (Bi,Sb),Tes
thin films, graphene (heterostructures), and silicene, etc.,
QAH effects have been reported in many other material sys-
tems, including 2D organic topological insulators,!??! heavy
atomic layers on magnetic insulators,>! (111) bilayers of
LaCo003,23] GdO/EuO quantum wells, 2% interfaces between
thin films of the topologically trivial FM insulators EuO
and GdN, ?71 (001) double-perovskite monolayers via intersite

spin—orbit coupling,*®! and so on.
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Fig. 14. (color online) (a) and (b) Band structures of the TMn lattice
without and with SOC, respectively. The red (blue) dashed curves de-
note spin-up (spin-down) bands. (c) and (d) Magnification of panels
(a) and (b) around Ef, respectively. Reprinted with permission from
Ref. [22]. Copyright 2013 by the American Physical Society.

Wang et al. proposed that the QAH effect can be realized

in a family of 2D organic topological insulators which are de-
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signed by assembling molecular building blocks of triphenyl-
transition-metal compounds into a hexagonal lattice and using
the triphenyl-manganese (TMn) as a model system with the
Mn atoms forming a honeycomb lattice.*?! Figure 14 shows
the band structures of the TMn lattice. The ground state of
the TMn lattice is FM with a magnetic moment of 4 ug per
unit cell, in which the spin-up and spin-down Dirac bands are
completely split away from each other with Ef located exactly
at the Dirac points of the spin-down Dirac band (Figs. 14(a)
and 14(c)). When the SOC is included, a topologically non-
trivial bulk band gap (9.5 meV) is opened at the K and K’
Dirac points around Ef (Figs. 14(b) and 14(d)), and the physi-
cal origin of the QAH effect in this system is due to the strong
magnetization and intrinsic SOC provided by the honeycomb
Mn atoms. ??!

(a) Top View

(b) Side View

Fig. 15. (color online) (a) Top view and (b) side view of the tripled sur-
face unit cell of MnTe with 2/3 ML Pb. Pb is in green, Mn is in gray,
Te is in dark blue, and I is in cyan. Reprinted with permission from
Ref. [23]. Copyright 2013 by the American Physical Society.

A large gap QAH effect was predicted to be realized by
depositing atomic layers of heavy atoms (Pt-Bi) with large
SOC on the surface of magnetic insulators (such as MnTe,
MnSe, and EuS) (Fig. 15). The difficulties related to mag-
netic dopants and disorder can be avoided by the large-band-
gap magnetic substrate with naturally aligned spins. >3] Based
on ab initio calculations, Wu et al. proposed a large energy gap
QAH effect in the half-passivated stanene (340 meV) and ger-

S. [24

manene (60 meV) systems.'?*) The ferromagnetism in these

2D honeycomb materials is introduced by controlling the sur-

52698 @29eP

face functionality instead of TM doping, wherein one sublat-
tice is fully passivated by halide atoms while the other is not
(Fig. 16) and the FM order is realized on the unpassivated sub-
lattice. Wang et al. found that the interplay between SOC
and Coulomb interaction stabilizes a very robust FM insula-
tor phase with a nonzero Cherm number in the bilayer system
of LaCoO3 grown along the (111) direction on SrTiO3, indi-
cating the possibility of experimental observation of the QAH
effect in perovskite systems.?]

The QSH effect in the InAs/GaSb quantum well (QW) is
due to the relative band inversion between the two different
materials. Zhang et al. showed that the above relative band
inversion mechanism could also be applied to oxide hetero-
junctions, and proposed that the QAH state could be realized
in the (CdO),(Eu0),, QW (Fig. 17).1%%! The n and m repre-
sent the numbers of atomic layers of (CdO) and (EuO), re-
spectively, and the band gap of the QW can be tuned by vary-
ing the layer thickness (n,m). EuO is an important high T¢
(around 69 K) FM insulator. And a high 7¢ is expected for
the (CdO),(EuO),, QW. Thus, the (CdO),(Eu0O),, QW was
proposed to realize the QAH effect without random magnetic
doping, which is distinct from the magnetically doped topo-
logical insulators.!?®! The first-principles calculations demon-
strated that an interface between thin films of the topologi-
cally trivial FM insulators EuO and GdN could also result in
the QAH effect,*’! as shown in Fig. 18. The above proposal
shows that the QAH effect can also be realized in the square
lattice, going beyond the ordinary honeycomb lattice material
systems.

Liang et al. demonstrated that the topological states
could also be realized in a triangular lattice.*! They found
that, because of the C3 and time reversal symmetries, p, and
py orbitals accommodated on the triangular lattice exhibit a
quadratic band touching at the I" point at Eg. When the SOC is
included, a gap will be opened at the touching point, which re-
sults in a QSH effect state. Thus, if the time reversal symmetry
of the triangular lattice system is broken by a large magnetic
exchange field, the QAH effect with C = 41 will be achieved.

2926

332896 2B2BL® 8PV

3oe° IBSP

(b) Half-passivation, FM

(a) Full-passivation

9980

(c) Half-passivation, 120° AFM

Fig. 16. (color online) Structures of stanene with (a) full- and (b)—(c) half-passivation by I atoms. Large gray and small pink spheres
represent the Sn and I atoms, respectively. For the half-passivated stanene, unpassivated Sn sites exhibit magnetic moments in a triangular
lattice (dotted lines), which are indicated by the blue arrows. The FM and 120° AFM phases are indicated in panels (b) and (c), respectively.
The spin charge density is shown in an isovalue surface plot, which distributes primarily at the unpassivated Sn atoms. The isovalue of the
spin density is chosen as 0.006 electron/A>. Reprinted with permission from Ref. [24]. Copyright 2014 by the American Physical Society.
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Fig. 17. (color online) (a) The rocksalt crystal structure of CdO and
EuO with space group Fm3m (No. 255). (b) The Brillouin zone for
the rocksalt structure. The time-reversal invariant momentum points
are marked, for example, I"(0,0,0), X(x,7,0), and L(7,0,0). (c)
The schematic of the (CdO),(Eu0),, superlattice. (d) The BZ of the
(CdO),(Eu0),, superlattice. (e) The schematic of the (CdO),(EuO),,
quantum Well. Reprinted with permission from Ref. [26]. Copyright
2014 by the American Physical Society.
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Fig. 18. (color online) Schematic densities of states of (a) EuO and
(b) GdN. (c) Side view of the proposed interface structure composed
of one GdN layer atop one EuO layer on a SrO substrate. Large atoms
are cations (Gd, Eu, and Sr), and small atoms are anions (N and O).
Reprinted with permission from Ref. [27]. Copyright 2014 by the
American Physical Society.

6. New quantum states related to the QAH state

The valley-polarized quantum anomalous Hall state and
the quantum spin-quantum anomalous Hall state are the QAH-
related new topological states, where two different quantum
states coexist in a material system. The valley degree of free-
dom in the honeycomb lattice system is essential for the ap-
plication of valleytronics.[®” Silicene has a honeycomb ge-
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ometry and a low-buckled structure. By breaking the inver-
sion symmetry of silicene, e.g., by introducing a relatively
large staggered AB-sublattice potential, a bulk band gap can
be opened at the K and K’ points and the quantum valley
Hall (QVH) effect can be obtained, characterized by the val-
ley Chern number C, = Cj, — C,'{.[“] As shown in Eq. (3), the
coexistence of intrinsic and extrinsic Rashba SOCs in silicene
may generate a new type of topological phase due to their dif-
ferent responses at the valleys K and K’. Through tuning these
Rashba SOC:s in silicene, Pan ef al. numerically found a new
quantum state, the valley-polarized quantum anomalous Hall
(VP-QAH) state, in which the quantum valley Hall state (val-
ley Chern number C, = 3, where C; = 1 and C,'{ = —2) and
the quantum anomalous Hall state (Chern number C = —1)
coexist in the material,[®! as shown in Fig. 19. Based on the
first-principles calculations, Liu et al. reported the theoretical
finding of the novel VP-QAH phase with a large band gap of
0.19 eV in half-hydrogenated Bi honeycomb monolayers. 0%
Ezawa reported from TB models that the topological
properties of silicene could also be tuned by applying the stag-
gered exchange field AM = M — Mg, where M and Mg are
the magnetic exchange fields operating on the A and B sub-
lattices, respectively.[®3] The QSH state and the QAH state
are the well-known topologically protected states, which are
characterized by the helical and the chiral gapless edge states,
respectively. By introducing the staggered magnetic exchange
field AM, the author discovered a new hybrid topological state,
the quantum spin-quantum anomalous Hall (QSQAH) state,
where the two different topological states coexist, i.e., the
QSH effect is realized at one valley (K point) while the QAH
effect is realized at the other valley (K’ point).[%3] The topolog-
ical numbers of QSQAH are given by one half of the sum of
those of the QAH and QSH states: Chern number C = 1 and
spin Chern number Cs = 1/2. Based on the first-principles cal-
culations, Zhou et al. reported the novel QSQAH effect in the
Sb(111) monolayers decorated with H and certain magnetic
atoms.[%* The drastic exchange field induced by the decora-
tion of H atoms and magnetic (Cr/Mo/W) atoms at the A and

A(K)
D(K")
F(K")

o O AB| ... CDXEF 1 valley-polarized QAHE
B(K)

0.1 C(K'
E(K'

K K

Fig. 19. (color online) (a) Contour of Berry curvature distribution in (k,, k) plane for the valley-polarized QAH effect. (b) Berry
curvature distribution as a function of &, at fixed ky = 27/1/3. (c) The band structure of zigzag-terminated silicene exhibiting the
valley-polarized QAH effect, where colors are used to label the edge modes localized at the opposite boundaries. (d) Valley-associated
edge modes for the valley-polarized QAH effect. Reprinted with permission from Ref. [61]. Copyright 2014 by the American Physical

Society.
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Table 1. Summary of the material systems proposed for realizing the QAH effect. The listed contents include the material systems,
the Chern numbers obtained in the systems, the important characteristics, the QAH gaps, and the corresponding references.

Material system Chern number C Description QAH gap/meV Ref.
HgTe QWs 1 magnetic doping [9]
p—n junction QWs 1 magnetic doping ~5 [10]
Magnetic TIs thin film 1 magnetic doping [11]
TM atoms/graphene 2,-2 TM atom adsorption ~ 1-100 [12]]15]
graphene/BiFeO3(111) 2 AFM insulator substrate ~ 14 [16]
graphene/RbMnCl3(001) 2 AFM insulator substrate ~1-9 [17]
graphene/Gr, Ge, Teg 2 FM insulator substrate, vdW heterostructure ~ 14 [18]
TM atoms/silicene 2,-2,1 TM atom adsorption ~ 1-10 [19]H21]
2D organic TIs 1 Mn honeycomb lattice, intrinsic ~9.5 [22]
(111) bilayer of oxides (LaCoO3, LaNiOs, SrIrOs3) 1,2 heterostructure [25], [32], [33]
CdO/EuO 1 quantum wells ~ 20 [26]
GdN/EuO 1 interface ~ 100 [27]
Pb/MnTe -1 magnetic substrate ~ 36 [23]
I-germanene, I-stanene 1 half-passivated ~ 60-340 [24]
H-Bi(111) 1 half-hydrogenated ~ 200 [62]
Functionalized Sb(111) 1 H and TM atoms decorated ~20-50 [64]
LaX (X =Br, CL ) 1 intrinsic ~ 14-25 [29]
HgCr,Sey thin film, intrinsic [30]
Double perovskites 2,-2 heterostructure ~0.1-26 [28], [31]
Topological crystalline insulator between —4 and 4 thin-film and FM doping [34]
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Fig. 20. (color online) (a) Berry curvatures (red dots) for the whole va-
lence bands (in atomic units (a.u.)) of Mo@SbH in the case of 1 x 1 unit
cell, with a 3% tensile strain applied. The corresponding band structures
(black dashed curves) are also displayed. (b) The distributions of the
Berry curvatures in 2D momentum space for the same system in panel
(a). (c) and (d) The same as those in panels (a) and (b), respectively,
except for spin Berry curvatures (blue dots in (c)) instead. (e) and (f)
The same as those in panels (c) and (d), except for the case of 2 x 2
supercell. The bands in panel (e) are shown by black solid curves. In
panels (e) and (f), no strain is applied. Reprinted with permission from
Ref. [64]. Copyright 2015 by the American Chemical Society.

B sublattices of the honeycomb Sb(111) monolayers, together
with the strong SOC of the Sb atoms, generates the novel
QSQAH state.[** Figure 20 shows the band structures and
(spin) Berry curvatures obtained from the ab initio calcula-
tions, associated with the obtained Chern number of 1 and

spin Chern number of ~ 1/2, which clearly illustrate the re-
alization of the QSQAH effect in the functionalized Sb(111)

monolayers. 64!

The material systems proposed for realizing the QAH ef-
fect have been summarized in Table 1, where the Chern num-
bers and the QAH gaps obtained in the systems are also given.
The important characteristics of the systems are also briefly
introduced. The last column displays the corresponding refer-
ences. From the table, one can see that the half-passivated Sn
or Bi systems can give the QAH effect with very large gaps.
They may be ideal systems to observed the QAH effect, if the
sample fabrication can be easily realized in experiments.

7. Conclusions and outlook

In this review, we systematically discussed the theoreti-
cal proposals for realizing the QAH effect in various real ma-
terial systems. The theoretical studies demonstrate that the
QAH effect can be realized in the TRS broken QSH insulator
HgTe QWs and tetradymite semiconductors Bi,Tes, BipSes,
and Sb,Tes by doping magnetic atoms. By introducing Rashba
SOC and a magnetic exchange field, graphene and silicene are
suitable prototype materials for engineering the QAH effect.
The QAH effect can also be realized in various other real mate-
rials, such as 2D organic topological insulators, heavy atomic
layers on magnetic insulators, GAO/EuO quantum wells, (111)
bilayers of LaCoQOs3, and so on. Two QAH-based novel topo-
logical states, VP-QAH state and QSQAH state, were also
discussed in this work. Although there are plenty of theoret-
ical proposals, the QAH effect has solely been observed in
experiments in thin films of magnetically doped topological
insulators ((Bi, Sb),Te3) at an extremely low temperature. It
is generally not very easy to synthesize the proposed mate-
rial systems theoretically, which makes the experimental re-
alization of the QAH effect challenging. Thus, to realize the

117308-12



Chin. Phys. B Vol. 25, No.

11 (2016) 117308

QAH effect straightforward in experiments, the proposed sys-
tem must be robust against disorder and easy to be synthe-
sized, where a high Tc and a relatively large bulk band gap
are also required. When compared to the other materials in
the theoretical proposals, graphene is the most stable 2D ma-
terial and relatively mature to be fabricated in experiments,
which indicates that the robust QAH effect proposed in the
graphene-based vdW heterostructure may be the most perfect
candidate system for experimental observation of the QAH ef-
fect up to the present. Further, to apply the QAH effect in
future low-power-consumption electronic devices, the room-
temperature QAH state must be achieved in certain material
systems, which calls for more effort on the experimental and
theoretical studies in this significant direction.
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