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To promote the development of the next generation of nanospintronic devices, it is of great signif-
icance to tune the valley degree of freedom in two-dimensional (2D) materials. Here, we propose a
mechanism for manipulating the valley and nonlinear Hall effect using a 2D ferroelectric substrate. Mono-
layer Mn,P,S3Ses is a robust antiferromagnetic, valley polarized semiconductor. Importantly, the valley
polarized metal-semiconductor phase transition of Mn,P,S;Ses can be effectively tuned by switching the
ferroelectric polarization of Sc,CO,. We reveal the microscopic mechanism of the phase transition, which
originates from charge transfer and band alignment. Additionally, we find that the reversed polarization
direction of Sc,CO; can flexibly manipulate the Berry curvature dipole. Based on this discovery, we
present the detection of the valley polarized metal-semiconductor transition using nonlinear Hall effect
devices. These findings not only offer a scheme to tune the valley degree of freedom but also provide a

promising platform for designing nonlinear Hall effect devices.
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I. INTRODUCTION

Limited by the storage wall problem and the von
Neumann bottleneck, traditional silicon-based memory
cannot meet the demands of massive data processing
and storage [1,2]. Therefore, revolutionary ultrafast, non-
volatile memory technologies with low power consump-
tion and ultrahigh capacity, based on alternative mecha-
nisms, structures, and materials, are highly sought after
[3-6]. Among the potential candidates, the rapid devel-
opment of two-dimensional (2D) materials and their het-
erojunctions provides promising opportunities due to their
ideal atomic-level flatness without dangling bonds, unique
electronic properties, and high adjustability [7—10].

Recently, the concept of ferrovalley materials with
spontaneous valley polarization was proposed by Tong
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etal. [11]. Ferrovalley materials combine the valley degree
of freedom with ferroic order [12—16]. Consequently, they
have not only valley-degree-of-freedom features but also
magnetic or ferroelectric characteristics. They have poten-
tial applications in information storage, processing, and
transmission based on the coding and probing of the val-
ley (spin) degree of freedom; they can be used to construct
valley (spin) valves, valley (spin) filters, and valleytronic
(spintronic) devices [17-20]. A large number of ferroval-
ley materials have been reported, including FeX, (X = Cl,
Br) [21,22], Cr,Ses [23], XY (X =K, Rb, Cs; Y = N,
P, As, Sb, Bi) [24], YI, [25], VSiXNs (X = C, Si, Ge,
Sn, Pb) [26], and Fe,CF, [27]. While it is predicted that
a large number of ferrovalley materials exist, achieving
nonvolatile valley control is key to realizing valleytronic
devices.

Moreover, the nonlinear Hall effect (NHE) has been
recently discovered [28,29]. Unlike the linear anomalous
Hall effect, where the transverse Hall currents are linearly
proportional to the longitudinal driving electric field and
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only present in magnetic systems, the transverse Hall volt-
age of the NHE is quadratic with the driving current,
requiring the breaking of spatial inversion (P) symme-
try [30-34]. If the system further breaks the time-reversal
symmetry (7), how does the NHE change? More impor-
tantly, can a 2D ferroelectric substrate effectively tune the
nonlinear Hall conductance?

In this work, we propose that the valley polarization and
nonlinear Hall conductance of Janus Mn,P,S3Se; can be
tuned using a 2D ferroelectric substrate, Sc,CO,. Based
on density functional theory (DFT), we comprehensively
investigate the magnetic ground state, electronic proper-
ties, valleytronic properties, and Berry curvature dipole
(BCD) for the Mn,P,S3Se3/Sc,CO, van der Waals (vdW)
heterostructure. We find that the valley polarized metal-
semiconductor transition of Mn,P,S;Se; can be effec-
tively achieved by altering the ferroelectric polarization of
Sc,CO;. Furthermore, switching the of electric polariza-
tion can induce the large BCDs. Our findings provide valu-
able guidance for the future development of valleytronic
nanoswitches and NHE devices.

II. COMPUTATIONAL METHODS

All calculations are implemented based on the frame-
work of DFT using the Vienna Ab initio Simulation
Package (VASP) [35,36]. The generalized gradient approx-
imation (GGA) with the Perdew-Burke-Ernzerhof func-
tional is used to describe the exchange-correlation energy
[37]. The plane-wave basis with a kinetic energy cut-
off of 500 eV is employed. A vacuum of 25 A s
set along the ¢ axis to avoid interaction between the
sheet and its periodic images. The convergence criteria
for the total energy and the force are set to 107¢ eV
and —0.01 eV/A, respectively. The zero-damping DFT-
D3 method of Grimme et al. is considered for the
vdW correction in the Mn,P,S;5Se3/Sc,CO, heterostruc-
ture [38]. To describe strongly correlated 3d electrons of
Mn, the GGA + U method is applied with the effective
U value (Ugg = U—J) of 4 eV. To study the dynam-
ical stability, the phonon spectra are calculated using
the PHONOPY code using a 4 x 4 x 1 supercell [39]. The
maximally localized Wannier functions are used to con-
struct an effective tight-binding Hamiltonian to investigate
the Berry curvature and BCD using the WANNIER90 code
[40,41]. In the BCD calculations, a k-point mesh grid
of 1000 x 1000 x 1 is used to ensure convergence of
the results.

II1. RESULTS AND DISCUSSION

A. Material model of Mn,P,S3;Se;/Sc,CO; van der
Waals heterostructures

Before building the atomic models of the Mn,P,S;Ses/
Sc,CO, vdW  multiferroic  heterostructures, we first
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FIG. 1. (a),(b) Top and side views of the crystal structure of

monolayer Mn,P,S;Ses, respectively. The dark blue, orange,
yellow, and light blue balls represent Mn, P, S, and Se, respec-
tively. (c¢) Calculated phonon dispersion curves of monolayer
Mn;P,S;Se; along the high-symmetry lines. (d),(e) Top and side
views of the crystal structure for monolayer Sc,CO,, respec-
tively. The purple, green, and red balls represent Sc, C, and O,
respectively. (f) Brillouin zone (BZ) of the honeycomb lattice
with the reciprocal lattice vectors 131 and Zz. Here, T', K, K/,
and M are high-symmetry points in the BZ. (h) Band structure
of monolayer Mn,P,S;Ses considering SOC. The conduction-
band valley splitting is indicated by the green shading. (i) Band
structure of monolayer Sc,CO, without considering SOC. (j)
Plane-averaged electrostatic potential of monolayer Sc,CO,, in
which A® represents the potential difference.

investigate the crystal structures of monolayer Mn;P,S;
Se; and Sc,CO,, as shown in Figs. 1(a), 1(b), 1(d), and
1(e). The monolayer Janus Mn;P,S;Se; has a hexagonal
lattice with the point group C;,, which naturally breaks
the P symmetry [42]. Moreover, the asymmetric displace-
ment of the C sublayer relative to the Sc sublayer also
results in the breaking of P symmetry for monolayer
Sc,CO;,, inducing out-of-plane ferroelectric polarization
[43]. After structural relaxation, the in-plane lattice con-
stants of monolayer Mn,P,S3Se; and Sc,CO; are 6.25 and
3.42 A, respectively.

Moreover, we also study the properties of monolayer
Mn,P,S;Se;. First, we evaluate its dynamic stability
using the phonon-dispersion spectrum. As shown in Fig.
1(c), the absence of imaginary modes along the high-
symmetry lines confirms the dynamic stability of mono-
layer Mn,P,S3Se;. Then, to determine that the Coulomb
repulsion U does not effect on the magnetic ground state,
we calculate the ferromagnetic (FM) and antiferromag-
netic (AFM) states between 1 eV and 5 eV. As listed in
Table SI in the Supplemental Material, the total energy
of the AFM state is always lower than that of the FM
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state [44]. This indicates that the AFM state is robust.
The magnetic anisotropy energy (MAE) forms the basis
for investigating the properties of magnetic materials. The
MAE is defined as the total energy difference between
the magnetic moment along the in-plane (£190) and out-
of-plane (Ego;) directions. As listed in Table SI in the
Supplemental Material, the Hubbard U has little effect on
the MAE [44]. Both are negative, meaning that the direc-
tion of easy magnetization is in plane. With such a small
MAE, it can be easily tuned out of plane by a small exter-
nal magnetic field [12]. In previous reports, the Coulomb
repulsion U is often taken to be 4 eV for the Mn atom
[45,46]. Hence, we choose U,y = 4 eV to investigate all
the properties that follow.

For the electronic properties, Fig. S1 [44] in the Supple-
mental Material and Fig. 1(i) present the band structures
of monolayer Mn,P,S;Se; and Sc,CO, without consid-
ering spin-orbit coupling (SOC), respectively. Monolayer
Mn,P,S3Se; appears to be a direct-band-gap semiconduc-
tor with a band gap of 1.71 eV located at the K/K’ point.
Specifically, spin-up and spin-down channels are degener-
ate due to the AFM ground state. When SOC is included,
as shown in Fig. 1(h), the degeneracy between K and K’
valleys disappears. Simultaneously, the conduction band
minimum (CBM) induces a valley splitting of 25.80 meV.
Monolayer Sc,CO, is an insulator with an indirect band
gap of 1.79 eV. In addition, the out-of-plane polarization
of Sc,CO; introduces an electrostatic potential difference
of 1.84 eV between the two surfaces of Sc,CO,, as shown
in Fig. 1(j).

Note that the lattice mismatch is 5.6% for the 1 x 1
Mn;,P,S;Se; matching to the V3 x 4/3 S¢,CO,. Consid-
ering that the lattice mismatch rate is large, we optimized
the lattice constant of the heterostructure to 5.98 A. We
considered six typical alignments, i.e., the bottom-layer
S/Se atom of Mn,P,S;Se; being in the top and hol-
low positions of the Sc,CO, honeycomb lattice, respec-
tively. As shown in Fig. 2 and Fig. S2 [44] in the
Supplemental Material, we named these the top-O, top-
Sc, and hollow configurations. After extensive geom-
etry optimizations, we find that the layer spacing is
2.58-3.45 A, as listed in Table I. This indicates the
nature of the vdW interaction between Mn,P,S;Se; and
Sc,CO,. Additionally, to evaluate the stability of these
configurations, we calculate the binding energy Fj. This
is defined as Ej = Eial — EMnyP,8;55¢; — Esc,c0,)/Ns/ses
where Eiotal, EMnyP,S;5e;» and Esc,co, are the total ener-
gies of MIQPQS},SC},/SCzCOQ, Ml’lszS3S€3, and SCQCOz,
respectively. Additionally, Nsss. is the number of S/Se
atoms at the interface, and Ej is between —161.72 and
286.86 meV, meaning that the configurations are stable
and likely to be possible to synthesize experimentally.
Importantly, whether the S-surface or Se-surface polariza-
tion is upward or downward, the most stable is the top-O
configuration.

hollow
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FIG. 2. (a)Af) Side views of Mn,P,S3Ses3/Sc,CO, het-

erostructures with diverse stacking configurations under different
Sc,CO, polarization states. The interface contact is the con-
tact between the S-surface of Mn,P,S;3Se; and Sc,CO,. For the
(a),(d) top-0O, (b),(e) top-Sc, and (c),(f) hollow configurations;
(a)(c) and (d)f) show the Pt and P| states, respectively.

B. Ferroelectric tuning of valley polarized
metal-semiconductor transition and mechanism

To confirm the magnetic ground state of the Mn,P,S3Se;
/Sc;CO;, heterostructure, two possible magnetic configu-
rations, the FM and AFM, are considered. The relative
energies (Epm — Eapm) of the FM and AFM phases are
listed in Table SII in the Supplemental Material [44].
The energy difference is always positive for all configura-
tions, indicating that the magnetic ground state is the AFM
state in the Mn,P,S3Se3/Sc,CO, heterostructure. Further-
more, the MAE of the heterostructure decreases compared
to that of the monolayer, as shown in Table SIII in the
Supplemental Material [44].

Primarily, we investigate the S-surface. As shown in
Fig. S3 in the Supplemental Material, when the SOC is
switched off, spin-up and spin-down channels are still
degenerate [44]. In the Mn,P;S3Se3/Sc,CO, P4 case, they
exhibit metallic properties, except in the hollow configura-
tion [see Figs. S3(a)-S3(c) in the Supplemental Material]
[44]. More interestingly, the greater the binding energy
between Mn,P,S;Se; and Sc,CO,, the stronger the metal-
lic properties of the system, as listed in Table I; however,
when the ferroelectric polarization of Sc,CO, switches
downward, the band gap is opened, and it becomes a
semiconductor [see Figs. S3(d)-S3(f) in the Supplemen-
tal Material] [44]. When SOC is included, as shown in
Figs. 3(a), 3(e), and S4, we find that the CBM of K and
K’ points exhibit valley splitting of 35.41-39.10 meV. At
this moment, the Mn,P,S3Se3/Sc,CO, Pt becomes a val-
ley polarized metal phase; however, the band structures of

034032-3



HANBO SUN et al.

PHYS. REV. APPLIED 23, 034032 (2025)

TABLE 1. Binding energies (E,) and interlayer distances (d) of different stacking configurations for Mn,P,S;Se;/Sc,CO,

heterostructures.
MIlszSg,SC:;/SCzCOz(T) Mn2P283SC3/SC2C02(¢)
Configuration Ep (meV) d(A) Ep (meV) d(A)
Top-O —286.86 2.58 —254.24 2.71
S-surface Top-Sc —226.90 2.88 —213.21 2.96
Hollow —180.01 3.26 —161.72 3.38
Top-O —277.91 2.73 —256.86 2.80
Se-surface Top-Sc —239.64 2.96 —226.97 3.05
Hollow —191.99 3.34 —176.09 345

Mn,P,S3Se3/Sc,CO, P exhibit valley polarized semicon-
ductor characteristics.

To understand the origin of valley splitting for the
Mn,P,S3Se3/Sc,CO, heterostructure, we calculated the
orbital-resolved band structure for the Mn atom d orbital,
as shown in Fig. S5 in the Supplemental Material [44].
The CBM bands of the K and K’ points are mainly con-
tributed by Mn dy,/d,>_ > orbitals for all configurations,
while the valence band maximum (VBM) bands of the
K and K’ points for the Pt and P| states are domi-
nated by d.» and d\./d,. orbitals, respectively. We then
built an effective Hamiltonian model based on the SOC
effect as a perturbation term. The SOC Hamiltonian can be
described as

Hsoc = 18- L = ﬁgoc ‘l‘l:lsloo )

where L and S are orbital angular and spin angular oper-
ators, respectively, and HY and Al,. denote the inter-
action between the same spin states and between opposite
spin states, respectively. Since the valley splitting mainly
occurs at the CBM bands, for the Mn,P,S3Se3/Sc,CO,
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FIG. 3. Top-O configuration Mn,P,S3Ses/Sc;CO,  het-
erostructures for the S-surface. Band structures considering SOC
under the (a) Pt and (e) P| states. 3D charge density differences
under the (b) P4 and the (f) P| states. Band alignments of the (c)
P71 and (g) P states. Plane-averaged charge density differences
for the (d) Pt and (h) P| states. The conduction-band valley
splitting is indicated by the green shading.

heterostructure, we focus on the mechanism of the CBM
valley splitting. Although the CBM is composed of spin-
up and spin-down bands, they are degenerate. Therefore,
we only consider the term HSOC and ignore the term Hsoc

Moreover, HSOC can be written in polar coordinates:

Ho =18 <L cosf + 2LJre sing + EZ et sin 9) :
2

In the out-of-plane magnetization case, ¢ = ¢ = 0°. The
HSOC term can then be simplified as

Hoc = AS.L.. 3)

Taking into account the orbital contribution around the
CBM valleys and the C;, symmetry, we take |y}) =
\/%(ldxy) +it|dya—)2)) ® | 1) as the orbital basis for the
CBM, where t = £1 represents the valley index corre-
sponding to K/K'. The energy levels of the valleys for
the CBM can be written as E7 = (Y] | H, OC|1// ). Then, the
valley polarization can be expressed as

EX — EX = i(dy | A cdia—ya)
— i{dy—ya|HYcldy) ~ 48, 4)

where L. |dyy) = —2ihld—y»), L. |dx2—y2) = 2ih|d,,), and
:3 - )‘<dx27y2|Sz |dx27y2>'

To understand the physics mechanism of the Sc,CO,
polarization switching-driven valley polarized metal-
semiconductor transition, we calculated the
three-dimensional (3D) charge density difference and
plane-averaged charge density difference (Ap), as shown
in Figs. 3(b), 3(f), 3(d), and 3(h). The negative and
positive values (blue and red areas) denote electron
depletion and accumulation, respectively. Clearly, the
Mn,P,S3Se3/Sc,CO, P71 system shows a notable charge
transfer from Mn,P,S3Se; to Sc,CO,. Conversely, in the
Mn,P,S3Se3/Sc,CO, Pl case, the Mn,P,S;Se; serves
as an acceptor and accumulates electrons, whereas
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the Sc,CO, acts as a donor and loses electrons. In
addition, we calculated the band alignments of the
Mn;,P,S3Se3/Sc,CO; heterostructure. As shown in Figs.
3(c) and 3(g), the VBM and CBM are acquired from
freestanding Mn,P,S3;Se; and Sc,CO,. In the Sc,CO,
Pt case, the CBM of Sc,CO; is lower than the VBM
of Mn,P,S;Se;, and electrons tend to migrate from
Mn;,P,S;5Se; to Sc,CO,. Due to the inherent electric field,
there is a potential difference of 1.84 eV between the
two sides of Sc; CO,, resulting in obviously different band
shifts in Mn,P,S3Se; when it contacts the opposite sides.
In the Sc,CO, PJ case, the VBM of Sc,CO; is slightly
above the VBM of Mn,P,S;Ses, leading to electron trans-
fer from Sc,CO,; to Mn,P,S;Se;. Importantly, this is
exactly consistent with the charge transfer.

The result for the Se-surface case is very similar to the
S-surface case. In the absence of SOC, the spin-up and
spin-down bands are degenerate, as shown in Fig. S6 in the
Supplemental Material [44]. The system exhibits metal-
lic properties aside from the hollow configuration for the
Mn,P,S3Se3/Sc,CO, P71 case [see Figs. S6(a)-S6(c)] [44],
while the Mn,P;S3Se3/Sc,CO, P| case retains semicon-
ductor properties [see Fig. S6(d—f)] [44]. When SOC is
considered, as shown in Figs. 4(a), 4(e), and S7 [44], the
CBM of the K and K’ points show a valley splitting of
34.16-39.53 meV. Moreover, Fig. S8 in the Supplemen-
tal Material shows the calculated projected band structures
for the Mn atomic d orbital [44]. The CBM is dominated
by the dy/d.»_,» orbital of the Mn atom for all config-
urations. In the comparison, the VBMs of the K and K’
points for the P4 and P| cases are primarily contributed
by the d» and d../d,. orbitals, respectively. To further
understand the electronic properties of Sc,CO,; in different
polarization states, we investigated the 3D charge den-
sity difference [see Figs. 4(b) and 4(f)] and plane-averaged
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FIG. 4. Top-O configuration Mn,P,S;3Se3/Sc,CO,  het-

erostructure for the Se-surface. Band structures considering SOC
under the (a) P4 and (e) P|. 3D charge density difference under
the (b) P4 and (f) P| states. Band alignments of the (c) P4 and
(g) P| states. Plane-averaged charge density difference for the
(d) Pt and (h) P| states. The conduction band valley splitting is
indicated by the green shading.

charge density difference [see Figs. 4(d) and 4(h)]. Clearly,
the charge transfer occurs from Mn;P,S;Se; to Sc,CO;
for the Sc,CO, P1 case. Conversely, when the polarization
of Sc,CO; transforms from P4 to P, the charge transfer
also switches from Sc,CO, to Mn,P,S;5Se;. We also inves-
tigated the band alignments of the Mn,P,S3Se3/Sc,CO,
heterostructure, as shown in Figs. 4(c) and 4(g). The VBM
of Mn,P,S;Se; is higher than the CBM of Sc,CO,, lead-
ing to charge transfer from Mn,P,S;Se; to Sc,CO, for the
Sc,CO, P4 case. When the polarization is switched from
Pt to PJ, the VBM of Sc,CO, will be slightly above the
VBM of Mn;P,S;Se;3, resulting in the direction of charge
transfer also being switched. These results also mutually
confirm the correctness of our calculations.

C. Nonlinear Hall effect and electronic property
detection devices

Since the nonlinear Hall voltage is proportional to the
BCD, and the BCD is highly dependent on symmetry, we
analyze it in the context of the symmetries of the system.
Monolayer Mn;P,S;Se; has neither P nor 7 symmetry.
First, we analyze the symmetry of the Berry curvature
2,4, where n is the band index. For the P symme-
try, Q2,4 is even, ie., ,4(k) = Q,4(—k). Conversely,
Q2,4 1s odd under T’ symmetry, i.e., 2, 4(k) = —2, 4(—Kk).
Hence, there are nonzero BCD components in monolayer
Mn2P2S3 Se3.

The BCD is a 3 x 3 tensor, and Dy, is defined as

082, 4(k
Dy=y" fk ﬂ(k)—aijb( )

R
=% [ nat0 %, 5)

where f, (K) is the Fermi-Dirac distribution, and €2,, 4(Kk) is
the Berry curvature. In 2D materials, only the z component
of the Berry curvature is retained, namely

an(k) — Z 2Im (vﬁ:k | Uy | ka) (wmk | Uy | Ilfnk)

— 2 ’
poon (Ew — E»)
(6
The BCD is a pseudotensor determined by [25]
D = det(S)SDS™', (7)

where S represents the symmetric operation matrix of
the point group. The magnetic point group of mono-
layer Mn,P,S3Se; is 3m. The magnetic point group 3m
includes a threefold rotation C; symmetry along the z axis
(Cs.), and three mirror reflections: perpendicular to the xy
plane (M,,), x axis (M), and y axis (M, ). The symmetric
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operators of Cs., M,,,, My, and M, are

cos(2w/3) —sin(2x/3) 0
Cs, = sin2w/3)  cos(2mx/3) 0 |, (8)
0 0 1
0 -1 0
My=| -1 0 0], 9)
0 0 1
-1 1
M, = 0 1 , (10)
0 1
0 0
M,=|1 -1 0 (11)
0 1

For Egs. (7)~(11), it is worth noting that only the D,, com-
ponent can exist for monolayer Mn,P,S;Se; with the 3m
magnetic point group [30,32]. Figure S9 of the Supplemen-
tal Material [44] exhibits the calculated BCD as a function
of energy for monolayer Mn,P,S;Se;. Clearly, D, is very
small since the band crossing is almost nonexistent in the
—2to 2 eV energy range.

When Mn,P,S3Ses and Sc,CO, form a heterostructure,
the point group decreases from Cs, to Cy;,. Consequently,
only the M, mirror symmetry is preserved. Therefore, the
BCD component D is still retained, and it is significantly
enhanced. Figure 5 shows the calculated BCD components
Dy, for the top-O configuration Mn,P,S;Se3/Sc,CO; het-
erostructure. For the Pt case [see Figs. 5(a) and 5(b)],
Dy, has a nonzero value at the Fermi level. When the P
switches to |, D, becomes zero. This change arises from
the presence or absence of a band gap in the two polariza-
tion states. In addition, the D, value of P4 is remarkably
larger than that of P|. Clearly, the value of D,, reached
0.50 A at Er 4+ 1.477 eV for the Se-surface. To under-
stand the origin of this, we calculated the corresponding
k-resolved Berry curvatures for the P4 case, as shown in
Figs. 5(e) and 5(f). It can clearly be seen that the contribu-
tion near the I" point is very large. For the S-surface, the
positive and negative Berry curvatures are almost equiv-
alent, so D,, is smaller. In contrast, the Se-surface has
predominantly positive Berry curvature near the I point.
Similarly, the k-resolved Berry curvatures were investi-
gated for the P| case at Ex — 0.891 eV. In contrast to the
P71 case, the main contribution comes from the vicinity of
the K and K’ points. Additionally, the S-surface exhibits
significantly larger values than the Se-surface, which is
consistent with the behavior of D,..

We calculate the anomalous Hall conductivity (AHC)
using

(12)

Oy = Oxy X ik
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FIG. 5. Calculated BCD components D,, of top-O con-
figurations as a function of energy for the (a) S-surface
Mn,P,S;3Se3/Sc,CO,  heterostructure PP, (b) Se-surface
Mn,P,S3Se3/Sc,CO,  heterostructure P4, (¢)  S-surface
Mn;P,S;3Se3/Sc,CO, heterostructure P, and (d) Se-surface
Mn;P,S;3Ses/Sc,CO, heterostructure P|. 2D k-resolved Berry
curvature €2, for the (e) S-surface Mn,P,S;3Ses/Sc,CO,
heterostructure Pt at Ep +1.477 eV, (f) Se-surface
Mn,P,S;5Se3/Sc,CO,  heterostructure P4 at Ep + 1.477 eV,
(g) S-surface Mn,P,S3Se;/Sc,CO, heterostructure PJ at
Er —0.891 eV, and (h) Se-surface Mn,P,S;3Se;/Sc,CO,
heterostructure P|, at £ — 0.891 eV.

where o, is the original AHC value from the WANNIER90
calculation, /, is the height along the z direction that
contains the vacuum layer, and 2 is the height of the het-
erostructure. The calculation results are shown in Fig. S10
in the Supplemental Material [44]. We found that the AHC
for both the S-surface and Se-surface P41 heterostructures
has nonzero values at the Fermi level. When the polar-
ization of Sc,CO, switches to downward, the AHC of
the S- or Se-surface configurations becomes zero. This is
due to the presence or absence of a band gap in the two
polarization states.

The manipulation and detection of charge, spin, or val-
ley is the basis of realizing electronic, spintronic, and
valleytronic devices. Similarly, the valley polarized metal-
semiconductor transition can be detected and manipulated
using valleytronic devices. Our calculation results show
that the NHE can effectively reflect the valley polarized
metal-semiconductor phase transition. If D, is nonzero for

(@) (b)

z Z z
M V#0
f-

FIG. 6. Schematics of the electronic property detection device
using the NHE. The driving current flows along the x axis, and
the nonlinear Hall voltage is generated along the y axis, which
is determined by the electronic properties. The nonlinear Hall
voltage is (a) nonzero for the valley polarized metal and (b) zero
for the valley polarized semiconductor.
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the valley polarized metal, in the Mn, P, S;Se3/Sc,CO; het-
erostructure P1 case, a nonzero Hall signal will be detected
along the y axis, as shown in Fig. 6(a). Conversely, when
the ferroelectric polarization of Sc;CO, switches to P, the
valley polarized semiconductor cannot generate the non-
linear Hall voltage due to the absence of bands near the
Fermi level [see Fig. 6(b)]. The detection and manipula-
tion of the valley polarized metal-semiconductor transition
will be vital for advancing electronics, spintronics, and
valleytronics.

IV. CONCLUSION

In summary, we systematically investigated the stabil-
ity, magnetic ground state, electronic properties, and NHE
for vdW Mn,P,S3Se3/Sc,CO, heterostructures. We find
that monolayer Mn,P,S3Ses is a robust AFM valley semi-
conductor for the Coulomb repulsion U. After forming a
heterostructure with Sc,CO,, the valley splitting is further
enhanced. Importantly, when the Mn;P,S;Ses/Sc,CO,
heterostructure is in the P4 state, it exhibits a valley
polarization metallic property; however, when the ferro-
electric polarization of Sc,CO, transforms from P71 to P|,
the system undergoes a phase transition from a valley-
polarized metal to a valley-polarized semiconductor. It is
worth noting that this phenomenon exists for both the S-
surface and Se-surface configurations. Moreover, we also
find that the BCD can be effectively tuned by switching
the polarization direction of Sc,CO,. Based on this, we
propose that NHE devices could be employed to detect
valley polarized metal-semiconductor transitions. The key
to designing electronic devices is to construct binary
logic switching states. Similar to spin, valley represents
a new type of freedom, and different valley polarization
states can be used to encode and store information. The
phase transition from a valley-polarized semiconductor
to a metal state, facilitated by a ferroelectric substrate,
provides a novel platform for the realization of next-
generation nonvolatile information-storage devices. Our
findings are expected to broaden the application scenarios
of the NHE.

Note added. During the review of our paper, the antifer-
romagnetic ferrovalley material is proposed [47], and the
valley polarization induced by lattice symmetry breaking
[48].
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