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Spontaneous valley polarization and
valley-nonequilibrium quantum anomalous
Hall effect in Janus monolayer ScBrI†
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Chang-Wen Zhang*a,b

Topology and ferrovalley (FV) are two essential concepts in emerging device applications and the funda-

mental research field. To date, relevant reports are extremely rare about the coupling of FV and topology

in a single system. By Monte Carlo (MC) simulations and first-principles calculations, a stable intrinsic FV

ScBrI semiconductor with high Curie temperature (TC) is predicted. Because of the combination of spin–

orbital coupling (SOC) and exchange interaction, the Janus monolayer ScBrI shows a spontaneous valley

polarization of 90 meV, which is located in the top valence band. For the magnetization direction perpen-

dicular to the plane, the changes from FV to half-valley-metal (HVM), to valley-nonequilibrium quantum

anomalous Hall effect (VQAHE), to HVM, and to FV can be induced by strain engineering. It is worth

noting that there are no particular valley polarization and VQAHE states for in-plane (IP) magnetic an-

isotropy. By obtaining the real magnetic anisotropy energy (MAE) under different strains, due to spon-

taneous valley polarization, intrinsic out-of-plane (OOP) magnetic anisotropy, a chiral edge state, and a

unit Chern number, the VQAHE can reliably appear between two HVM states. The increasing strains can

induce VQAHE, which can be clarified by a band inversion between dx2−y2/dxy and dz2 orbitals, and a sign-

reversible Berry curvature. Once synthesized, the Janus monolayer ScBrI would find more significant

applications in topological electronic, valleytronic, and spintronic nanodevices.

I. Introduction

Two-dimensional (2D) materials have raised a surge of
research studies, partially for the great technological expec-
tations for the integration and miniaturization of multiple
functional nanodevices because of the successful separation of
graphene.1–3 In order to better process information, manipu-
lating and exploiting the valley degree of freedom for low-
energy carriers have gained special interest.4–6 Among numer-
ous 2D materials,7–13 2H-phase transition metal dichalcogen-
ides (TMDs) MX2 not only reveal great application prospects
but also offer an intriguing platform to investigate novel physi-
cal phenomena due to their tunable and exceptional
properties.14–17 Because of inversion asymmetry, the valley
degrees of freedom originating from the degenerate energy
extrema for the corners of the hexagonal Brillouin zone (BZ)

present in those systems as strong spin–orbital coupling
(SOC). For the sake of utilizing the valley index, it is crucial to
remove the energy degeneracy in inequivalent valleys by means
of breaking time reversal symmetry. Some attempts have been
adopted via extrinsically inducing valley polarization in para-
valley materials, such as optical pumping as well as magnetic
doping, statical magnetic field, and magnetic proximity
effect.18–23 However, these extrinsic means are very fragile and
not easy to control precisely in experiments, hindering practi-
cal application in nonvolatile spintronic and valleytronic
devices of low energy consumption and high storage density.

The discovery of 2D intrinsic ferromagnetic (FM) transition-
metal layered materials has opened the door to address the
above difficulties, for example, Cr2Ge2Te6

24 and CrI3.
25 In

addition, robust FM order was recently found in the 2H-VSe2
system, which can persist above room temperature.26 For a
typical hexagonal material of inversion symmetry breaking, the
violation of time-reversal symmetry can be produced by spin-
valley coupling, giving the ferrovalley (FV) semiconductor
2H-VSe2 spontaneous valley polarization in wide applications
towards the integration of valleytronics and spintronics.27

Nevertheless, as emerging members in the 2D ferroic family,
the room-temperature FV semiconductors are only discovered
in a minority of hexagonal materials, such as VSi2N4,

28
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2H-CeI2,
29 2H-LaBrI,30 and 2H-FeClBr,31 etc. Most of these

reported materials possess FM-ordered in-plane (IP) magneti-
zation, which is not conducive to realize spontaneous valley
polarization, or the valley polarization is too small to overcome
the thermal noise at room temperature. Consequently, it is
imminently desirable to discover alternative intrinsic 2D FV
candidates with sizable valley polarization, out-of-plane (OOP)
FM ordering, and high Curie temperature (TC) simultaneously.

In consideration of the fundamental significance of topo-
logy in materials science and condensed matter physics, it is
very interesting to combine topology and FV in some material
systems, which is likely to generate emerging applications and
novel physics.32 Recently, some theoretical studies have been
initiated to forecast topological phase transitions together with
diverse magneto-valley coupling (MVC) states by utilizing exter-
nal means, such as strain engineering, light modulation, and
electronic correlation effects, as observed in 2H-ScI2,

33

2H-FeCl2,
34,35 2H-FeClF,36 VSi2(N, P)4,

37–39 2H-RuClBr,40 and
2H-RuBr2.

41 Consequently, it is very necessary to further seek
those topological nontrivial FV materials to explore the valley-
dependent transport properties and quantum phase tran-
sitions for both practical nanodevice applications and funda-
mental scientific interest.

We appreciate that the Janus monolayer ScBrI is a stable
intrinsic FV semiconductor with a high TC and a spontaneous
valley polarization of 90 meV in the valence band based on
first-principles calculations and Monte Carlo (MC) simu-
lations. For the magnetization direction along OOP, the strain
engineering can drive the Janus monolayer ScBrI to experience
the changes from FV to HVM, to valley-nonequilibrium
quantum anomalous Hall effect (VQAHE), to HVM, to FV.
However, the observable valley polarization and novel VQAHE
states are not generated for the IP condition. In the appropri-
ate strain section, the Janus monolayer ScBrI does indeed own
intrinsic OOP magnetic anisotropy, spontaneous valley polariz-
ation, and VQAHE states. These results emphasize that the
Janus monolayer ScBrI can be an excellent candidate for valley-
tronic, spintronic, and topological applications.

II. Computational details

In our work, first-principles calculations are performed utiliz-
ing the Vienna ab initio simulation package (VASP)42,43 based
on density functional theory (DFT). The relevant electronic
structure is calculated by the projector-augmented wave (PAW)
method,44 and the exchange–correlation potentials are
handled by the generalized gradient approximation (GGA) with
the Perdew–Burke–Ernzerhof (PBE) functional.45 The
Monkhorst–Pack (MP) was selected to be 19 × 19 × 1. The
kinetic energy cut-off for the plane wave basis is set to 500 eV
with a force convergence criterion of 10−2 eV Å−1 and an
energy convergence criterion of 10−6 eV. The thickness of the
vacuum layer is set to 25 Å to avoid the influence of adjacent
layers in the periodic boundary. The 3d orbitals of Sc atoms
are treated using the PBE+U method,46–48 and the Hubbard U

parameter of 3 eV is chosen.33 The HSE06 hybrid functional49

is utilized in the calculations of electronic band structures to
examine the reliability of electronic properties obtained from
the PBE+U method. The phonon spectrum is acquired by the
PHONOPY code50,51 using a 5 × 5 × 1 supercell based on the
density functional perturbation theory. By means of the maxi-
mally localized Wannier functions, the anomalous Hall con-
ductivity (AHC), Berry curvature, and edge state are obtained
in the WANNIER90 package.52,53

III. Results and dicussion

Fig. 1(a) exhibits the crystal structures of the Janus monolayer
ScBrI, which consists of the Br–Sc–I sandwich layer.
Analogously to 2H-MoSSe,54,55 each Sc atom is surrounded by
three Br and three I atoms, constituting a triangular prism.
The optimized lattice constant is 3.91 Å using the PBE+U

Fig. 1 (a) Top and side views of the Janus monolayer ScBrI. The green,
red, and blue atoms represent Br, Sc, and I, respectively. (c) ELF and (d)
phonon dispersions of ScBrI.
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method, and the space group is P3m1 with broken inversion
symmetry. The corresponding bond lengths of Sc–Br and Sc–I
are 2.84 Å and 3.00 Å, respectively. The Janus monolayer ScBrI
can be constructed by replacing one of two I (Br) layers with Br
(I) atoms in the ScI2 (ScBr2) monolayers. We calculate the for-
mation energy by Eform = (μSc + μBr + μI − EScBrI)/3, where EScBrI
is the total energy of the Janus monolayer ScBrI, and μSc, μBr,
and μI are the energy per Sc, Br, and I atoms in their corres-
ponding most stable phases, respectively. It is found that Eform
is about 0.81 eV per unit cell, implying the preference for the
Janus monolayer ScBrI formation rather than the pure Sc, Br,
and I phases. The electron localization function (ELF) was
obtained to investigate the bonding characteristics of the
Janus monolayer ScBrI, as shown in Fig. 1(b). Obviously, for
the Sc–Br (Sc–I) bond, the electrons are highly localized
around each of the Sc and Br(I) atoms, suggesting the typical
ionic bonding between Sc and Br(I) atoms. No imaginary fre-
quency is found in the calculated phonon spectra (see
Fig. 1(c)), which demonstrates that the Janus monolayer ScBrI
is dynamically stable.

The valence electronic configuration of Sc atom is 3d14s2.
After distributing two electrons to the surrounding Br and I
atoms, just one valence electron is left, generating the mag-
netic moment of 1μB in per unit cell for the Janus monolayer
ScBrI. In order to evaluate the magnetic ground state, the
related magnetic configurations of the 2 × 2 × 1 supercell are
shown in Fig. S1 of the ESI.† The FM configuration is discov-
ered to be 240 meV per unit cell, smaller than the energy of
the AFM configuration, which indicates that the Janus mono-
layer ScBrI always prefers FM coupling. The FM ground state of
the Janus monolayer ScBrI is relevant to the crystal structure.
As is illustrated in Fig. 1(a), the Sc–Br–Sc and Sc–I–Sc bonding
angles are 86.95° and 81.36°, respectively, closing to 90.0°. The
exchange interaction should be dominated by FM coupling on
the basis of the Goodenough–Kanamori–Anderson rules. In
view of the significant role of magnetic anisotropy for realizing
the novel electronic states and long-range magnetic order in
2D materials, we obtain the magnetic anisotropy energy (MAE)
from the difference in the acquired total energies with the
magnetization direction perpendicular or parallel to the plane
of the Janus monolayer ScBrI (EMAE = E(100) − E(001)). Therefore,
the negative or positive MAE values mean that the easy magne-
tization axes are parallel or perpendicular to the plane of the
monolayer, respectively. The MAE is calculated to be
−0.22 meV per unit cell, which indicates that the Janus mono-
layer ScBrI prefers IP magnetization in nature.

In the following, based on the classical 2D Heisenberg
Hamiltonian model, the TC of the Janus monolayer ScBrI is
evaluated using MC simulations, which should be compared
with the room temperature for practical applications of valley-
tronic and spintronic nanodevices. The spin Hamiltonian can
be written as

H �
X
ij

J1SiSj �
X
ik

J2SiSk � ASzi S
z
y; ð1Þ

where J1, J2, A, Si, and Szi are the nearest neighbor (NN), next-
nearest neighbor (NNN) magnetic exchange interaction para-
meters, anisotropy parameter, spin vector of each atom, and the
component of the spin vector along Z direction, respectively.
Fig. 2 exhibits the temperature-dependent magnetic moment in
the unit cell. The magnetic moment starts to drop dramatically
at 529 K, which implies the formation of paramagnetic (PM)
state. To better comprehend the transition of FM to PM, the
heat capacity (CV) is further acquired using the equation

CV ¼ E2h i � Eh i2
L2T2h i ð2Þ

here, E is the total energy for each magnetic configuration. As
shown in Fig. 2, the FM–PM phase transition appears at 529 K,
which is drastically larger than those recently reported in the
experimental field, such as bilayer Cr2Ge2Te6 (30 K)24 and
monolayer CrI3 (45 K).25

For the sake of acquiring accurate electronic properties, the
influence of U value on electronic band structures is tested,
which is exhibited in Fig. S2.† One can find that the Janus
monolayer ScBrI is an indirect band-gap semiconductor
between U = 0 eV and 2.5 eV. When U value increases to 3 eV,
the Janus monolayer ScBrI becomes a semiconductor with a
direct band gap (see Fig. 3b), and the conduction band
minimum (CBM) and valence band maximum (VBM) with the
same spin are located in −K point, which is almost in agree-
ment with the electronic band structure acquired from the
HSE06 functional (see Fig. S3†). Hence, we select U = 3 eV in
the following discussion to investigate the electronic and topo-
logical properties. Fig. 3(a) exhibits the spin-polarized elec-
tronic band structure of the Janus monolayer ScBrI. When con-
sidering spin polarization but without SOC, the spin degener-
acy is increased, generating a semiconducting feature with a
direct band gap of 0.44 eV. Interestingly, the band edges at the
+K and −K points present a pair of degenerate valleys in the
valence and conduction bands. By further taking into account
the SOC and IP magnetization orientation, the valley degener-
acy is preserved, showing that the valley polarization is absent
for the Janus monolayer ScBrI. This means the valley-polarized
physical properties, such as anomalous valley Hall effect
(AVHE) and quantum anomalous Hall (QAH) effect, do not

Fig. 2 Magnetic moment and CV of ScBrI as a function of temperature.
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appear in the Janus monolayer ScBrI in nature. For the sake of
exploring the valley-polarized physical properties, we assume
that the magnetization orientation of the Janus monolayer

ScBrI is tuned from IP to OOP in the following discussion. As
we will show later, strain engineering can adjust the magneti-
zation orientation.

The band structure of the Janus monolayer ScBrI with SOC
and OOP magnetization is exhibited in Fig. 3(b). It is worth
noting that the SOC reduces the degeneracy between the +K
and −K valley states (the energy of −K valley state is higher
than +K valley’s) in the valence band, resulting in a spon-
taneous valley polarization of 90 meV in the Janus monolayer
ScBrI, which is equivalent to using a large external magnetic
field of around 450–900 T. The valley polarization of the Janus
monolayer ScBrI is larger than those of reported FV materials,
such as VAgP2Se6 (15 meV),56 TiVI6 (22 meV),57 LaBr2
(33 meV),58 and Vsi2N4 (63 meV).28 In order to be a useful
valley material, it is critically essential to break the degeneracy
between the +K and −K valleys, and the valley polarization
should be large enough to conquer the thermal noise. Hence,
such a fine valley polarization of the Janus monolayer ScBrI
will lead to nonvolatile valley polarization and easy manipu-
lation of valley states for logic applications at room tempera-
ture. In addition, there is a nontrivial band inside the energy
window of −1 to 0 eV. The external magnetic field can tune the
valley polarization of the Janus monolayer ScBrI. As shown in
Fig. 3(c), the valley polarization can be flipped by reversing the
magnetization of Sc atoms, that is, the −K valley has a lower
energy than +K valley. When the Fermi level (EF) is moved to
the energy section between −K and +K valleys, the carriers
come from +K valley in the spin-up channel. This provides an
efficient means to regulate the valley properties of the Janus
monolayer ScBrI by manipulating the direction of magnetiza-
tion. All in all, combined with the TC discussed above, the
Janus monolayer ScBrI is a desired FV semiconductor for prac-
tical applications, such as valley valves, nonvolatile magnetic
random access memory, valley filters, and other spintronic
and valleytronic devices.

The potential physics of spontaneous valley polarization in
the Janus monolayer ScBrI is put down to the joint influences
of the strong SOC and intrinsic magnetic exchange field. As
exhibited in Fig. 3(a), with the spin polarization but excepting
SOC, the spin-down and spin-up states are completely split on
account of the magnetic exchange interaction, whereas the
degeneracy of energy between +K and −K valleys is main-
tained. The orbital projected band structure is plotted to inves-
tigate the orbital contribution. According to Fig. 3(d), the −K
and +K valleys in the conduction bands are mainly contributed
by dz2 orbitals, while those in the valence bands are mainly
contributed by dxy and dx2−y2 orbitals. Given that the SOC plays
a key part in the spontaneous valley polarization of the Janus
monolayer ScBrI, a simple theory is next built to further eluci-
date the nature of the valley polarization. The SOC
Hamiltonian can be written as

ĤSOC ¼ λL̂ � Ŝ ¼ Ĥ
0
SOC þ Ĥ

1
SOC; ð3Þ

where λ is the coupling constant. The states around the +K and
−K valleys are composed of the same spin channel due to the

Fig. 3 Spin-polarized band structures of ScBrI (a) without and (b) with
SOC effect. (c) The same as (b) but with the opposite magnetization
direction. Red and blue lines express spin-up and spin-down states,
respectively. (d) The orbital-resolved band structure of ScBrI with SOC
when the magnetization direction is along +Z. Red and blue symbols
represent the dz2 and dx2−y2/dxy orbital components of Sc, respectively.
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spin polarization. So the interaction disappears between oppo-
site spin states, Ĥ

1
SOC ¼ 0, and the interaction shows between

the same spin states:

ĤSOC � Ĥ
0
SOC ¼ λŜZ′ L̂Z cos θ þ 1

2
L̂þe�iφ sin θ þ 1

2
L̂�eþiφ sinθ

� �
ð4Þ

Here, L̂Z and ŜZ′ are the Z/Z′ component of the orbital and spin
angular momentum operators, respectively. Both the ϕ and θ

define the spin orientation, which refer to the polar angles,
and L̂+ ¼ L̂x + iL̂y. On the basis of symmetry of the wave
vector at the +K and −K valleys and the contribution of orbitals
to the band edges, the basis functions are selected as follows:

ϕτ
v

�� � ¼
ffiffiffi
1
2

r
dx2�y2
�� �þ iτ dxy

�� �� � ð5Þ

and

jϕτ
c ¼ jdz 2 j; ð6Þ

where v and c denote the valence and conduction bands,
respectively, and τ = ± 1 refers to the valley index at the ±K
valleys. Energy levels at the +K and −K valleys are defined as:

Eτ
c ¼ ϕτ

c Ĥ
0
SOC

��� ���ϕτ
c

D E
ð7Þ

Eτ
v ¼ ϕτ

v Ĥ
0
SOC

��� ���ϕτ
v

D E
ð8Þ

If the magnetic moment is along the OOP direction (θ = 0),
eqn (4) can be simplified as:

Ĥ
0
SOC ¼ λŜZ′L̂Z ¼ αL̂Z ð9Þ

Accordingly, the valley polarizations at the +K and −K
valleys of the valence and conduction bands are given by

Ev� � Evþ ¼ i dx2�y2 Ĥ
0
SOC

��� ���dxy

D E
� i dxy Ĥ

0
SOC

��� ���dx2�y2

D E
¼ 4α

ð10Þ

Ec
� � Ec

þ ¼ 0 ð11Þ
Here we make use of L̂z dx2�y2

�� � ¼ 2i dxy

�� �
and

L̂z dxy

�� � ¼ �2i dx2�y2
�� �

. As the first-order perturbation of the
SOC effect, these discussions validate that the valley degener-
acy is removed at the +K and −K valleys of the valence bands,
but it still persisted in the conduction band, consistent with
the first-principles calculations.

Due to a break in the intrinsic inversion symmetry in the
Janus monolayer ScBrI, the charge carriers at the +K and −K
valleys will gain a valley-contrasting Berry curvature. By deri-
vation from the Kubo formula,59 the Berry curvature can be
written as the summation of all occupied states:

ΩðkÞ ¼ �
X
n

X
n=n′

fnðkÞ
2Im ψnk bνxj jψn′kh i ψn′k bνy�� ��ψnk

	 �
ðEn � En′Þ2

; ð12Þ

where fn(k) is the Fermi–Dirac distribution function, k is the
electron wave vector, bνx is the x component of the velocity oper-

ator, and En is the eigenvalue of the Bloch wave function ψnk.
Fig. 4(a) and (b) depict the obtained Berry curvature of the
Janus monolayer ScBrI in the 2D BZ and along the high-sym-
metry points, respectively. We can observe that the Berry curva-
ture is significantly peaked at the +K and −K valleys, and it
decays quickly to zero. Because of the absence of inversion
symmetry, it is expected that the Berry curvature exhibits the
opposite signs at two valleys, which demonstrates the robust
valley-contrasting trait in the Janus monolayer ScBrI. For this
case, the nonzero Berry curvature along OOP can serve as a
magnetic field in the existence of an IP longitudinal electric
field E, supplying an anomalous transversal velocity to the
charge carriers:

ν? ¼ � e
ℏ
E �ΩðkÞ ð13Þ

In this way, the Bloch electrons in different valleys can
move to the opposite transversal edges of the Janus monolayer
ScBrI, giving rise to the valley Hall effect. Moreover, the spin
Hall effect can also be realized when taking into consideration
the spin-valley coupling. More significantly, it can be found
from Fig. 4(a) and (b) that the Berry curvature has different
magnitudes at the +K and −K valleys due to a break in the
time reversal symmetry. When the magnetization of Sc atoms
is reversed, the absolute values at two valleys will be
exchanged, while their signs remain unchanged. An appropri-
ate hole doping that adjusts the Fermi level between the +K

Fig. 4 Berry curvature of ScBrI (a) in the 2D BZ and (b) along the high-
symmetry points.
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and −K valleys of the valence band can make the doped holes
collect on one boundary of the Janus monolayer ScBrI under
an IP longitudinal electric field, generating net Hall currents
along the transverse direction. So, AVHE can be realized in the
Janus monolayer ScBrI. For the direction of magnetization
from the positive to negative, it is worth noting that the net
Hall current is opposite, which can be measured easily in the
experiment. Because the accumulated net hole charges are
contributed by the same valley with identical spin orientation,
the spin, transversal charge, and valley Hall currents occur
simultaneously, which facilitate the practical valleytronic appli-
cations and the detection of valley pseudospin. Except for hole
doping, the AVHE can be achieved as well for the 2D hexag-
onal system by means of the valley-dependent optical selection
rule,60 where the photoexcited electrons and holes will transfer
to the opposite transversal sides of the Janus monolayer ScBrI
under an IP longitudinal electric field, indicating that the total
energy of incident light locates between the band gap values in
the +K and −K valleys.

Considering that any 2D systems will inevitably undergo
structural modifications in the synthesis process when
growing on the substrates, it is mandatory to investigate the
influence of strain on the electronic, magnetic, and topological
properties of the Janus monolayer ScBrI for its practical appli-
cations in valleytronic and spintronic nanodevices. In this
work, biaxial strain in a rational range of ±5% is applied,
which is defined as ε = (a − a0)/a, with a and a0 being the
lattice constants of the Janus monolayer ScBrI in the strained
and unstrained states, respectively. The negative and positive ε

values express, respectively, the compressive and tensile
strains. For the sake of examining the magnetic ground state
of the strained Janus monolayer ScBrI, the energy differences
ΔE between AFM and FM states are calculated employing a 2 ×
2 × 1 supercell, which is shown in Fig. S4.† We find that the
Janus monolayer ScBrI prefers the FM ground state for all
strained states, and the FM interaction increases monotoni-
cally with the strain value from −5% to 5%, thus yielding the
rising TC. The variation of MAE under different strains is
shown in Fig. S5.† The MAE of the Janus monolayer ScBrI is
along the OOP at 1% ≤ ε ≤ 1.8%; however, when −5% ≤ ε <
1% and 1.8% < ε ≤ 5%, the system prefers IP magnetization.

Next, the electronic structures of the Janus monolayer ScBrI
under different strains are acquired by GGA + SOC + U. For
compressive strain, the CBM and VBM are located in M and
−K points, respectively, showing a feature of indirect gap semi-
conductor (see Fig. S6†), so the tensile strain is analysed pri-
marily in the following discussion. For various MVC phases in
the Janus monolayer ScBrI, Fig. 5 and 6 exhibit the total elec-
tronic band gaps and the representative band structures under
different biaxial strains, respectively. As is illustrated in
Fig. 5(a) and (b), when 0 < ε < 1.5%, with increasing tensile
strain, the band gap decreases. However, the band gap
increases with increasing tensile strain for 1.8% < ε < 5%. We
can find very little band gap between ε = 1.5% and 1.8%,
which may reveal the novel nontrivial topological properties.
For 0 < ε < 1.5%, there is a fine valley polarization at the +K

and −K points in the valence bands, and the −K valley is polar-
ized. But the noteworthy valley polarization happens in the
conduction bands for 1.8% < ε < 5%, and the +K valley is
polarized. In the two sections, the Janus monolayer ScBrI is a
FV material. Around ε = 1.5%, the system is gapless in the −K
point, while it is gapped in the +K point, building a half-valley-
metal (HVM) state (see Fig. 6(b)). Analogous to the half-metal
materials in spintronics with intrinsic 100% spin polarization,
the HVM state can accomplish 100% valley polarization in val-
leytronics.35 Since the SOC effect is incorporated in calcu-
lations, the HVM state of the same spin channel indicates
100% absolute spin polarization, in contrast to the traditional
half-metal materials, where the SOC effect usually mixes the
spin-down and spin-up bands.61,62 The HVM state can also be
discovered at around ε = 1.8% (see Fig. 6(d)), but the band gap
disappears at the +K point, and then is reopened for the −K
point. As the gap closes, reopens, and closes, this indicates
there may be a topological phase transition between the two
HVM states.

The electronic band structures of the Sc-d-orbital properties
for ε = 1%, ε = 1.65%, and ε = 2% are exhibited in Fig. S7.† For
all strained states, the +K and −K valleys of the conduction
and valence bands are primarily determined by dz2 and dx2−y2/
dxy orbitals. The +K and −K valleys of the conduction bands
are determined by dz2 orbitals for 0 < ε < 1.5%, while those in
the valence bands are determined by dx2−y2 and dxy orbitals
(see Fig. S7(a)†). For 1.8% < ε < 5%, the opposite situation can
be found (see Fig. S7(c)†). When 1.5% < ε < 1.8%, the +K valley

Fig. 5 (a) Band gaps of ScBrI as a function of biaxial strain (0–5%). (b)
Enlarged view of the 1%–2% portion, along with a phase diagram under
different biaxial strains.
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in the conduction band and the −K valley in the valence bands
are determined by dz2 orbitals, and the +K valley in the valence
bands and the −K valley in the conduction band are deter-
mined by dx2−y2 and dxy orbitals (see Fig. S7(b)†). It seems to
imply that the topological phase transitions are strongly

associated with the band inversion of dx2−y2/dxy and dz2 orbi-
tals. As is shown in Fig. S8,† the Berry curvatures of representa-
tive strained states (ε = 1%, ε = 1.65%, and ε = 2%) are
acquired. It is notable that the Berry curvature of the Janus
monolayer ScBrI is peaked for the +K and −K valleys in all

Fig. 6 Energy band structures of ScBrI under different biaxial strains. The red and blue lines express spin-up and spin-down states, respectively.
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strained states. The Berry curvatures have opposite signs and
different absolute values at the +K and −K valleys for 0 < ε <
1.5% and 1.8% < ε < 5% (see Fig. S8(a), (c), (d), and (f)†).
When ε = 1% and 2%, since the contribution of the integration
of Berry curvatures at the +K and −K valleys are opposite, the
Chern number is usually zero. Nevertheless, for 1.5% < ε <
1.8%, the Berry curvatures possess different magnitudes and
the same signs (see Fig. S8(b) and (e)†). The Berry curvatures
of the +K and −K valleys have the same sign for ε = 1.65%,
illustrating that a nonzero Chern number can be obtained by
integrating the Berry curvature of the first BZ.

The chiral edge state and AHC of ε = 1.65% are calculated
to prove the QAH phases, which are plotted in Fig. 7. The AHC
is obtained by integrating the Berry curvature in the first
BZ:63,64

σxy ¼ � e2

ℏ

ð
dk

ð2πÞ2 ΩðkÞ ð14Þ

here, e, ħ, and Ω(k) are the electronic charge, reduced Planck
constant, and Berry curvature. We acquire a quantized AHC e2/h
(see Fig. 7(a)) by integrating the Berry curvature, which indi-
cates nontrivial topological property with C = 1. As shown in
Fig. 7(b), we further observe a gapless chiral edge state linking
the valence and conduction bands, consistent with the calcu-
lations of the Chern number. All of these indicators prove that
the Janus monolayer ScBrI at 1.65% strain possesses the QAH
phase. It is distinctly found that the QAH phase can coexist
with the valley properties of the conduction and valence
bands, and the −K and +K valleys are intrinsically polarized. It

is referred to as VQAHE due to the combination of nontrivial
band topology with valleytronics and spintronics, providing a
fantastic platform to investigate the interplay between topology
physics and valley properties. Strikingly, under the precondi-
tion of OOP magnetization, the Janus monolayer ScBrI can be
transitioned into a VQAHE phase under tensile strains
between 1.5% and 1.8%, which is featured with a unit Chern
number and a single chiral edge state. It is notable that the
strain range from 1.5% to 1.8% is easy to realize in the experi-
ment. For −5% < ε < 1% and 1.8% < ε < 5%, although the easy
magnetic axis direction of the Janus monolayer ScBrI is along
the IP, it can be adjusted into OOP by a small external mag-
netic field on account of the small MAE. However, it must be
stressed that VQAHE with the valley index has apparent discre-
pancy compared with the valley-polarized quantum anomalous
Hall effect (VPQAHE).65,66 Firstly, VQAHE is caused by none-
quilibrium Berry curvature in the +K and −K valleys, and com-
bines the QAH effect and valley index. It is characterized by
the non-integer valley Chern numbers and an integer Chern
number. However, for VPQAHE, both the valley Chern number
and Chern number are integers. Secondly, the nonzero Chern
number of the VQAHE originates from two different valleys,
while the chiral edge state of the VPQAHE is connected by the
same valley (that is to say, the nonzero Chern number orig-
inates from only one valley).

IV. Conclusion

In short, we have conducted a systematic research on the versa-
tile Janus monolayer ScBrI by means of the combination of
MC simulations, first-principles calculations, and strain engin-
eering. Based on the stable structure, the 2D system is fore-
casted to be an intrinsic FV semiconductor that not only
expresses high TC but also realizes an appreciable spontaneous
valley polarization in the valence band. Strikingly, under
intrinsic OOP magnetization, the Janus monolayer ScBrI can
be turned to a VQAHE phase between the 1.5% and 1.8%
tensile strains, which is characterized by a unit Chern number
and a single chiral edge state. The topological phase tran-
sitions are closely connected with a band inversion between
dx2−y2/dxy and dz2 orbitals, and a sign-reversible Berry curvature
at the +K and −K valleys. The boundaries of the VQAHE phase
can be regarded as two significant HVM states. These fascinat-
ing characteristics would potentially offer the 2D material a
wide range of practical applications in topological, valleytronic,
and spintronic electronics and their integration. It is hoped
that this research will encourage the future exploration and
fabrication of the Janus monolayer ScBrI.
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