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The control of the valley degree of freedom in Bloch electrons has opened up new avenues for information
processing. The synthesis of ferrovalley materials, however, has been limited due to the stringent requirements
for breaking both time and space inversion symmetries. To address this challenge, we propose a Janus method
for inducing valley polarization in nonmagnetic transition metal dichalcogenides. Our study shows that the
magnetic moment in monolayer TiTel arises from the breaking of mirror symmetry and the presence of unpaired
electrons. The Stoner criterion [,,N(Er) > 1 confirms that the band splitting originates from the d orbital of
titanium. Moreover, the exchange interaction combined with spin-orbit coupling opens up the valley splitting.
The anomalous valley Hall effect (AVHE) can be realized by applying an in-plane electric field, as a result
of the valley-contrasting Berry curvature. The modulation of valley-selective circular dichroism and AVHE by
optical, electronic, and magnetic fields make TiTel a promising material for future studies and applications in

valleytronics.
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I. INTRODUCTION

Valleytronics is a relatively new area that focuses on the
manipulation of electronic valleys in a ferrovalley material,
rather than the manipulation of electron spins, which is the
foundation of spintronics [1-6]. One of the key features
of valleytronics is the fact that valleys have a unique and
well-defined momentum, which can be used to encode infor-
mation. Unlike an electron spin, which can be easily disturbed
by quasiparticle interactions, magnetic impurities, or thermal
fluctuations, valleys are more robust and can be used to store
and process information.

In recent years, there has been a shift towards the study of
valleys in two-dimensional materials, such as transition metal
dichalcogenides (TMDs) [5,7-10]. This is due to the unique
electronic and optical properties of TMDs, which makes them
suitable for valleytronic applications. TMDs, as a result of
broken inversion symmetry, possess two inequivalent valleys
at the K point in momentum space, which are referred to as
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the valley degree of freedom [10—12]. Tight-binding models
combined with ab initio calculations demonstrate the coupling
of spin and valley in MoS,, highlighting the importance of
space inversion symmetry breaking and spin-orbit coupling
[10]. It has also been found that both the valley Hall effect
and spin Hall effect can exist simultaneously in carrier-doped
MoS; [11]. Valley polarization can be achieved via the op-
tical absorption of circularly polarized photons or breaking
the valley degeneracy of the system, which is protected by
time-reversal symmetry [2,11,13,14].

Based on these methods, Tong et al. breaks the degeneracy
valley by inducing intrinsic ferromagnetism in TMDs by ab
initio calculations [5]. The exchange interaction of transition
metal d electrons, induced by time-reversal symmetry break-
ing, lifts the valley degeneracy, leading to a splitting of the
carrier energies in the valence and conduction bands at the K
and K’ high-symmetry points. Moreover, the recent synthesis
of Janus MoSSe [15], where a layer of S atoms is replaced by
Se, demonstrates the retention of the excellent performance of
MoS, while also introducing a vertical dipole moment and
enhanced Rashba spin-orbit coupling [16]. As a result, the
exploration of intrinsic valley polarization in Janus MXY (such
as LaBrl, VSSe, and VCIBr) has gained traction [17-20].
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However, the ferromagnetic properties of MXY, as described
above, are constrained by the ferromagnetic behavior of MX;.
In the event of MX, exhibiting nonmagnetic characteristics,
MXY would not be able to maintain long-range magnetic
order. Furthermore, the synthesis of many M X, has yet to be
achieved experimentally, limiting the application and explo-
ration of Janus materials. Hence, the question remains: Can
intrinsic ferromagnetism be induced in nonmagnetic TMD
materials through the Janus method?

In this study, we have successfully closed this gap by
inducing ferromagnetism in the nonmagnetic material Til,.
The breaking of the mirror symmetry in TiTel results in a
reduction of symmetry to Cz,. Our analysis of the density
of states and the Stoner criterion shows that TiTel has an
intrinsic ferromagnetism, which is attributed to the Ti atom.
Additionally, compared to Til,, a valley splitting up to 83 meV
occurs in TiTel. Our investigation based on the tight-binding
model with an ab initio calculation reveals that the valley split-
ting arises from the exchange interaction and the spin-orbit
coupling. By incorporating a many-body formalism based on
the Bethe-Salpeter equation (BSE), our calculations demon-
strate that TiTel exhibits valley-selective circular dichroism,
leading to the emergence of excitonic states characterized by
a well-defined valley index. Furthermore, our results suggest
the presence of a fascinating anomalous valley Hall effect
(AVHE) in TiTel, indicated by Berry curvatures with opposite
signs. Regardless of the orientation of the magnetic moment,
the Berry curvature at the valley is always locked.

II. METHODS

First-principles calculations are performed within the
frame of density functional theory (DFT) using the Vienna
Ab initio simulation package (VASP) based on the projected
augmented wave (PAW) method [21-23]. The electron con-
figurations of the Ti, Te, and I atom are 3p64s23d2, 5s25p4,
and 5s%5p°, respectively. The plane-wave cutoff energy is set
to 500 eV and a k-point grid of 12 x 12 x 1 is used. The
force on each atom is smaller than 1 meV A~!. A vacuum
space of greater than 15 A is inserted along the z axis to avoid
the interaction between adjacent layers. The weak van der
Waals interaction considered in monolayer (1L) TiTel is de-
scribed by the DFT-D3 method [24]. The spin-orbit coupling
(SOC) is considered in the band structure and magnetic
anisotropy energy (MAE) calculations. The MAE calculation
is defined as Eo - Ego1, Where a positive (negative) value indi-
cates that the easy magnetization axis is interlayer (intralayer).
The anomalous Hall conductivity based on Berry curvature is
calculated on a denser k mesh of 100 x 100 x 1 for the 1L
TiTel by using the WANNIER9O package [25-29].

Ab initio calculations of the optical absorption spectrum
and the valley-selective circular dichroism are conducted with
the full-potential all-electron code EXCITING [30-33]. A basis-
set cutoff of |G + K]|nax is set to 8.0, with a 15 x 15 x 1 k
grid. Additionally, the SOC effect and van der Waals interac-
tion have been considered in all of the calculations. Local-field
effects are included up to a cutoff of |G + q| = 3.0 Bohr™'.
In addition, 100 unoccupied states were included in the cal-
culation of the dielectric matrix for four valence and four
conduction bands.
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FIG. 1. The schematic valley at K and K'. Left and right panels
represent the circularly polarized light absorption rules at a nonmag-
netic and ferromagnetic system, respectively. Blue and red lines are
the spin-up and spin-down channels.

III. RESULTS AND DISCUSSION
A. Two-band k - p model

Traditional TMD monolayers, such as Til,, possess a trig-
onal prismatic coordination (Dsj) [9,34,35]. The conduction
band (CB) maximum is primarily derived from the d,» orbital
of the transition metal, while the top of the valence band (VB)
is dominated by the hybridization between the d, and d,>_,»
orbitals. A two-band Kk - p model can be used to describe the
valley polarization at the K and K’ points. The basic functions
for the valence and conduction states in the D3, group can be
written as follows:

gr 2 o)+ irldy)
v ﬁ ’

v o= l|dp). (1b)

The index T = +1 (—1) represents the K (K’) valley, and v/c
denotes the valence/conduction state. In order to verify the

origin of valley polarization, we construct the two-band k - p
Hamiltonian with SOC around the K and K’ valleys,

(1a)

Hegr = SoHo + Hsoc, (2a)
A

Hy = 351 + vp(T6xky + Gyky), (2b)

Hye = T§z(kcé+ + )‘11)6'7)’ (20)

where vy is the massless Fermi velocity of the Dirac electrons,
and 6; and §; (i =0, x, y, z) are the Pauli matrices for pseu-
dospin and spin, respectively. A, (A.) is a SOC parameter for
the valence (conduction) band. 64 is defined as %(60 =+ 4,).
Since valley polarization only occurs on the out-of-plane mag-
netic sequence, only the Zeeman-SOC is considered in the
work. By diagonalizing the above effective Hamiltonian H.g,
we obtain the energy spectra,

E =H13.00 + 1)

+ \/41)1% (2 +12) +[A + 1500 — 2P} 3)
As is shown in the left panel of Fig. 1, the top of the VB at
the K (K') valley is contributed by the spin-up (spin-down)
channel. Thus, the band gap with SOC along the out-of-plane
sequence is

Eg(K) = Eg(K') = A + (he = Ay). “
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FIG. 2. The atomic structure of 1L TiTel. (a) The side view and
(b) the top view of the TMD. (c) The phonon dispersion along high-
symmetry points.

For the nonmagnetic TMD, the SOC considering the pseu-
dospin is still unable to induce valley splitting. Therefore, we
introduce an exchange splitting term by considering a Janus
TMD, which induces a nonzero net magnetic moment. The
exchange splitting term can be written as

Hex = —5§.(m:64 +my6_), )

where m,, (m.) denotes the effective exchange splitting of the
valence (conduction) band. When considering the exchange
splitting, the spin channels at the top of the VB for both K
and K’ valleys are spin up. The spin index is +1, and the
Hamiltonian eigenvalues are expressed as

E =3{t0c + 1) — (mc +m,)

£ J402 (k2 4+ K2) + [A + T0he — 1) — (me — my) ).

(6)

The band gap of the K and K’ valleys is
Ey(K) = A+ (Ae = &y) — (me — my), (7a)
E(K') = A — (he — Ay) — (me —my). (7b)

Our analysis reveals that after considering the effect of SOC
and exchange interaction, valley splitting emerged in TiTel.
The size of the valley splitting was found to be linearly
correlated with the SOC strength of the Ti atom. The ex-
change interaction, in conjunction with the SOC effect, tends
to couple the spin and valley, resulting in an intrinsic valley
polarization.

B. Mechanism of intrinsic ferromagnetism

In order to verify the accuracy of our k - p model, we select
Til, and TiTel as the sample systems. Til,, as a traditional
TMD, has been considered to be nonmagnetic when synthe-
sized [35]. The crystal structures of 1L Til, and TiTel are
shown in Fig. 2(a). Unlike the traditional TMD, the Janus
TMD breaks out-of-plane mirror symmetry and induces an
out-of-plane dipole moment [36]. From the side view, the
freestanding TiTel is a sandwichlike structure composed of

Te(upper)-Ti(middle)-I(lower). The upper and lower layers
can be considered as exfoliated from TiTe, and Til,, respec-
tively. The calculated lattice constant of TiTel lies between
those of TiTe, and Til,, with the bond lengths of 2.80 A
and 2.91 A for Ti-Te and Ti-I, respectively. This results in
the reduction of the lattice symmetry from Dj3; in TiTe, and
Til, to Cs, in TiTel. The phonon dispersion along the high-
symmetry points in the Brillouin zone has been plotted in
Fig. 2(c), showing the absence of imaginary frequencies and
indicating the dynamical stability of TiTel.

In comparison to 1L TiTe, and Til,, 1L TiTel exhibits
a net magnetic moment of 1 wup/unit cell. The chemical
formula and oxidation state of TiTel can be written as
(Te?)(Ti**)(I'7), with outermost electron orbitals of 5p*,
3d?, and 5p°, respectively. It is found that the net magnetic
moment in TiTel originates from an unpaired electron in the
compound. On the other hand, the chemical formula and
oxidation state of TiTe, and Til, are (Te?~)(Ti**)(Te?) and
I )TiFHA), respectively. There are no unpaired electrons
in either compound. In addition, the chemically similar 2D
system TiTe,_,I, has been reported in the experiment [37].
A magnetoresistance response of TiTe,_.I, results from an
unpaired electron on Ti**.

However, due to the different structure, the magnetic
ground state of TiTel in this work is not the same as TiTe,_,I,.
For TiTe,_,I,, the structure is a 1T phase similar to CrTe,
and the magnetic ground state is antiferromagnetic, while the
structure of TiTel in this work is a 2H phase, which has
a similar structure to MoS,. To demonstrate the magnetic
ground state, we calculate the Curie temperature of 2H-TiTel,
which can determine how high the temperature can be for
the ferromagnetic material to remain in ferromagnetism order.
The anisotropic Heisenberg model with the nearest-neighbor
exchange interaction has been applied to calculate the Curie
temperature of the TiTel monolayer in Fig. S2 in the Supple-
mental Material [38]. There is a peak at 265 K on the magnetic
susceptibility, which shows that the Curie temperature of the
TiTel monolayer reaches 265 K. The high Curie temperature
gives TiTel a potential in valleytronic and spintronic applica-
tions. In addition, the net magnetic moment tends to 1 pp/unit
cell at low temperatures, indicating that the magnetic ground
state is ferromagnetic.

The Stoner criterion is a widely recognized method to
determine the magnetic ground state at 0 K, which can be
either ferromagnetic or paramagnetic. Starting from the spin-
polarized and spin-unpolarized density of states (DOS) in
Fig. S1 in the Supplemental Material [38], the Stoner criterion
can be expressed mathematically as I,,N(EF ), where I, is the
Stoner parameter and N (Er) represents the spin-unpolarized
DOS at the Fermi level. I, can be derived from the exchange
splitting A, as A, = I,M. Here, A, is the bands splitting
between the opposite spin (more details can be obtained in
Fig. S1 in the Supplemental Material [38]) and M is total
magnetic moment per magnetic atom. The spin-unpolarized
band structure shows that the half-filled band is contributed
by Ti-d. In contrast to Janus LaBrl [17], the large DOS in
TiTel mainly results from cationic electrons localized on Ti.
Upon consideration of spin polarization, the half-filled band
splits into spin-up and spin-down bands, leading to a large
exchange splitting A,, of 1.16 eV in Fig. 3(b) and in Fig. S1
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FIG. 3. The electronic structure of 1L TiTel by DFT calculations.
The band structure of 1L TiTel (a) without spin polarization and with
SOC, and (b) with spin polarization and without SOC. Dark and red
lines represent spin-up and spin-down channels, respectively. The d
orbital-resolved band structure with spin polarization and SOC for
magnetic moment (c) parallel and (d) perpendicular to the z axis.

in the Supplemental Material [38]. This indicates that the
net magnetic moment is contributed by Ti-d. Therefore, in
IL TiTel, I,.N(EF) equals 7.12, meeting the conditions for
the establishment of ferromagnetism and the Stoner criterion
I.N(Ep) > 1 (Detailed parameters are given in Table 1.). As
a result, 1L TiTel exhibits intrinsic ferromagnetism, which
originates from band splitting near the Fermi level induced
by the Ti-d orbital.

C. Coupling between spin and valley

In Sec. IITA, we have discussed valley polarization of
TMDs based on the k - p model. TiTel, breaking spatial and
time-reversal symmetry at the same time, has a robust valley
splitting on an electronic structure. Subsequently, the band
structure has been calculated using the PBE-SOC method
[21]. The valley polarization originates from the exchange
interaction and SOC effect. In Fig. 3(a), if only SOC is con-
sidered, there is a band splitting at valleys K and K’. The
TiTel monolayer is a metallic material with band splitting. If
only the exchange interaction is considered in Fig. 3(b), the
gap near the Fermi level is opened due to spin splitting. The
TiTel monolayer is a semiconductor material without valley

TABLE I. The parameters of the Stoner criterion, where the units
of N(Er), A, M, and 1, are states/eV, eV, ug, and eV, respectively.

N(EF) Aex M Iex IexN(EF)

6.14 1.16 1.00 1.16 7.12

splitting. When SOC and exchange interaction are considered
at the same time in Fig. 3(c), the valley splitting can be
revealed at the high-symmetry points K and K’, in agreement
with the k - p model depicted in Fig. 1. The valley splitting,
represented as AE, = E,(K) — E,(K'), is found to be 83 meV
in 1L TiTel, which is a result of the breaking of mirror
symmetry and the presence of the SOC effect. In contrast,
the valley splitting in 1L Til, was determined to be 0 meV
due to time-reversal symmetry (Fig. S3 in the Supplemental
Material [38]). The orbital-resolved band structure has been
depicted in Fig. 3(c), where it is found that the spin-up Ti-d
orbitals occupy the bottom of the conduction band (CB), and
the spin-up Ti-d,, and Ti-d,>»_,» orbitals occupy the top of
the valence band (VB). The in-plane magnetic moment is
found to protect the degeneracy at K and K’ in Fig. 3(d). In
the subsequent analysis, the formula for coupling between
the magnetization orientation and valley splitting is derived.
The SOC Hamiltonian can be expressed as

Hye. =ML -§
=l -8, +L, 8, +1L.-8,)

Ao 4 PO PO
= E(L+ S+ Lo -5p)+AL; - S, ®

where A is the SOC strength and L (8) is the orbital (spin)
angular moment. The raising and lowering operators are L. =
L.+ iﬁy and §. =8, + iﬁy. In addition, the bands at the
VB and CB can be defined as E] = (Y] |[Hoc|¥;) and E} =
([ |Hsoc |V ), respectively. Therefore, the gap between K and
K’ can be written as

AE, = i<dx2—y2|Hsoc|dxy) - i(dxy|HSOC|dx2—y2>v (%a)
AE, = i<d12|Hs0c|dz2) - i(dzle€06|dzz>' (9b)

In TiTel, the CBM and VBM are both spin-up channels. For
the parallel-spin state (d>_,2|Hsoc|dxy) = —2|Aylicos 6, the
gap can be simplified as

AE, = 4|A,| cos 6,
AE. = 0.

(10a)
(10b)

Obviously, the SOC effect results in the nondegeneracy valley
splitting at the VBM. When the magnetic moment switches
to out-of-plane (6 = 0), the valley splitting reaches 4|x,],
which is consistent with the above conclusion (Fig. S4 in the
Supplemental Material [38]).

D. Intrinsic valley-selective circular dichroism

Due to the interplay of C;3 symmetry and the lack of an
inversion center, we expect TiTel to exhibit valley-selective
circular dichroism, whereby the absorption of circularly po-
larized photons induces the formation of valley excitons at
either the K or the K’ valley, depending on the light helicity.
In particular, left-handed photons can be absorbed to form
an exciton at the K point in the Brillouin zone, while the
formation of excitons at K’ is symmetry forbidden. In contrast,
right-handed photons can lead to the emergence of valley
excitons at the K’ high-symmetry points, leaving the K valley
unaffected. Therefore, circularly polarized light is an effective
method to excite and detect valley excitons. To investigate
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FIG. 4. The circular light absorption of 1L TiTel. Upper panel:
Circularly polarized light absorption at the K’ valley. Lower panel:
Circularly polarized light absorption at the K valley. Blue and red
lines represent left- and right-handed polarization light, respectively.
Moreover, red and blue vertical solid lines represent the location of
excitons A and B. The band gap of the K’ and K valleys has been
marked as red and blue dashed lines.

valley-selective circular dichroism in TiTel on a quantitative
ground, we conduct ab initio calculations of the dielectric
function based on the Bethe-Salpeter equation (BSE), and
we explicitly take into account the circular polarization of
light following the prescription of Ref. [39]. The macroscopic
transverse dielectric tensor is € = €; + i€;, where €; and €,
are the real and imaginary parts of the macroscopic dielectric
function, respectively. The imaginary part of the dielectric
function in the vicinity of the K valley €; ¢ can be defined
by [39,40]

4722

T Z} L8R —hw), (1)

€2,k

where €2 is the volume of the unit cell, and N, is the number
of k points. For left- (4) and right-handed (—) circularly
polarized light, polarization vector € can be defined as €1 =
(® +i9)/+/2. Here, t) is the sum of the electron-hole transi-
tion at the K valley, which can be written as

tl( _ ZZAULK 1/va|P|1/fLK> (12)

Eck — EvK

where ¥,k (e,x) are the single-particle Bloch orbitals (ener-
gies), Px is the region enclosing the K valley in reciprocal
space, and p is the momentum operator. E* and A, are
the eigenvalues and eigenvectors of the BSE two-particle
Hamiltonian defined in analogy with Ref. [39]. The optical
absorption spectrum at the K’ valley, €; g/, can be obtained
by replacing K to K’ in the above equation. As is shown
in Figs. 4 and 5(a), 1L TiTel exhibits pronounced valley-
selective circular dichroism. When the magnetic moment is
parallel to the +Z axis, left-handed circularly polarized light
can pump valley excitons at the K valley, while right-handed
circular light can generate valley excitons at the K’ valley.
Our simulations thus predict that 100% valley polarization

®) 78.33
K
|| AY
-41.58
(d) 0.2

M K r K M 04 -02 00 02 04

E-E (eV)

FIG. 5. The anomalous valley Hall effect of 1L TiTel. (a) The
right-handed light conductivity and (b) the total Berry curvature at
the first Brillouin zone. The spin polarization is parallel to the +Z
axis. (¢) The Berry curvature and (d) corresponding anomalous valley
Hall effect at magnetic moment parallel to +Z and —Z.

can be achieved upon absorption of circularly polarized light,
although electron-phonon scattering (not accounted for in our
simulations) is likely to restrict the maximum valley polariza-
tion owing to finite temperature effects [41].

Additionally, the optical band gaps between the K’ and K
valleys are not equal. In order to analyze the optical absorp-
tion, we have marked the absorption peaks at the K'/K valleys
as A and B excitons, respectively. Exciton A exists in the
K’ valley and is excited by right-handed circularly polarized
light, while exciton B, excited by left-handed light, exists in
the K valley. As shown in Fig. 3(c), due to the electronic-
structure-like valley peak at K and K’, the electrons on the
valence band will be excited from the valley peak (K'/K) to
the valley peak of the conduction band (K’'/K). The excita-
tion energy of excitons A and B is related to the electronic
band gap of K'/K valleys. The energy difference between
excitons A and B is 0.08 eV, which is equal to the valley
splitting.

The optical selection rule in TiTel is illustrated in Fig. 1.
In the case of a nonmagnetic material, the valley pseudospin
leads to a degenerate integrable representation (IR) A into 1E
(spin up) and 2E (spin down). The valance band of IR at the K
valley splits to 1Ey,; and 2E /5, while the conduction band of
IR splits to 1E3,, and 2Es5,,. Conversely, at the K’ valley, the
conduction band consists of 2F3,, and 1Es5,,. In accordance
with the orthogonality theorem, an electric-dipole transition
is only allowed if the reduced direct product representation
between the initial state IRs and the incident light IRs contains
the representation of the final state. When the left-handed
light is incident with 2E symmetry, the band on the K valley
meets the excitation condition of 1E;, ® 2E = 1E3,,, allow-
ing for absorption of the left-handed light. On the other hand,
the right-handed light can be absorbed at the K’ valley by
meeting the excitation condition of 1E, ® 1E’ = 1Es,. This
valley-sensitive circular dichroism demonstrates that 1L TiTel
is an intrinsic ferrovalley material with a chirality-dependent
optical band gap.
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E. Anomalous valley Hall effect

Valley polarization in ferrovalley materials is a key factor
in the occurrence of various spin-related phenomena, includ-
ing the valley Hall effect (VHE) and the anomalous valley
Hall effect (AVHE). The valley polarization results in the spa-
tial separation of valley excitons with opposite spin, leading to
the emergence of a pure spin current [41]. To characterize the
AVHE, we calculated the anomalous Hall conductivity (o)
through Wannier functions [25,27,29]. For a 2D ferromagnetic
system, the Berry curvature of the nth band can be written as

Q;(k) - _ Z 2Im<wnk|vx|wn’k><Wi1’k|vy|WI1k>

(En/ - En)2 ’ (13)

n#n'

where the energy level is E, = hwn, and v are the velocity
operators. The total Berry curvature derived from the Kubo
formula is the sum of all occupied states [27],

k) =) ful k). (14)

The intrinsic oy, is evaluated by integrating the Berry curva-
ture over the Brillouin zone (BZ),
é? dk
7T T Jug Gy
where f, is the Fermi-Dirac distribution.

For MoS, and WSe,;, the Berry curvatures are equal in
magnitude and opposite in sign at high-symmetry points K and
K'. If the time-reversal symmetry is broken, the total Berry
curvatures are different in magnitude. Figures 5(b) and 5(c)
show the Berry curvatures of 1L TiTel at the first Brillouin
zone. Obviously, there are two extreme values at K and K'. At
other areas in the Brillouin zone, the Berry curvature is almost
zero. At the same time, we find that whether the spin polariza-
tion is along —Z or +Z, their signs at K and K’ are locked.
The nonzero Berry curvature is equivalent to the effect of
the magnetic field in reciprocal (k) space, causing carriers of
opposite spins to accumulate at opposite sides, thus leading to
the anomalous Hall effect. Upon applying an in-plane electric
field E, the holes in the valley acquire an anomalous velocity,
which is perpendicular to the plane formed by the electric
field and the Z axis, ¥ « E x Q(k). In addition, the AVHE
has been calculated with the WANNIER90 package, shown in
Fig. 5(d). When the magnetic moment switches to +Z (—Z2),
the AVHE appears at the K’ (K) valley. The spin-polarized
holes will accumulate at the opposite side, which is consistent
with the result of Berry curvatures. Consequently, the AVHE
device can detect the pure valley Hall current in TiTel film for
storage, computation, and transmission.

Q(k), 15)

F. Lattice strain induced by substrate

In 2D electronic devices, the lattice mismatch between the
substrate and the 2D material can result in an in-plane strain,
which has the potential to alter the electrical and magnetic
properties of the device. To examine the stability of the fer-
rovalley feature in the presence of substrate effects, a biaxial
in-plane strain was applied to 1L TiTel. The biaxial strain,
represented by € = (a — ag)/a, was calculated using the lat-
tice constant of 1L TiTel both with and without the strain,

where a and ay denote strained and equilibrium lattice con-
stants, respectively. Starting from the two-band k - p model,
an additional deformation term H, resulting from a biaxial
strain can be written as

D .
H, = 5&600‘27 (16)

where D is the deformation potential. The band gap at the K
and K’ valleys can be simplified as
Eg(K) = A+ (Ae — Ay) — (me —m,) + De,
E((K') = A — (he — Ay) — (me — my) + De.

(17a)
(17b)

It can be seen that the valley gap can be modulated by a biaxial
strain ¢ in a linear fashion, whereby an increase or decrease in
strain results in a proportional change in the size of the valley
gap. However, the valley splitting, equal to 2(A. — A,), re-
mains constant regardless of the size of the strain. This means
that even though the valley gap can be modulated by a strain,
the overall energy difference between the valleys remains the
same. The fitting parameters of the two-band k - p model have
been summarized in Fig. S5 and Table S1 in the Supplemental
Material [38]. Here we simulate valley polarization in the
range of —3% to 3% substrate strain, shown in Fig. 6(a).
Negative and positive signs represent compression and tensile
strain, respectively. It is found that the ferrovalley feature in
TiTel remains robust under nonzero strain. The magnitude of
valley splitting is closely correlated with the band gap at the
K/K’ point.

In addition, the results of Berry curvature at the K point
are presented in Fig. 6(b). The absolute value of Berry cur-
vature increases progressively with increasing biaxial strain.
As expressed in the formula, Berry curvature is inversely
proportional to the square of the band gap [(E,, — E,)*]. With
the increase in strain, the band gap of the TiTel decreases,
resulting in an increase of the Berry curvature. The MAE of
TiTel has been calculated and is displayed in Fig. 6(c). The
magnetic moment remains in-plane in the range of —3% to
3% strain. Hence, the magnetic and ferrovalley properties of
1L TiTel are robust against strain engineering. This means
that the substrate selection for the TiTel material is relatively
flexible and the strain induced by the substrate has little effect
on the valley polarization and AVHE. Therefore, we believe
that 1L TiTel is an excellent monolayer material for exploring
valley polarization and AVHE. Based on the above results,
we construct valley-based field-effect transistors in Fig. 6(d).
When a horizontal electric field is applied between the left
and right electrodes, spin-polarized holes will move to both
ends in TiTel, and accumulate in the vertical direction through
AVHE, which can be detected at the top and bottom elec-
trodes. The valley-based field-effect transistors show promise
as low-power alternatives to traditional field-effect transistors.

IV. CONCLUSION

In summary, our work has established the effectiveness
of the Janus approach in inducing intrinsic ferromagnetism
in nonmagnetic Til,. Compared to Til,, the observed valley
splitting of 83 meV in TiTel is attributed to the combined
effects of exchange interaction and spin-orbit coupling. The
valence band maximum is contributed by Ti-d,»_,» and d,,
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FIG. 6. The valley and magnetic properties of 1L TiTel. (a) The strain influence of the band gap at the K (blue) and K’ (red) valleys, and
valley splitting between the two valleys (black). (b) The Berry curvature and (c) magnetic anisotropy with a biaxial strain. (d) The anomalous

valley Hall device.

orbitals, which are responsible for the valley splitting. Addi-
tionally, our ab initio calculations based on the many-body
BSE approach revealed that TiTel exhibits valley-selective
circular dichroism, leading to the formation of valley exci-
tons at either the K or K’ valley, thus making it possible to
access the valley degrees of freedom by means of circularly
polarized light. The occurrence of an anomalous valley Hall
effect (AVHE) is facilitated by the application of an in-plane
electric field, as evidenced by the valley-contrasting Berry
curvature. Our results further indicate that the substrate se-
lection for the TiTel material is highly flexible, with little
impact on the chirality-dependent optical band gap and AVHE

resulting from substrate-induced strain. We believe the Janus
method has the potential to greatly impact the field of val-
leytronics and opens up new avenues for future research and
innovation.
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