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Based on first-principles calculations, a two-dimensional (2D) van der Waals (vdW) bilayer heterostructure consisting
of two topologically trivial ferromagnetic (FM) monolayers Crlz and ScCl, is proposed to realize the quantum anomalous
Hall effect (QAHE) with a sizable topologically nontrivial band gap of 4.5 meV. Its topological nature is attributed to an
interlayer band inversion between the monolayers and critically depends on the symmetry of the stacking configuration.
We further demonstrate that the topologically nontrivial band gap can be increased nearly linearly by the application of a
perpendicular external pressure and reaches 8.1 meV at 2.7 GPa, and the application of an external out-of-plane electric field
can also modulate the band gap and convert the system back to topologically trivial via eliminating the band inversion. An
effective model is developed to describe the topological phase evolution in this bilayer heterostructure. This work provides
a new candidate system based on 2D vdW materials for realization of potential high-temperature QAHE with considerable

controllability.

Keywords: quantum anomalous Hall effect, two-dimensional heterostructure
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1. Introduction

The quantum anomalous Hall effect (QAHE)!!! is the
manifestation of topological electronic structure characterized
by a nonzero Chern number (CN) and chiral edge electronic
Aside from fundamental interest, the QAHE also
has great promise in development of low-power-consumption

states.

spintronic devices for practical applications owing to its dissi-
pationless transport nature, which has stimulated tremendous
efforts for its experimental realization since the first theoret-
ical model was proposed by Haldane in 1998.I'1 Following
a theoretical recipe,?! the experimental realization was first
achieved in magnetically doped three-dimensional topologi-
cal insulators in the family of BiySes, B8 while the highest
temperature achieved so far is only 2 K,®l due to inevitable
degradation of sample quality with the complexity caused by
the magnetic doping. More recently, the QAHE was realized

9-11 with a record temper-

in a layered compound MnBi;Te4!
ature of 13 K and an external magnetic field required to align
the intrinsically antiferromagnetically coupled MnBi;Te4 lay-
ers to be ferromagnetic (FM).['!] In addition, twisted bilayer
graphene was also recently reported to achieve the QAHE ex-
perimentally at 1.6 K.['? However, searching for new QAHE
systems particularly with substantially enhanced the critical
temperature is highly demanded for practical applications but
still a grant challenge in this field.

Recent discovery of two-dimensional (2D) ferromag-
netic materials provides new opportunities for this endeavor.
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By constructing multilayer van der Waals heterostructures,
several new QAHE systems were theoretically proposed, in-
cluding the ones consisting of a layered topological insulator
and a 2D ferromagnetic layer, e.g., arranged by publishing
time, graphene/BiFeO3,[!3] graphene/RbMnCl3, !4 graphene/
Cr,Ge, Teg,[19] MnBi, Tes/GeBi, Tey, [16) MnBi,Sea/
Bi,Se3, 'l Crl3/Bi,Ses, '8! CrBi2Se4/BisSes,!!®! germanene/
CryGe, Teg, 1929 graphene/CrBr3,>! MnBi,Tes/ SbyTes, 2!
MnBi;Tes/Crl3,1?3 graphene/MnPSes,**! graphene/Nil,, >
MnBis Tes/VBir Tes 120! or MnBis Tes/Bir Tes 127! and the ones
consisting of two ferromagnetic layers MnNF/MnNC].[?8]

In this work, we propose a 2D van der Waals (vdW) bi-
layer heterostructure constructed by stacking two topologi-
cally trivial ferromagnetic (FM) monolayers Crlz and ScCl; to
realize the QAHE state. Based on first-principles calculations
within the framework of density functional theory (DFT), the
topological nature of the heterostructure is revealed to be at-
tributed to an interlayer band inversion between the monolay-
ers, and it critically depends on the structural symmetry of the
stacking configuration. Our calculation shows that the pristine
bilayer heterostructure has a sizable topologically nontrivial
band gap of 4.5 meV. We further demonstrate that the band gap
can be increased nearly linearly by the application of a perpen-
dicular external pressure and reaches 8.1 meV at 2.7 GPa, and
the application of an external out-of-plane electric field can
also modulate the band gap and convert the system back to
being topologically trivial via eliminating the band inversion.
An effective model is developed to describe the evolution of

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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the topological phases observed in this bilayer system.

2. Computational methods

The first-principles DFT calculations were performed
based on the projector augmented wave (PAW) formalisms!?°!
with the exchange and correlation functional in the form of
PBEsol3% as implemented in the Vienna ab initio simulation
package (VASP).313%1 A plane wave basis cutoff of 400 eV
was used. To model the 2D heterostructure, the supercell con-
tains a monolayer of an 1 x 1 Crl3 stacking with a monolayer
of a 2 x 2 ScCl, with a vacuum region of 30 A. A I'-centered
8 x 8 x 1 mesh was used for k-point sampling.!**! Hubbard
U =3¢V and 1 eV were added to the partially filled 3d
transition-metal elements Cr and Sc, respectively, to capture
the local Coulomb interaction. The van der Waals corrections
as parameterized in the semiempirical DFT-D3 method !
were included. The electronic convergence criterion was set
to 107 eV, and atomic structures were fully relaxed until the
forces on all atom were smaller than 0.005 eV/A. The Hamil-
tonian matrixes in the Wannier function basis were calculated
by Wannier90,>! which served as an input of PythTB to cal-
culate the Berry curvature as well as the CN and the surface
states with WannierTools. *®! To verify the dynamical stability
of 2D monolayer ScCl,, phonon dispersion analysis was per-

137 in which the structure

formed using VASP and phonopy,
was fully relaxed until the energy and the forces were con-

verged to 1078 eV and 1076 eV/A, respectively.

3. Results and discussion

3.1. Atomic structure and magnetism of monolayer Crl3
and ScCl,

Crls is a 2D vdW stacked layered material, and its mono-
layer has been experimentally demonstrated to be an FM in-
sulator with a Curie temperature of 45 K.[3¥1 As shown in
Fig. 1(a), each unit cell of monolayer Crlz contains two Cr
atoms, forming a honeycomb lattice, and each Cr atom co-
valently bonds with six neighboring I atoms, with a space
group of P31m. Monolayer ScCl, was also predicted to be

an FM insulator. [39:40

I As shown in Fig. 1(b), each monolayer
of ScCl, is composed of three atomic layers, and the atoms in
each atomic layer contain only one element forming a triangu-
lar lattice, among which the Sc layer is sandwiched between
the two Cl layers and the three atomic layers follow an ABA
stacking sequence with the whole structure possessing a space
group of P6m2. The absence of imaginary frequency in the
calculated phonon spectra of monolayer ScCl,, as indicated in
Fig. A1, confirms the dynamical stability of the structure. The
optimized in-plane lattice constants of monolayer ScCl, and
Crl; are 3.474 A and 6.900 A, respectively. Thus a 2 x 2 unit

cell of ScCl, can perfectly match with a 1 x 1 unit cell of Crls
with a mismatch of merely 0.7%.

Figures 1(c) and 1(d) show the calculated band struc-
tures of monolayer Crlz and ScCl, in the FM phase, indi-
cating that they are both FM insulators with band gaps of
1.12 eV and 0.15 eV for Crl3 and ScCl, and Cr and Sc atoms
carry magnetic moments of 3ug and 1ug, respectively. For
Crlz, the magnetization of the whole layer prefers out-of-
plane orientation with a magnetic anisotropy energy (MAE)
of 1.61 meV/unit cell relative to the in-plane magnetization,
while the magnetization of monolayer ScCl, slightly favors
in-plane orientation with an MAE of 0.01 meV/unit cell. Band
structures of monolayer Crl3 and ScCl, with spin orbital cou-
pling (SOC) are shown in Fig. BI.
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Fig. 1. Atomic structure and magnetism of monolayer Crlz and ScCl,.
(a) Top view and side view of Crl3. The black solid line on the top view
shows the unit cell. (b) Top view and side view of ScCl,. The blue
dashed line and the black solid line on the top view show the unit cell
and the 2 X 2 unit cells, respectively. (c¢) and (d) The band structures of
monolayer Crlz and monolayer ScCly, respectively, without SOC.

3.2. Stacking structure and magnetism of CrI;/ScCl, het-
erobilayer

Before investigating its electronic structure, we first iden-
tify the most stable stacking configuration of an FM-coupled
Crl3/ScCl, bilayer (Fig. 2(a)) by mapping out the whole 2D
energy landscape (Fig. 2(b)) of the stacking registry space
of the two layers sliding relative to each other. Figures 2(c)
and 2(d) show the stacking configurations with the lowest and
highest energies, respectively. In the highest energy configura-
tion, Cr atoms in one of the Cr sublattices in the Crl3 layer are
vertically aligned with Sc atoms in the ScCl, layer and the rest
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Cr atoms in another Cr sublattice is aligned with the hollow
sites of the ScCl, layer. In the most stable configuration with
optimized in-plane lattice constant 6.937 A, one of the Cr sub-
lattices is still aligned with the hollow sites of the ScCl, layer,
while another Cr sublattice is aligned with the Cl atoms of the
ScCl, layer. The energy difference between the highest and
the lowest energy configurations is 58.05 meV/cell. The cal-
culations with considering different interlayer magnetic struc-
tures and magnetization orientations indicate that the Crl3 and
ScCl; layers always favor FM coupling with the magnetization
of both layers along the out-of-plane orientation, independent
of the stacking configuration. For the most stable configura-
tion, the energy of the FM state is lower than that of the in-
terlayer antiferromagnetic (AFM) state by 5.75 meV/cell. De-

tailed calculation results are summarized in Table 1.

(a) (b)

0 8 16 24 32 40 48 56 64

Fig. 2. Stacking structure of Crl3/ScCl, bilayer. (a) The side view of
Crl3/ScCl, heterostructure. (b) The contour map showing the stacking
energy as a function of lateral shift with respect to the highest energy
stacking. The scale of axes means the relative translation fraction of the
two monolayers. (c) and (d) Top views of the lowest energy stacking
and the highest energy stacking, respectivley.

Table 1. Space groups, and magnetic properties of monolayer CrCl3, monolayer ScCl, and bilayer heterostructure Crlz/ScCl, with different
stacking configurations. The second column shows the space groups of those systems. The third and fourth columns show relative MAE
of different magnetic structures. We list stacking (1/6,1/3), stacking (1/3,1/6), stacking (1/3,1/3), and stacking (1/2,1/6) for example.
For each cell discussed in this table, there are two Cr atoms and/or four Sc atoms.

Space group Magnetic structure Relative MAE (meV/cell)
Cils Pilm in-plane 1.61
out-of-plane 0.00
ScCl Pém2 in-plane 0.00
out-of-plane 0.04
Crl;z (out-of-plane)/ScCl, (in-plane) 341
Crl3/ScCl, stacking (1/6,1/3) P3 out-of-plane AFM 5.75
out-of-plane FM 0.00
Crl;s (out-of-plane)/ScCl, (in-plane) 2.74
Crl3/ScCl, stacking (1/3,1/6) P3 out-of-plane AFM 5.55
out-of-plane FM 0.00
Crl; (out-of-plane)/ScCl, (in-plane) 2.13
Crl3/ScCl, stacking (1/3,1/3) P3 out-of-plane AFM 4.27
out-of-plane FM 0.00
Crl;s (out-of-plane)/ScCl, (in-plane) 2.17
Crl3/ScCl, stacking (1/2,1/6) Pl out-of-plane AFM 4.19
out-of-plane FM 0.00

3.3. Topological property of CrI3/ScCl, heterobilayer

Figure 3(a) shows the calculated band structure of
the most stable stacking configuration of the FM-coupled
Crl3/ScCl, bilayer with SOC. It clearly reveals that there is
indeed band inversion between the valance band of the ScCl,
layer and the conduction band of the Crl3 layer in the vicinity
of the I' point. The zoomed-in band structure plot indicates
a sizable band gap of ~ 4.5 meV opened in the overlapped
bands, which implies the emergence of potential topological
non-trivial band structure. Detailed atomic orbital projection
analysis further reveals that the inverted valence band and con-
duction band are both spin polarized and contributed by Sc
d,> orbital of the ScCl, layer and Cr dy; + d,; orbitals of the
Crl; layer, respectively. In addition, the most stable stacking
configuration belongs to space group P3, which is associated
with point group Cs, and the irreducible representations of the

two inverted bands at I" point belong to the irreducible rep-
resentations table of the little co-group Gr ~ Cj3 as listed in
Table 2, suggesting that the two inverted bands at the I" point
have different symmetries and thus it is expected to induce a
topological phase transition. [4142]

We calculated the CN of the most stable stacking con-
figuration of the FM-coupled Crl3/ScCl, bilayer from first-

principles in reciprocal space!*3! with
1
CN= — [ Q(k)d*k 1
o [ ek (M)

where the integral is over the Brillouin zone and Q (k) is the
Berry curvature of all occupied bands given as

21 n X n/ nl X n
ak)=-Y5HY m (Y, kl(vEZfisizf)zklv Vi) o)

where n is the band index, E,;, and y,, are the eigenvalue and

n n'#n

eigenstate of band n respectively, v, , is the velocity operator,
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and f,, = 1 for the occupied band. The reciprocal space dis-
tribution of the Berry curvature Q(k) of all occupied bands
as shown in Fig. 3(b) suggests a nonzero integration over the
whole Brillouin zone, and the calculation indeed confirms a
CN of —1, indicating that the stacking of the Crl3/ScCl, bi-
layer in the most stable configuration makes the system un-
dergo a topological phase transition to the QAHE state.

(a) 0.3 ~T T (b) 2 (A2
7 088 Sc d 2 1000
2 o1l 500
~ 4 250
%>6 0: ’ 250
g 01 —500
—0.2 —750
i —1000
0.3M T K M CN=-1

Fig. 3. Band structure and topological property of Crlz/ScCl, bilayer.
(a) Band structure of 2D bilayer heterostructure Crl3/ScCl, with SOC.
There is band inversion between d > orbital of Sc atom and d,; +dy, or-
bital of Cr atom. The irreducible representations of the two states of two
inverted bands at I" point is shown. The inset is the enlarged view of the
bands near Fermi level at I" point. The band inversion leaves band gap
of 4.5 meV. (b) The distribution of Berry curvature in reciprocal space
for the lowest energy stacking.

Table 2. The irreducible representations table of the little co-group
Gr =~ C3 of the I" point, where @ = exp(27i/3).

E G c
L 1 1 1
I 1 [0] *
I3 1 w* o

For vdW heterostructures, interlayer sliding may serve as
a possible tuning method, due to the relatively weak vdW,
to alter the topological nature of the vdW heterostructures,
as previously predicted in transition metal dichalcogenide
heterobilayers.*¥) In this regard, we investigate the topologi-
cal nature of the FM-coupled Crl3/ScCl, bilayer at other stack-
ing configurations. The band structures and the reciprocal
space distribution of the Berry curvature of several represen-
tative stacking configurations are provided in Fig. C1. The re-
sults, as indicated by the stars and dots in the energy landscape
contour map of Fig. 2(b), reveal that high-symmetry stacking
configurations with space group P3 lead to a CN of —1, while
the other stacking configurations with low symmetry space
group P1 are topological trivial with a CN of 0 due to fact
that the symmetries of the two inverted bands at the I" point
become the same and thus the band inversion does not make
topological transition.

As a manifestation of the QAHE, the edges of a nonzero
CN insulator always possess topologically protected gapless
chiral edge states within the energy gap of the bulk bands.
To examine the presence of the topological edge states of
the most stable configuration of the FM-coupled Crl3/ScCl,
bilayer, we constructed a Crl3/ScCl, bilayer ribbon (shown
in Fig. 4(a)) cut along the zigzag edges of the ScCl, layer

with delicately designed edge termination to avoid trivial edge
states. By using Green’s function method based on the tight-
binding Hamiltonian generated by the Wannier functions ob-
tained from the first-principles calculation,*®! the band struc-
tures of the two edges of the ribbon are obtained. As revealed
in Figs. 4(b) and 4(c), there indeed exists a nontrivial edge
state connecting the conduction band and valence band on
each edge, and the two edge states on the two different edges

have opposite group velocities as expected for the QAHE.
C

(b) (c)
0.02
0.01
0 0
—0.01 —0.01
. —0.02

X r X X r X

Fig. 4. Edge states of Crl3/ScCl, bilayer. (a) Ribbon cut from the 2D
bilayer heterostructure Crl3/ScCl, along the zigzag direction of the Cr
honeycomb lattice. Two edge states of this ribbon are shown in (b) and
(c), respectively.

Energy (eV)

|
o
o
]

3.4. Effective model to describe the QAHE state of
CrI3/ScCl; heterobilayer

We develop an effective model to reveal the topological
origin of the proposed Crl3/ScCl, heterobilayer. According to
the first-principles calculation revealed orbital contributions of
the two inverted bands, an effective Hamiltonian without con-
sidering spin-polarization can be constructed as

- <—<k£+k§+u> a(kx+iky>>

3
alk,—ik) k+k+u ®

with the bases (|1), |2)) being [1) = |d_>) and |2) = %ﬂdxz) -
ildy;)), where the two parameters & and u are real. Hy sat-

isfies rotation symmetry Cz and time reversal symmetry 7', of

. . 1 0
which the operator can be written as C3 = < 0 ei2n/3 ) and

T = x, respectively, with x being the complex conjugate op-
eration.

To include magnetism, we consider the spin index. The
bases become (|1 1), |1,), |2,1), |2,J)) and the operators of
Cz and T are expressed as

Cy=e'*/3 (1/200 - i\fcz) e 19E/3, )

T = 0y ® (—isy)k, (5)
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where ¢ denotes the Pauli matrices for orbital and s denotes
the Pauli matrices for spin. The symmetry-allowed SOC
Hamiltonian can be found.

As the heterostructure holding interlayer FM interaction,
the bases can be chosen as (|1,71), |2,1)) and the effective
Hamiltonian reminds

s ( —( 4k +p) o;(kxtikn) | ©
a(k, —iky) kitk +u
without any contribution of the SOC Hamiltonian as the first
order approximation, where the parameters ¢ is related to the
strength of the splitting at the crossing point of the two inverted
bands, while the parameter u indicates the strength of the band
inversion. It is suitable to set &> = 1 meV and the meaningful
range of i can be chosen from 5 meV to 2 meV. As shown in
Fig. 5, for a given value of «, the band structure can be clearly
differentiated into the case with the band inversion for u < 0
and the case without the band inversion for pt > 0.

Using the TKNN formula,*! the eigenvalue, Berry cur-

vature and the CN of the effective Hamiltonian in Eq. (6) can

be calculated one by one as

Ny = M1

) 9
2l 2 ©

For the case of u < 0 with the band inversion, CNgy =
—1, while for the case of y > 0 without the band inversion,
CNgm = 0.

=
wt

—~ ] <0 p=0 ] >0
> 107 E E
e ] E E
E 53 3 3
> ] ] ]
0 07 E E
2 ] ] ]
_10: ] ]

r r r

Fig. 5. For the given o satisfied o2 =1 meV, band structures calcu-
lated from the effective Hamiltonian with 4 = —5 meV, 4 = 0 meV and
U =2 meV, respectively.

3.5. External pressure and electric field tuning of the
QAHE state of CrI3/ScCl, bilayer

Since the topological band gap in the Crl3/ScCl, bilayer
is the result of the hybridization between the energy bands of
the two layers, one possible approach to increase the band gap

2
Expm = i\/ (kx + kyz +u)"+ ol (kg + k§ ) (7) " is to apply an external pressure perpendicular to the 2D plane
o (k2 + k2 — 1) to reduce the distance between the two layers and to enhance
Bepm = 2E3 ' ® the hybridization of their energy bands.
9 T T T T T 6 T T T T T T
~ | @ ~ | ®
% 8 . > i 0000
o 5 o
g = o ©
- 7 T —~ o©
> > 4t o .
z 6 1 5 °
o0 ) 3t i
ER 1 ¢
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Ryt ] D 2f, 1
0 05 1.0 1.5 2.0 25 3.0 -0.3-0.2-0.1 0 0.1 0.2 0.3
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(¢) 57— | T ] i T T ] T | T
] 099 Sc d,. ] 090 Sc d,. ] 099 Sc d.
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5 i i i
< 1 — i
b ] 1 = - —_ =
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M r KM r K r K
E=-0.26 V/A E=-0.27 V/A E=-0.28 V/A
g=1.78 meV g=0.59 meV g=1.26 meV
CN=-1 CN=0 CN=0

Fig. 6. External pressure and electric field tuning of the QAHE state in Crl3/ScCl, heterostructure. The result of band gap g is shown as a
function of external pressure P (a) or electric field E (b). The positive direction of the electric field is defined from the Crl3 layer to the ScCly
layer. (c) The elimination of band inversion as well as QAHE from electric field from —0.26 V/A to —0.28 V/A.
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To test this effect, we perform first-principles calcula-
tion for the most stable configuration of the FM-coupled
Crl3/ScCl, bilayer at a series of perpendicular compressive
pressure while fixing the in-plane lattice constant of the bi-
layer. The results, as illustrated in Fig. 6(a), indicate that
the topological band gap increases linearly as the increase of
the pressure and the band gap can be enlarged to 8.1 meV
at a pressure of 2.7 GPa with —6% strain along the out-of-
plane direction. Calculation shows the out-of-plane FM state
is still the magnetic ground state. The out-of-plane AFM state
is 14.1 meV higher while the Crlz (out-of-plane)/ScCl, (in-
plane) state 7.06 meV is higher of one cell.

The application of an external electric field perpendicular
to the 2D plane is expected to induce an electric potential dif-
ference between the two layers, which would affect the over-
lapping of the two inverted bands and thus may change the
topological nature of the heterostructure. Our first-principles
calculation results, as shown in Fig. 6(c), indicate that the band
inversion can be eliminated as an external electrical field ap-
plied along the direction from the ScCl, layer to the Crl3 layer
larger than 0.27 V/A and the heterobilayer becomes topolog-
ical trivial. In addition, upon the application of an external
electrical field along the opposite direction, the heterobilayer
is still topologically non-trivial and the topological band gap
is slightly enlarged, as shown in Fig. 6(b).

4. Conclusions

In summary, we have demonstrated, based on first-
principles calculation, that the QAHE can be robustly real-
ized in the 2D bilayer heterostructure Crl3/ScCl, with a siz-
able band gap of 4.5 meV and its topological nature and the
topologically nontrivial band gap can be effectively tuned by
interlayer sliding, the application of a perpendicular external
pressure or an electric field. This work provides a new candi-
date system based on 2D vdW materials for the realization of
potential high-temperature QAHE with considerable control-
lability.
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Appendix A

The phonon spectra of ScCl, with out-of-plane and in-
plane magnetic moments are shown in Fig. Al. The absence
of imaginary phonon frequency in both phonon spectra indi-
cates that the ferromagnetic phase of monolayer ScCl, is dy-
namically stable.
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Fig. A1. The phonon spectra of ScCl, with out-of-plane (a) and in-plane
(b) magnetic moments, respectively.

Appendix B

Band structures of monolayer Crl;z and monolayer ScCl,
with spin orbital coupling are shown in Fig. B1. The band
gaps are 0.724 eV (Crlz) and 0.145 eV (ScCl,), respectively.
The conduction band minimum (CBM) of Crl3 is made by the
combination of d, and dy, orbitals of the Cr atom while the
valence band maximum (VBM) of ScCl, is made by d > or-
bital of the Sc atom. Both of those two-band extrema locate at
the same I" point of the reciprocal space and this makes it pos-
sible to generate band inversion and leave a global band gap
after the inversion.
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Fig. B1. Band structures of monolayer Crl3 (a) and monolayer ScCl,
(b), with spin orbital coupling.

Appendix C

As the supercell of ScCl; is a 2 x 2 unit cell, as shown
in Fig. 2(b) in 2 x 2 periods. Except for stacking (1/6,1/3),
whose band structure and distribution of Berry curvature are
shown in Figs. 3(a) and 3(b), respectively. Here we only give
the band structures and the distributions of Berry curvature of
stacking (1/3,1/6), stacking (1/2,1/2) with space group of
P3 and CN of —1, and of stacking (1/2,1/6) with space group
of P1 and CN of 0 in Fig. C1. As the band structures do not
change so much, the distributions of Berry curvature change
significantly.
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Fig. C1. (a) and (b) The band structures and the distributions of Berry
curvature of stacking (1/3,1/6) and stacking (1/3,1/3) with space
group of P3 and CN of —1. (c) The band structures and the distribu-
tions of Berry curvature stacking (1/2,1/6) with space group of P1 and
CN of 0.
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