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Two-dimensional (2D) ferrovalley materials with valley-dependent Hall effect have attracted great interest due to
their significant applications in spintronics. In this paper, by using first-principles computational simulations, we predict
that the ScBrCl monolayer is a 2D ferrovalley material with valley-dependent multiple Hall effects. After calculations,
we found that the ScBrCl monolayer has excellent thermodynamic stability and kinetic stability, and has a high magnetic
transition temperature. When the magnetization direction is turned from in-plane to out-of-plane, a large valley polarization
of 44 meV can be generated. In particular, under 5.1%-5.3% tensile strain conditions, ScBrCl monolayer can achieve
quantum anomalous Hall effect, and further prove its existence through non-zero Chern number and non-trivial edge state.
Our discovery enriches the research on valley-dependent Hall effect and promotes the potential application of 2D Janus

monolayer in valley electronics.
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1. Introduction

Two-dimensional (2D) materials have very specific phys-
ical properties and potential applications of new nanode-
vices in the future.!'"3] Because it is one-dimensional lower
than common three-dimensional (3D) materials, 2D materi-
als often exhibit significant differences in properties compared
to their corresponding materials, resulting in novel physical
phenomena.*-%! Generally, crystal materials have four basic
degrees of freedom, namely, lattice, orbit, charge, and spin,
in 2D materials, then people discovered new valley degree of
freedom.!”3! In recent years, the degree of freedom and re-
lated operations in valleys have become an increasing topic of
discussion.[>-!!1 It is found that valley degrees of freedom can
be coupled to spin degrees of freedom, and after spin-valley
coupling, numerous new quantum effects have been discov-
ered, for instance, valley Hall effect,!'>!7) valley spin Hall
effect, valley quantum anomalous Hall effect (VQAHE), and
layer-valley Hall effect.!'823] Transition metal elements con-
tain localized d-orbital electrons, in which case the coupling
effect is more pronounced, and the coupling effect increases
with the decrease of size. Therefore, 2D transition metal ma-
terials provide a good platform to study properties related to
charge, spin, topology, and valley covariant effects./>*!

In 2D hexagonal lattice materials, the energy extremes of
the valence band and conduction band appear at the K and K’
points, respectively, thus two valleys are formed, which can
be used for valley related device design.[>>->’) When people
encode and process information, they can also rely on valley
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28291 The phenomenon known as spin-

degrees of freedom.!
valley locking refers to the fact that the energy valleys at K
and K in the Brillouin region have the same energy but oppo-
site symbols by reason that the inversion symmetry is broken
and the spin—orbit coupling (SOC) is produced. The result
is that charged carriers in two opposite valleys are selectively
excited by photons with left- and right-handed circular polar-
ization. Furthermore, if the system further breaks the time re-
versal symmetry, the valley polarization occurs. Many meth-
ods of breaking symmetry have been developed, such as static
magnetic fields, magnetic doping, and magnetic proximity ef-
fects, as well as dynamic optical pumping technique. [26-30-34]
Due to the difficulties in the practical implementation of such
materials and their inherent limitations, their application in the
field of valley electronics has been hindered. It is expected to
find materials with spontaneous valley polarization, this is the
so-called ferrovalley (FV).13>! Therefore, exploring FV mate-
rials is beneficial for promoting the development of spintron-
ics and valley electronics.3%38 Recently, YX> (X =1, Br, and
CI) monolayer has been found to be 2D ferrovalley semicon-
ductor (FVS) with both dynamic and thermal stabilities, while
exhibits large spontaneous valley polarization. Subsequently,
its derivative YBrlI was predicted to be an FV material that
can induce valley polarization under out-of-plane magnetic
anisotropy. 39401

In this paper, we discuss the stability, magnetic and elec-
tronic properties of ScBrCl monolayer. The results show that

ScBrCl is a Janus ferromagnetic material with good dynamic,
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mechanical and thermal stabilities. The ground state magne-
tization direction of ScBrCIl monolayer is in-plane magnetiza-
tion. After the direction of magnetization is reversed, the elec-
tronic properties of ScBrCl monolayer are changed, and re-
sulting in a significant valley polarization phenomenon. When
strain is applied to ScBrCl monolayer, a noteworthy topolog-
ical phase transition can occur, leading to the VQAHE. Our
findings contribute to further expanding our understanding of
2D FV materials and better applying them to spintronics.

2. Computational methods

41,42] and

We use density functional theory (DFT)!
projector-augmented-wave (PAW) potentials and plane wave
foundations to calculate the first principle calculations of spin
polarization, the above is implemented in the Vienna Ab-
initio Simulation Package (VASP) code.[*>** The exchange—
correlation functional is processed through the generalized
gradient approximation of Perdew, Burke, and Ernzerhof
(PBE-GGA).[*46] The cutoff energy of 500 eV is used as
the convergence criterion for energy and force are chosen
as 1077 eV and 0.001 eV/A, respectively. The GGA+U
method #7431 is used to describe the strong correlation correc-
tion of Sc-3d orbital, and 3 eV is selected as the U parame-
ter without special explanation. We use the 15 x 15 x 1 I'-
centered Monkhorst—Pack grid when sampling the Brillouin
region.

Based on finite-displacement supercell method, the
phonon dispersion is calculated in a 5 x 5 x 1 supercell us-
ing phonopy code.*”) In the canonical ensemble, based on
the density of functional perturbation theory, >’ Ab initio
molecular dynamics (AIMD) simulations!>?! are performed on
4 x 4 x 1 supercells with a temperature controlled at 300 K.
The Berry curvatures of ScBrCl monolayer are calculated di-
rectly from the calculated wave functions, which is imple-
mented in the VASPBERRY code. 33! In addition, we use the
WANNIER 90 software package!>*>%! to construct the maxi-
mum localized Wannier function (MLWF) and the edge state
and anomalous Hall conductivity (AHC) are calculated using
the WANNIERTOOLS subroutine. %371

3. Results and discussion
3.1. Structure and stability

Similar to monolayer MoSSe, 8! the ScBrCl monolayer
has no spatial inversion symmetry, which is composed of Cl—
Sc—Br sandwich layer. In ScBrCIl monolayer, each Sc atom is
connected with three Br and three CI atoms, showing a trian-
gular prism. Figures 1(a) and 1(b) show the atomic structure
of ScBrCl monolayer under two different perspectives. After
calculations, the optimized lattice constant is 3.67 A, and the
space group is P3ml. The formation energy (Efom) can be

used to estimate the feasibility of experimentally synthesizing
ScBrCl, which is expressed as

E E Eci—E
Erom = Sc + EBr +3 Cl ScBrCl 7 )

where Escpic] is the energy of ScBrCl monolayer, Esc, Ep;,

and E¢y are the energies of Sc, Br, and Cl atoms in their most
stable 3D structure, respectively. Subsequently, we calculate
its cohesive energy E.h, which is expressed as

Usc + Upr + ?Cl — EscBrcl ' ?)

Here, usc, Upr, and Uc represent the energies of single iso-
lated Sc, Br, and Cl atoms. The cohesive energy is found to be

Econ =

2.50 eV per atom, meaning that the element phase has good
thermodynamic stability.
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Fig. 1. (a) and (b) Top and side views of ScBrCl monolayer structure, respec-
tively, (c) its phonon dispersion curve, (d) the AIMD simulation at 300 K for
ScBrCl monolayer.

As shown in Fig. 1(c), the phonon dispersion shows that
there is no virtual frequency in any branch of the entire Bril-
louin region, which ensures the dynamic stability of ScBrCl
monolayer. At a temperature of 300 K, AIMD simulations
with a duration of 10 ps is performed. As shown in Fig. 1(d),
by observing the final configuration of ScBrCl monolayer af-
ter the simulation, it can be seen that the monolayer structure
has not been significantly damaged, confirming that ScBrCl
monolayer has good thermal stability at room temperature. Si-
multaneously, the elastic tensor matrices are calculated to be
C11 =39.44N/m >0, and C;; —Cjp =28.29 N/m > 0. It is
found that it accords with the Born—Huang criterion, >°! which
proves the mechanical stability. Together, these results demon-
strate the feasibility of synthesizing ScBrCl monolayers in the
laboratory.

3.2. Magnetic properties

We calculated the magnetic properties of ScBrCl mono-
layer and found that the magnetic moment per ScBrCl mono-
layer is 1.0 ug, which is mainly derived from Sc atoms. We
also calculated the energies of two configurations by one rect-
angular supercell, AFM (Eapm) and FM (Egym), as shown in
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Fig. S1 of the supporting materials. The energy difference
(AE = Eapm — Erm) 18 99.39 meV, which indicates that the
most stable magnetic configuration for ScBrCl monolayer is
FM state. When considering the SOC effect, it is very impor-
tant to determine the direction of magnetization, so we calcu-
late the magnetic anisotropy energy (MAE). The MAE can be
expressed as

Emag = Ej100) — Ejoo1) 3)

where E[jo) and Ejgg) represent the total energy of ScBrCl
monolayer when the magnetic moment direction is along in-
plane and out-of-plane, respectively. The MAE is calculated to
be —50.19 meV, which indicates that the easy magnetization
axis is along in-plane. So, ScBrCl monolayer is considered
as one 2D XY magnet. By overcoming the potential barrier
of 50.19 meV, we can adjust the magnetization direction from
in-plane to out-of-plane.

In order to ensure that the ScBrCl monolayer has a bet-
ter application, the magnetic transition temperature should
For the
2D XY magnets/®" with a typical triangular lattice struc-

be greater than or equal to the room temperature.

ture, when the temperature reaches the critical temperature
Tc, the Berezinskii—Kosterlitz—Thouless (BKT) transition will
take place, which can be calculated using the following

formula: (61621

J
Te = 13351 (4)
ks

The kg is the Boltzmann constant, and the nearest neighbor
exchange parameter J is expressed as
_ Eapm — Epm

A ®)

Here, the energies of FM and AFM states are calculated ac-
cording to the rectangular supercell shown in Fig. S1. Finally,
after calculation, the J is 9.20 meV, and the T¢ is 769 K. This
result is higher than the room temperature, demonstrating that
ScBrCl monolayer has the potential to be used in room tem-
perature environments.

3.3. Electronic structure

Figure 2 shows the band structures of ScBrCl monolayer
Without considering SOC, the
band is completely spin polarized (see Fig. 2(a)). The va-

under different conditions.

lence band maximum (VBM) and conduction band minimum
(CBM) of ScBrCl monolayer are located at I" and M points,
respectively, and this indicates an indirect bandgap with a
bandgap value of 0.53 eV. At the same time, both the spin
polarization directions in VBM and CBM are opposite, which
indicates that ScBrCl monolayer is a bipolar magnetic semi-
conductor (BMS).[03-64] When considering SOC, VBM shifts

to K point or K’ point. We denote the valley polarization of
the valence band as Ayg

Avp = EXB —EYR. (6)

Among them, EI\('B and E,\(/,B represent the energy extremes of
the K and K’ points in the valence band, respectively. When
the time-reversal symmetry is broken, the valley polarization
can be realized. For in-plane magnetization, there is no promi-
nent valley polarization, as confirmed in Fig. 2(b). Next, we
assume that the magnetization of ScBrCl monolayer is along
+z direction, resulting in a Ayp of 44 meV (see Fig. 2(c)). As
plotted in Fig. 2(d), the valley polarization and spin can be re-
versed by flipping the magnetization. Thus, both the spin and
valley properties are related to the direction of magnetization.
It provides the possibility of manipulating the magnetization
axis to change the spin polarization at K/K’ points.

1.5
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—0.5

—1.0f
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L9k r K M M K r K M
15
1ot
0.5
0

—0.5+
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U=3.0_! 3

Energy (eV)
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Fig. 2. (a) The band structure of ScBrCl monolayer without SOC. The red
and blue bands represent the spin-up and spin-down states, respectively. (b)—
(d) Considering SOC effect, the band structures of ScBrCl monolayer with
different magnetic moment directions are shown, and the three band maps
represent the magnetization of Sc atom along the +x, +z, and —z directions,
respectively.

According to Fig. 3(a), the valleys in the valence band are
primarily from Sc-3dyy, and Sc-3d,>_,» orbitals, but the val-
leys in the conduction band (local extreme value) are mainly
dominated by Sc-3d,, orbital. In order to further describe the
principle of the valley polarization in ScBrCl monolayer, we
will establish a simple model to illustrate its essence with the
help of perturbation theory. The Hamiltonian of SOC can be
written as Hsoc = AL-S = I-AlgOC + I:Is]oc’ where A refers to
the coupling constant. We found that the states around the val-
ley are mainly derived from the same spin channels, which are
caused by spin polarization. A further result is that the interac-
tion between the different spin states disappears, so the second
term Hloc = 0. So the Hamiltonian is obtained as[%!

1

A ~ 1. . . .
= A8, <chos6+2L+e‘¢sin6+ L_e*i? sine). (7)

\oN|
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In the above equation, S, and L, represent the spin and or-
bital angular momentum operators of the 7’ /z component, re-
spectively. To clearly determine the direction of the spin, we
introduce the polar angle 6 and the azimuth angle ¢. And
I.=10,+ 1lA,) Considering the contribution of the orbit to
the band edge and the wave vector symmetry of the two val-
leys, we choose the basis functions |yf) = |d2) and |y]) =
(ldpa_y2) +itldy))/ /2. In these two formulas, the valley in-
dex corresponding to K /K’ valleys is expressed by 7, and 7 =
+1. The valence and conduction bands can be distinguished
by subscripts v and c, respectively. In addition, valley polar-
ization at the CBM and VBM can be given by the following
formula:(%! EF = (yf| Aoc|wE) and EF = (wf| Hoc |WE).
respectively. For 8 = 0, that is, when the magnetic moment
direction is along the +z direction, equation (7) can be simpli-
fied as A9y = AS.L, = al. Therefore,

E-—Ec = 0, 8)

Ey—Ey = i{da_ 2 |Hgocldy)
—1(dy|Hgocld2 o) =4a, )
in this calculation, we have used L;|dy,) = —2i|d,2_2) and

L;|d2_,2) = 2i|dy). Similarly, when the magnetization di-
rection is along —z direction, similar formulas E(’: —Ec=0
and Ey, — Ey = —40 can easily be obtained. As a first-order
perturbation in the SOC effect, the above analysis confirms
that although valley degeneracy is eliminated in the VBM, but
it still exists in the CBM, which is very consistent with first-
principles calculations.

+100

2 (a.u.)

—100

I VAN T

K M

Fig. 3. (a) The orbital-resolved band structure of Sc atoms in ScBrCl mono-
layer with SOC, and the magnetization of Sc is along +z. The red and
blue dots represent the d_» and d 2,2 /d,, orbitals of Sc atoms, respectively.
(b) The Berry curvature of ScBrCl monolayer when magnetization direction
is along +z.

The ScBrCl monolayer is FVS material with 2D hexago-
nal lattice structure, which may produce anomalous Hall effect
in the absence of an external magnetic field. Thus, we check
the transport properties of ScBrCl monolayer with valley de-
pendent properties. This transport property is closely associ-
ated to Berry curvature. For 2D structures, Berry curvature
can be calculated using the following formula:[67-68!

21 ke | V| Wiyt k| Oy | Wi
n n#n n n

In the above formula, f,,, ¥, and E, refer to the equilibrium
Fermi Dirac distribution function, the Bloch wave functions,

and their eigenvalues, respectively. The velocity operators
along different directions are represented by ¥, and ¥,. We can
see that the Berry curvatures of K/K' valleys are both non-
zero and have different symbols, because of the presence of
the abnormal velocity v o< —E x £27,191 indicating that ScBrCl
monolayer has opposite anomalous velocities at the two val-
leys. Due to the above properties, we can realize the anoma-
lous valley Hall effect (AVHE) in ScBrCl monolayer. Through
the method of hole doping, the Fermi level can be adjusted so
that the Fermi level is between K /K’ valleys, at which time the
hole will stop at a valley. When the in-plane electric field is
applied, Berry curvature causes the hole carrier to accumulate
to one side of the sample, thus producing AVHE.

3.4. Strain effects and topological phase transition

The distance between magnetic and non-magnetic atoms
or the distance between magnetic atoms in a material has a
very obvious and important effect on various physical prop-
erties of the material. One of the reasons why 2D materi-
als are so widely used is that they usually have much better
tensile properties than their bulk counterparts.!”®73 For the
above reasons, we continue to research the effect of strain on
the electronic and magnetic properties of ScBrCl monolayer.
Here, the biaxial strain (&) is defined by

e<““0>x100%, (11)

a

where ag and a represent the lattice constants of ScBrCl mono-
layer with and without strains, respectively. After calcula-
tion, it is proved that the ferromagnetic state of ScBrCl mono-
layer remains unchanged in the range of considered strain, as
shown in Fig. S2. Next, we investigate the change of the band
gap. Subsequently, we calculated the strain-dependent MAE
of ScBrCIl monolayers. As shown in Fig. 4(a), the calculated
MAE becomes negative within the range of —6% to +6%, in-
dicating that the direction of magnetization is always along
in-plane, but the MAE tends to O with the increase of tensile
strain. Therefore, we can change the direction of magnetiza-
tion by means of external magnetic field. Additionally, fig-
ure S3 plots the band structures when the magnetization di-
rection is out-of-plane under different strain conditions. It is
found that when the strain range is —6% to +2%, the VBM
and CBM of the band are located at different locations of K
and M points in the Brillouin region, respectively. So ScBrCl
monolayer is an indirect bandgap semiconductor in this range.
When 3% < € < 6%, the VBM and CBM are located at K and
K’ points, and ScBrCl monolayer becomes a direct bandgap
semiconductor. We mainly focus on the case of direct bandgap
semiconductor. Figure 4(b) shows the variation of the respec-
tive bandgap values of K and K’ valleys in this range.

Figure 5 shows the electronic structures of multiple
magnetism-valley coupling (MVC) states in ScBrCl mono-
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layer within diverse tensile strains. For unstrained system, the
VBM of ScBrCl monolayer at the K’ and K valleys comes
from the Sc-3d,, and SC—3dX2_y2 orbitals, whereas its CBM
comes from the Sc-3d > orbital. When the tensile strain is ap-
plied, the Sc-3dyy and Sc-3d,2_,» orbitals go upward, while
the Sc-3d§ orbital moves down. For € = 5.1%, one valley of
the strained material shows semiconductor at the K valley, and
the other indicates metallic character at the K’ valley, which
builds an intriguing HVM state, as shown in Fig. 5(b). It is
worth noting that the HVM state has 100% valley polariza-
tion in valleytronics. On the other hand, due to incorporate the
SOC effect, the HVM state with the same spin channel pos-
sesses 100% spin polarization.

HVM HVM
0 600 i
10 (a) ®)  pvs  vqan Fvs
- 500
7 —20 % 400
= g
s —30 = 300
< —40 & 200
s 0]
—50 N 100
_eols 0
0= =730 2 4 ¢ 3 4 5 6

Strain (%) Strain (%)

Fig. 4. (a) The variation of MAE with strains, (b) band gap and state phase
diagram of K and K’ valleys under tensile strain of ScBrCl monolayer.

When the tensile strain is continued to increase (see
Fig. 5), the band gap of the K valley is got smaller. Further-
more, the band gap of the K’ valley is reopened, resulting in
one band inversion. Compared with original FV state, the or-
bital components are flipped in conduction band and valence
band edges. As a consequence, one topological phase transi-
74751 suggesting the existence of a quantum
anomalous Hall (QAH) state!20-7% in this range. For the sake
of verifying this guess, the € = 5.2% is considered as an ex-
ample. It can be clearly observed that the sign of Q (k) in the
K’ valley reverses within this strain in contrast to unstrained
system (Fig. 6(b)). The unit Chern number of C = 1 can be
gained by the integration of Q (k) in the first BZ. According
to Fig. 6(d), a QAH insulator with one nonzero Chern number
(C = 1) is confirmed by the quantized AHC (o, = Ce?/h).l""!
It can be found that one single chiral edge state links the CBM
and VBM within the bulk band gap. For € = 5.2%, the QAH
state in ScBrCl monolayer is evidenced by these indicators.

tion is occurred, !

Hence, for this strained valleytronic material, the QAH phase
can be expected to take place.

On the other hand, when the € increases to +5.3%, the
band gap at the K valley closes (Fig. 5(d)). Another HVM
state is formed under this strain, which differs from the previ-
ous HVM state at 5.1% tensile strain, because it has a metal
K valley and a semiconductor K’ valley. When the strain con-
tinues to increase (€ > 5.3%), another inversion occurs in the
band composition, as shown in Fig. 5(j). Figures 6(a)-6(c)

show that the Berry curvature has also undergone a sign rever-
sal, that is, the signs of the Berry curvature of points K and
K’ valleys change from opposite sign to the same sign, which
indicates a topological phase transition has occurred.!”8] How-
ever, when the ScBrCl monolayer is stretched beyond 5.3%
(Fig. 6(b)), the Berry curvature at points K and K’ becomes
the opposite sign again, showing trivial topology feature. In
addition, as the strain increases, the band gap at the K valley
reopens, at which point the Sc-3d§ orbital occupies the VBM
and the Sc-3dyy and Sc-3d,»_» orbitals begin to occupy the
CBM. This situation can be clearly shown by Fig. 5(j), the
orbital component analysis diagram at 6% stretch. After the
tensile strain exceeds 5.3%, ScBrCl monolayer returns to the
ordinary FV state.

1.5

[@

1.0
0.5><

Lol A

+5.1%

Energy (eV)
¢ o

Energy (eV)

Energy (eV)

Energy (eV)

5 PE |3
> OfF----- IR i _________ T_ _____ e T 0 ) S S et S PR P
20 4 ' [} Iy
= : b &
5-0.2 5 L |5
—04p Fi% f\ it P A
M K r K M M K r K M

Fig. 5. (a)-(e) The strain value of 5%, 5.1%, 5.2%, 5.3%, and 6% of the en-
ergy band diagrams, respectively. (f)—(j) The corresponding orbit component
analysis diagrams for ScBrCl monolayer.

To sum up, it can be seen that ScBrCl monolayer under-
goes a series of topological transformations for 5.1% < € <
5.3%. As shown in Fig. 4(b), when & is less than 5.1%, ScBrCl
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When € = 5.1%, ScBrCl
monolayer changes to HVM, at which the band gap at K’ point

monolayer is an FVS material.

is closed. For € = 5.2%, the closed band gap reopens and
ScBrCl monolayer transforms into a valley quantum anoma-
lous Hall effect. When € = 5.3%, band gap in K point is
closed, showing another HVM state. ScBrCl monolayer be-
comes FVS again for € > 5.3%. In addition, since ScBrCl
monolayer is almost always valley polarized throughout the
considered strain process, the previously discussed method for
forming AVHE is still valid here.

(a) K 100 (b) K +100
K" K’ —~ K K' —
g 3
ky K ky &
K K G K K S
K' —100 A —100
'8 ky
+100
’(C) K 0.4
K K % 02
D)
k, 8 *E 0
K K S
502
K' —0.4
—100
kg M K r K M

Fig. 6. The Berry curvature of ScBrCl monolayers under tensile strain sizes
of (a) 5%, (b) 5.2%, and (c) 6%, respectively. (d) The edge state of ScBrCl
monolayer under tensile strain of 5.2%.

4. Conclusion

We studied the physical properties of ScBrCl monolayer
by using the first-principles calculations. Our results show that
ScBrCl monolayer is a 2D FVS material, which has the follow-
ing features: (i) ScBrCl monolayer has very high BKT transi-
tion temperature, good thermodynamic and kinetic stability.
(ii) By changing the direction of magnetization from in-plane
to out-of-plane, 44-meV great valley polarization and opposite
Berry curvature can be generated, thus exhibiting AVHE fea-
ture. (iii) The strain can significantly regulate the valley prop-
erties of ScBrCl monolayer, and topological phase transition
can be generated when the strain is stretched from 5.1% to
5.3%, showing the transition of FVS-HVM-VQAH-HVM-
FVS states. This series of transformations can be confirmed
by orbital composition inversion, Berry curvature, and, edge
state, efc. In conclusion, our study broadens the application
range of 2D FVS materials and is conducive to the practical
application of ScBrCl monolayers.
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