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Valleytronics materials are a kind of special semiconductors which can host multiple symmetry-connected and well-
separated electron or hole pockets in the Brillouin zone when the system is slightly n or p doped. Since the low-energy
particles residing in these pockets generally are not easily scattered to each other by small perturbations, they are endowed
with an additional valley degree of freedom. Analogous to spin, the valley freedom can be used to process information,
leading to the concept of valleytronics. The prerequisite for valleytronics is the generation of valley polarization. Thus,
a focus in this field is achieving the electric generation of valley polarization, especially the static generation by the gate
electric field alone. In this work, we briefly review the latest progress in this research direction, focusing on the concepts
of the couplings between valley and layer, i.e., the valley—layer coupling which permits the gate-field control of the valley
polarization, the couplings between valley, layer, and spin in magnetic systems, the physical properties, the novel designing

schemes for electronic devices, and the material realizations of the gate-controlled valleytronics materials.

Keywords: band structure, electronic transport, optical properties, spintronics

PACS: 73.20.At, 73.23.-b, 78.20.—e, 85.75.—d

1. Introduction

Valleytronics materials have been attracting broad inter-
est in multiple fields at both fundamental and applied aspects.
In these materials, the electronic conduction or valence band
exhibits multiple symmetry-connected energy extremal points
in the Brillouin zone (BZ).!!>! With slightly n or p doped, the
systems will host multiple electron or hole pockets appearing
around the energy extremal points, and the low-energy elec-
trons occupying these pockets are endowed with an additional
valley degree of freedom (DoF), as the low-energy particles
can maintain their valley index for a long time when the in-
tervalley scattering is absent or weak. Hence, while the valley
DoF is an emergent freedom of the low-energy particles, it can
be considered as a quantum number to identify the electrons
and can be used to encode, store and transfer information, sim-
ilar to the intrinsic DoF of electrons: spin. [6-201 1y view of this,
the valley is also termed as a pesudospin. The additional valley
DoF leads to the concept of valleytronics in condensed matter
physics, referring to the manipulation and application of the
electronic valley.[>!-37]

The valley DoF can emerge in one-dimensional (1D), 2D
and 3D materials. The 2D valleytronics materials may be the
most concerned in the field. Compared to their 3D counter-
parts, the 2D valleytronics materials are flexible and easy to
efficiently control by external fields. Moreover, many 2D ma-
terials allow for the creation of heterostructures by stacking in
different forms and different layers. These heterostructures
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generally not only maintain the valley DoF of the original
monolayers, but also can have unique and required properties

n.136-431 On the other hand, the physics in 2D systems

by desig
are more abundant than that in 1D systems. Therefore, it is
the discovery and the experimental detection of the 2D val-
leytronic materials, graphene and transitional metal dichalco-
genides (TMDs), that make the field of valleytronics undergo
rapid development in the past decade.[40-¢?]

Since the valley is rooted in the band structure, it naturally
inherits the band properties around the valley. When the band
properties are opposite for different valleys, one can use them
to control the valleys of the low-energy electrons. For exam-
ple, the TMDs exhibit two inequivalent valleys K and K’ lo-
cated at the corners of the hexagonal BZ. These two valleys are
connected by time-reversal symmetry (7°), and then have op-
posite Berry curvatures and orbital magnetic moments. Hence,
under an in-plane driving electric field, a sizable valley current
appears in the TMDs due to the valley Hall effect.5%93-72] For
TMDs, optical pumping is also an efficient way to control and
generate valley polarization, as they have valley-contrasting
circular dichroism in the optical interband absorption.”%! For
the systems with strong spin—orbit coupling (SOC) effect and
without space—time inversion symmetry P7 (P denotes the
spatial inversion symmetry), the valley DoF generally is cou-
pled to spin, such as the case in TMDs. This spin—valley cou-
pling (SVC) effect!’%73-34 provides more diverse methods to
control both spin and valley, as the way that can control valley
(spin) also can manipulate spin (valley).

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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Besides, the 2D materials can be stacked to form 2D het-
erostructures with two or multiple layers. As a consequence,
the 2D systems can exhibit another important DoF, i.e., the
layer DoF. The bilayer TMDs with both AA and AB stacking
maintain the valley DoF and the SVC effect. And, in addition
to layer DoF, the bilayer TMDs exhibit a more varied coupled
physics — the coupling between spin, valley, layer and differ-
ent basis.?%7884871 However, since all the DoFs in the bilayer
TMDs are distinguishable, the low-energy effective Hamilto-
nian that describes the coupled physics is a large matrix with a
rank of 2% = 16, which somehow is complicated and not con-
venient for subsequent analytic calculations.

In this article, we focus on the control and generate valley
or spin polarization by gate electric field, which is a crucial
task in the fields of valleytronics and spintronics, as the gate
field has advantages in compactness, power efficiency, and
compatibility with existing semiconductor technology. Since
the two valleys in graphene, TMDs and bilayer TMDs are con-
nected by 7 symmetry and the gate field does not break 7T,
the valley polarization can not be generated by the gate field
in these valleytronics materials. Moreover, even the valleys
are not connected by 7, they are not necessarily able to be
manipulated by the gate field.[?%-30:88]

In 2019, Yu et al.'® proposed a new design principle
to address this crucial task. In view of symmetry, the new
principle is to explore certain systems that (i) the valleys in
them are connected by crystalline symmetry O instead of T
and (ii) O should be broken by a gate field. Physically, the
principle requires the two valleys to have opposite layer po-
larizations, leading to the valley—layer coupling (VLC). The
monolayer Ti;SiCO, (ML-TSCO) is predicted as the first ma-
terial example with the VLC and efficient gate-control of val-
ley. For a gate field of 0.1 eV/A, the valley splitting in ML-
TSCO reaches 37 meV and 42 meV for valence and conduc-
tion bands, respectively.

By combining the VLC and the VSC, a valley-mediated
spin—layer coupling (SLC) was proposed by Zhang et al.,
which allows for the generation of both valley and spin polar-
izations by a gate field.[°°! It was found that this coupling can
appear in monolayer Ca(CoN),.[°"! Apparently, the valley-
mediated SLC is a special kind of spin—valley—layer coupling
that only exists in the systems without 7~ symmetry and then
is completely different from that in bilayer TMDs with 7.

In this article, we will briefly review the concepts, the
physical consequence, the new design schemes for electron-
ics devices, and the material realizations of the systems with
the VLC and valley-mediated SLC. We also present the clas-
sification of the valley-related coupling based on the layer po-
larization in the two valleys, which is the key point for gate-
controlled valley polarization. The field of valleytronics is still

under rapid development. This short review only provides

the readers with the recent progresses in gate-controlled val-
leytronics (and valley-spintronics) materials. Readers who are
interested in the valley physics in graphene and TMDs are sug-

gested to consult the previous articles.!!=+91-93]

2. Gate-controlled valleytronics

We start by discussing the concept of VLC, which
was proposed to realize a gate-field control of valley
polarization. 8! The VLC was first proposed for nonmagnetic
systems, and later was extended to magnetic systems. In this
section, we first review the symmetry requirements for VLC
and the valley-mediated SLC, and the classification of the val-
ley related coupling based on physical consequences. Then
we discuss the material realization of the gate-controlled val-
leytronics materials in both nonmagnetic and magnetic sys-
tems. Finally, we review several interesting physical proper-
ties and device schemes related to these valleytronics materi-
als.

2.1. VLC in nonmagnetic systems

The VLC was first proposed in nonmagnetic material:
monolayer TioSiCO,. Here, we will follow the discussion in
Ref. [89]. The 2D materials generally exhibit multiple atomic
layers. This means that the layer DoF can be introduced in
most of the 2D materials without being stacked, except that
the systems contain one single atomic layer, such as graphene.

Specifically, we consider a 2D material that is extended
in the x—y plane, and has a finite thickness along z-direction.
To introduce a binary layer DoF, without loss of generality we
assume that the material consists of two layers: the top layer
with z > 0 and the bottom layer with z < 0, where z = 0 is
the midpoint of the system along z, as illustrated in Fig. 1(a).
From this partition criterion, one knows that both top and bot-
tom layers may contain multiple atomic layers.

(a) E z (b Valley-Layer Coupling

Top ®eee ... ... 0000 N Y 3 !
Layel’ ;... e e ...; 0 V\\_‘/ 2 \/\,’ P>0
Bottom peer o omeeet P>0 /\ 2 s
Layer 0000 .- :co00e0e Y /\

Fig. 1. Illustration of valley—layer coupling: the two valleys have valley-
contrasting layer polarization (P). (a) A 2D material system generally
can be viewed as two layers. (b) With VLC, an applied gate electrical
field can generate valley polarization. The solid (dashed) curves denote
the bands in the presence (absence) of the electric field. Reproduced with
permission from Ref. [89].

Analogous to spin and valley, we need to define the layer
polarization for the discussion of the coupling between layer
and other DoFs. According to Ref. [89], the layer polarization
of a Bloch band eigenstate W, (r) can be defined as

k)= [ lvwmPar— [ ju(mPar. @
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where 7 is the band index, k = (ky, ky) and r = (x,y,z) denote
the momentum in the 2D BZ and the position vector in real
space, respectively. Notice that due to the finite thickness of a
generic 2D material, the position vector 7 has also a z compo-
nent. It is clear that P, (k) > 0 [P, (k) < 0] corresponds to the
case that the state W, () has more weight distributed in the

top (bottom) layer. By applying a gate field along z-direction,

(a) Non-gate-control of Valley (b)

Monolayer TMDs (AB) Bilayer TMDs

WAV

Spin-down

Spin-up

/NN

K K

Spin-valley couphng Spin-valley-layer couphng

Fig. 2. Tllustration of different kinds of spin—valley—layer couplings.

/’*\/‘\

Valley-layer coupling

we immediately know that the states with opposite P, (k) will
have opposite energy shifts, as the gate field generates a layer-
dependent electrostatic potential. Then if the two valleys have
valley-contrasting layer polarizations, i.e., VLC, the electric
control of valleys using gate field can be naturally realized, as
illustrated in Figs. 1(b) and 2(b).

Gate-control of Valley

ML-TSCO ML-CaCoN

N ey

X X' X X'
Valley-mediated spin-layer coupling

(a) The couplings that can not achieve gate control of valley (spin)

polarization, as the layer polarizations for the two valleys (spins) are the same, guaranteed by 7. (b) The couplings that can achieve gate control
of valley polarization. The valley-mediated SLC also can achieve gate control of spin polarization. In these two couplings, the layer polarizations
for the two valleys (spins) are the opposite, guaranteed by S4; (S4,7). The red and blue arrows represent spin-up and spin-down, respectively.
The black and red (green) curves represent the bands with vanishing and finite layer polarization .

Apparently, the VLC requires symmetry protections for
its realization. In Ref. [89], Yu et al. discussed the symmetry
requirements for nonmagnetic systems with two valleys, de-
noted as V| and V,. To achieve VLC, the following conditions
should be satisfied. 8]

(i) The Vi and V; should form a closed set under all sym-
metry operations of the system. This means that all the crystal
symmetry operations are divided into two parts: R and O.
The V; and V, are invariant under O operations and are inter-
changed under any R operation,

RVie) = Vaq), (2)
OVia) = V(- (3)
(i1) Since the two valleys must have finite and opposite

layer polarizations, R and O should satisfy the following re-
lation:

RP(Vip)R ™' = =P(Va1)), @)
OP(Vi(2))0™" = P(Vi(2)), (5)

which is the key symmetry requirement for the VLC.

This symmetry requirement applies to the 2D nonmag-
netic system both with and without SOC. It implies that the
valleys can not be connected by the symmetry like 7, out-
of-plane rotation symmetry Gy, and vertical mirrors M), as
these symmetries do not reverse the layer polarization. In other
word, the symmetries that connect the two valleys should be
broken by the gate field. Hence, the V| and V, must be located
at time-reversal-invariant momentum (TRIM) points in non-
magnetic systems. Also, the operations belonging to O must
keep the layer polarization, indicating the spatial inverse sym-
metry P and in-plane rotation symmetry Cy,(2,) cannot be O

operation. Besides, the horizontal mirror M, must be broken in
the VLC systems, where the layer polarization is suppressed
(P, = 0) for all the band states.

Based on these two requirements, one can go through all
the 80 layer groups (LGs) or all the 31 layer point groups
(LPGs),®¥ which describe the group symmetry or the point-
group symmetry of the 2D nonmagnetic system with finite
thickness, to screen out the ones that allow the existence of
VLC. The results are listed in Table 1. There are 5 of the 80
LGs that can host the novel VLC effect, which are LGs 10,
22, 50, 59 and 60. The two valleys appear at TRIM points S
and S’ for LGs 10 and 22, and at TRIM points X and X’ for
LGs 50, 59 and 60. This means that for a 2D nonmagnetic
material belonging to these LGs, as long as the valleys appear
at the target TRIM points, it will exhibit VLC, and is the gate-
controlled valleytronics material that we search for.

Table 1. List of the layer groups (LGs) and the corresponding space
groups (SGs) that allow for the VLC.[$]

Lattice V1, Va) LGs (SGs)
Centered rectangular (s, ) 10 (5)
22 (21)
50 (81)
Square (X, X 59 (115)
60 (117)

2.2. Valley-mediated SLC in magnetic systems

The concept of VLC also can be realized in magnetic sys-
tems. Particularly, a recent work® shows that the combina-
tion of VLC and VSC will lead to a novel spin—valley—layer
coupling: valley-mediated SLC, as illustrated in Fig. 2(b). The
valley-mediated spin—layer coupling requires the valleys to

067303-3



Chin. Phys. B 33, 067303 (2024)

exhibit both valley-contrasting spin polarizations and valley-
contrasting layer polarizations. If realized, the spin and layer
DoFs are coupled, i.e., the spins host spin-contrasting layer po-
larizations, which according to the definition is the SLC. This
valley-mediated SLC naturally enables electric control of both
valley and spin by gate field.

Similar to VLC, the valley-mediated SLC requires sym-
metry protection. Since the gate field does not break 7 and
the gate-field control of spin polarization can be achieved by
the valley-mediated SLC, the 2D system with valley-mediated
SLC should be a magnetic material. Following the discus-
sions in Ref. [90], we consider a 2D antiferromagnetic (AM)
system without P7 (which is also termed as an altermagnetic
system). For simplification, it is assumed that the Néel vector
of the 2D AM system is along z-direction, and the system only
has two valleys, denoted as V; and V5.1°°! The symmetry re-
quirements for the valley-mediated SLC are shown below. [**!

(i) Similarly, the V| and V; should form a closed set under
all symmetry operations of the system. Hence, all the crys-
tal symmetry operations are divided into two parts: R and O.
The V| and V, are invariant under O operations and are inter-
changed under any R operation, i.e.,

RVi) = Vaq),
Vi) = Vi)

(6)
@)
(i1) Since the two valleys must have finite and opposite

layer and spin polarizations, R and O should satisfy the fol-
lowing relation:

RP(Vip)R ™ = =P(Va1)), ®)

OP(Vy())0™" = P(Vi)) ©)
for layer polarization P and

RS:(Vig))R™" = =S.(Va), (10)

0S.(Vi2)O0 ™" = S:(Vi)) (11
for spin polarization S; = (Wyk|0;|Wuk) with o, the Pauli ma-
trix acting on the spin space.

This symmetry requirement also applies to the 2D sys-
tems both with and without SOC. Similarly, the symmetries
that connect the two valleys here should also be broken by the
gate field. Moreover, the valley-mediated SLC requires the
operations R (O) reverse (keep) both spin and layer polariza-
tions of the valleys. As a consequence, the symmetry require-
ment for the valley-mediated SLC is more rigorous than that
for VLC.

The symmetries of the 2D systems with and without SOC
are described by magnetic groups and spin groups, respec-
tively. However, as shown in Ref. [90], for the magnetic sys-
tems discussed here, it is enough and convenient to use the
magnetic groups rather than the complicated spin groups to an-
alyze the SLC in the systems without SOC. Based on the above
symmetry requirement, one can conduct a search through all
528 magnetic layer groups (MLGs) to screen out the ones that
allow the existence of the valley-mediated SLC. The results
are listed in Table 2. There are 23 of the 528 MLGs that can
host the valley-mediated SLC. Interestingly, all the five 2D
Bravais lattices can host this novel SLC effect. For oblique,
rectangular and centered rectangular Bravais lattices, the two
valleys are not necessary to appear at high-symmetry points
in BZ. However, for square (hexagonal) lattices, the valleys
should be located at X (K) and Y (K’) points. Again, one
knows that for a 2D magnetic material belonging to these
MLGs, as long as the valleys appear at the target points, it
will exhibit valley-mediated SLC, and is the gate-controlled
valleytronics and spintronics material that we are looking for.

Table 2. List of the MLGs and the corresponding magnetic space groups (MSGs) that allow for the valley-mediated SLC. (k,k’)

denote two generic momentums in the BZ.[%!

Lattice V1, Va) MLGs (MSGs)
Oblique (k, k') 4.3.14 (6.3.27), 5.3.19 (7.3.34)
Rectangular (k, &) 8.1.34 (3.1.8), 9.1.41 (4.1.15)
(z,x) 27.3.156 (25.4.158), 28.3.169 (26.5.172), 29.3.176 (26.5.172),
30.3.183 (27.4.181), 31.3.190 (28.5.189), 32.3.199 (31.5.216),
33.3.204 (29.5.202), 34.3.209 (30.5.209)
Centered rectangular (k, k') 10.1.45 (5.1.19)
(s,8") 22.1.122 (21.1.129)
(x, &) 35.3.214 (38.5.269), 36.3.223 (39.5.282)
Square (X.Y) 50.3.360 (81.3.695), 59.5.414 (115.3.943), 60.5.421 (117.3.960)
Hexagonal (K,K') 67.1.467 (149.1.1251)

74.3.494 (174.3.1365), 78.5.514 (187.3.1441), 79.5.519 (189.3.1453)

2.3. Classification of the couplings in valleytronics

As discussed, the gate-field control of valley and spin is

important for valleytronics and spintronics, and the VLC and

the valley-mediated SLC provide a simple and transparent way
to realize this task. Then, we discuss the difference between

the VLC, the valley-mediated SLC and the conventional spin—
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layer—valley coupling in bilayer graphene and bilayer TMDs.
According to the above symmetry analysis, one knows that the
difference is symmetry, as illustrated in Fig. 2.

in TMD
| where the two valleys are connected by a cer-

Analogous to the valley—spin coupling
materials, 70
tain symmetry to guarantee their degeneracy in energy and
have valley-contrasting spin polarization, the VLC (SLC) is
defined as the case that the two symmetry-connected valleys
(spins) should have valley-contrasting (spin-contrasting) layer
polarization. Since the two valleys in bilayer graphene and
bilayer TMDs are connected by 7, they must have the same
layer polarization, as illustrated in Fig. 2(a). This means that
the spin—layer—valley coupling in these bilayer materials is
not either the VLC or the valley-mediated SLC. However, for
one certain valley, the spin—layer—valley coupling indeed can
enable spin polarization by the gate field.

2.4. Material realization

The first example of the VLC material is the nonmagnetic
material: monolayer Ti,SiCO,.1%%! Subsequently, it is found
that a number of the TiSiCO-family monolayers Z,YCO,
(Z =Ti, Zr, Hf; Y = Si, Ge) also are the VLC materials, 94931
Figure 3(a) shows the crystalline structure of the ML-TSCO,
which possesses five square-lattice atomic layers vertically
stacked in the sequence of O-Ti—Si/C-Ti—O. The LG for the
ML-TSCO is LG No. 59. The ML-TSCO is both dynamically
and thermally stable [see Fig. 3(b)], and its optimized lattice
constant is a = b ~ 2.82 A 18]

(2) S & (b)
DO EE=gR
41A s =
Jf ---------- \ Gé_ -/ 7// |
T<b “ & oL
2 ©T €SieCeO Y -

Fig. 3. (a) Crystal structure and (b) phonon spectrum of the ML-TSCO.
Reproduced with permission from Ref. [89].

The electronic band structure of the ML-TSCO is pre-
sented in Fig. 4(a), from which two valleys appearing at X
and X’ points can be clearly observed. Hence, according
to the above symmetry analysis, one directly knows that the
ML-TSCO is a VLC material, namely, the two valleys should
have opposite layer polarizations, as guaranteed by the S, and
(2,110 symmetries. This is confirmed by the first-principles
calculations. By analyzing the spatial distribution of the two
valleys, one finds that the conduction band at X (X’) valley is
mainly distributed in the bottom (top) Ti layer and the valence
bands at the two valleys have opposite layer distribution pat-
terns, as shown in Fig. 4(b). Remarkably, the height between

the two Ti atoms layers is about 4.1 A, which is comparable to
the interlayer separation for van der Waals stacked heterostruc-
tures. Hence, the gate-field control of the valley polarization
in ML-TSCO should be very efficient. By applying a gate
field , the conduction band at X (X') valley is pulled down
(pushed up) and the valence band at X (X’) valley is pushed
up (pulled down). This successfully generates a valley polar-
ization for either electron or hole carriers when the system is
n or p doped. Particularly, for a gate field of 0.1 eV/A, which
is achievable with current experimental technique, the valley
splitting respectively reaches 37 meV and 42 meV for valence
and conduction bands, which are larger than the thermal en-
ergy at room temperature. This means that the ML-TSCO can
be used in room-temperature devices.

a ] ) b AL Al
()Og B0 ewh b)_ ¢ < ¢
- . b [aa) [aa)
. ',/ \ ;3 >‘ v v L‘) [ g ]
@ \ y > NN > sjé
-0 PR PN
o s Loe
o "‘. .“- = W = 4
i ! b fea) \ o 1
* o > LA 54 U &S+
X M X T <o < e
() £=0.1 eV/A (d) a1, - .
0.5 s SE, @'//’ﬁ
< 3 L
< . o ‘
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Fig. 4. (a) Electronic band structure of ML-TSCO. The size of the red
(blue) dots in (a) is proportional to the weight of projection onto atomic
orbital in the bottom (top) Ti atoms. (b) Charge density distribution plot-
ted for VBM and CBM states at the two valleys. (c) The band structure
under a gate field of E = 0.1 eV/A. (d) Valley splitting for VBM (SEy)
and CBM (JE,) [indicated in (c)] versus the applied gate field. Repro-
duced with permission from Ref. [89].

The first example of the material with valley-mediated
SLC is the family of monolayer decorated transition metal ni-
trides A(BN); (A = Mg, Ca, Zn and B = Mn, Fe, Co) materials,
which was predicted by Zhang et al. very recently.[*"! These
materials are layered materials that have been demonstrated to
be energetically and dynamically stable and may be obtained
from their bulk counterpart through mechanical exfoliation.
For example, the exfoliation energy for monolayer Ca(CoN),
(ML-CaCoN) is about 1.19 J/m?, which is comparable to that
of CayN (~ 1.09 J/m?)% and HfGeTe (~ 0.98 J/m?).7!

Figure 5(a) shows the crystalline structure of the ML-
CaCoN, which also possesses five square-lattice atomic layers
vertically stacked in the sequence of Co-N-Ca—N—-Co. The
first-principles calculations show for the ML-CaCoN, the lat-
tice constant is a = b = 3.55 A. The magnetic moments of the
ML-CaCoN are mainly on the Co sites with a magnitude of
~ 3up and the Néel vector is along the z-direction. Hence, in
the ground state, the ML-CaCoN belongs to MLG 59.5.414,
which is one of the MLG candidates listed in Table 2. In
its band structure, one finds that two valleys appear at X and
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Y for both valence and conduction bands. Again the above
symmetry analysis guarantees that the two valleys should have
valley-contrasting spin and layer polarizations. The gate con-
trol of valleys and spins in the ML-CaCoN is further demon-
strated by calculating the band structure under a vertical elec-
tric field. For a gate field of 0.2 eV/A, the valley and spin split-
ting in ML-CaCoN reaches 78 meV and 123 meV for valence
and conduction bands, respectively.[*"! Particularly, the low-
energy electrons, i.e., the conduction (valence) bands around
the two valleys, feature almost the same energy shift, suggest-
ing an almost uniform, large and static magnetic field of about
103 T is generated in ML-CaCoN by a gate field of 0.2 eV/A.
This means that a simple and predictable gate-field control of
spin polarization is achieved, which should have a significant
impact on the spintronic devices.

() 0.5 -vv
§ o| top Co/N layer
L ®|bottom Co/N layer
' >
an
@ Mn/Fe/Co 500+---b---d---4---
@ Mg/Ca/Zn 5
ON [ \
{ -0.5 l
\_/4\ / I X M Y T

Fig. 5. (a) Top view of the crystal structure of monolayer A(BN),. The
light purple region denotes the primitive cell. (b) Spatial spin-density dis-
tribution of ML-CaCoN, showing that the magnetic moments are mainly
localized around the top and bottom Co atoms with opposite directions.
(c) Orbital-projected band structures, showing that the low-energy bands
are mainly contributed by Co and N atoms. Reproduced with permission
from Ref. [90].

2.5. Physical properties

A advantage of the valley physics is that it can be de-
scribed by a low-energy effective Hamiltonian, which is very
convenient for theoretical investigations.

For the ML-TSCO, the low-energy physics occur at X and
X', both having the little group of C;,. The conduction and
valence bands at X (X”) valley point correspond to the 1D rep-
resentations By and A; (B; and A1) for the C,, group. Based
on these low-energy states, the k- p effective model of the ML-
TSCO is established as!®’!

Ho = At +v(ke+ky) Ty — v(ky — ky) 0Ty, (12)

where the momentum k is measured from each valley point,
A =0.133 eV and v = 0.59 eV-A are model parameters that
can be obtained by fitting the first-principles results. Here
o, = £1 denotes the X (X’) valleys, and 7’s are Pauli matri-
ces acting on the basis (i.e., the conduction and valence bands)

of one valley. Importantly, since the conduction and valence
bands have opposite layer polarizations in ML-TSCO, 7 can
also be regarded as acting on the layer index space. Thus, due
to the presence of 0,7y in Eq. (12), one directly knows there
is a coupling between valley (o) and layer (7) DoFs, which
is nothing but the VLC. Moreover, the behavior of the low-
energy bands under a gate field is simply captured by

He = Apo:T, 13)

where the effective energy shift A = aE (with a ~ —0.2 A)
is a linear function of the gate field (£) when E is not large.

Similarly, the low-energy physics of the valley-mediated
SLC in ML-CaCoN can be captured by "

H=AT +vi(keTe +hyTy) + v (ke T — kyTy) 07, (14)

where A =0.281 eV, vy =1.167eV-A and v, = —0.109 eV-A,
obtained from the first-principles calculations. Again, both &
and 7 are Pauli matrices that act on the valley index space and
on the basis of one valley, respectively. Similarly, T can also
be regarded as acting on the layer index space. However, in
ML-CaCoN, o can also be considered to operate in the spin
space, as both (low-energy) conduction and valence bands at
the X (Y) valley are spin-up (spin-down) electrons. Since the
last term of Eq. (14) contains 7,0, the physics in the ML-
CaCoN is not only the VLC but also the valley-mediated SLC.
The behavior of the low-energy bands of the ML-CaCoN un-
der a gate field can be easily inferred, and can also be de-
scribed by Eq. (13). However, since the ¢ here denotes spin
index, the gate field behaves like an uniform magnetic Zee-
man field but has opposite signs for conduction and valence
bands. For a gate field of E, = 0.2 eV/A, the induced effective
uniform Zeeman fields for conduction and valence bands are
about 1.06 x 10° T and —0.67 x 103 T, respectively.

Notice that in ML-TSCO and ML-CaCoN, while there
exist three (i.e., valley, layer and basis) and four (i.e., valley,
layer, spin and basis) DoFs, the low-energy effective Hamilto-
nian is not very complex, as some DoFs here are indistinguish-
able, such as valley and spin in ML-CaCoN [see Fig. 2(b)].

With these effective Hamiltonians, we are able to theo-
retically study various physical properties of the systems with
VLC or valley-mediated SLC. One of the interesting physi-
cal properties is the optical phenomena. For example, one
can study the optical interband absorption from the effective
Hamiltonian. The coupling strength with optical fields linearly

polarized in the x (y) direction is given by!®"]

H

0
M,y (k) ~ <uc(k)|w()|uv(k)>, (15)
x(y

where u(y) is the periodic part of the Bloch state of the con-
duction (valence) band. From the effective Hamiltonian (12)

067303-6



Chin. Phys. B 33, 067303 (2024)

of the ML-TSCO, one finds that for the X valley, (891

4y mZA2
MY (R)]* = O(K), \M;((k”z = m (16)
Similarly, for the X’ valley, one has
x/y(kxak)’) = y/x( ky,k ) (17)

Thus, the interband transitions around the X’ (X) valley point
are coupled exclusively with x-linearly (y-linearly) polarized
light, as shown in Fig. 6(a). This valley linear dichroism can
also be understood by the symmetry, as the two valleys in ML-
TSCO belong to the Cy, point group and are connected by Sy;.
For the ML-CaCoN, it will exhibit valley- and spin-contrasting
elliptical dichroism, namely, the interband transitions around
the two valleys are coupled exclusively with left and right el-
liptically polarized light.®) These properties mean that we
can selectively excite carriers in one valley by controlling the
polarization of light in both ML-TSCO and ML-CaCoN. Fur-
ther applying a gate electric field will not affect the dichroism,
but can tune the position of the absorption peaks.

, (b) Ox
X R A GGG o
\/ IW B ¢a¢&u«refe“reu~”

ERAEEREEA DR,
~\ P M o,
% | (©) ~cpppmpseeerrsese
1 Bhiaas el
cetbbbhihhsd S
/\ o &ef&&v{&&e&’ e
Fig. 6. (a) Valley-contrasting optical transition selection rules in ML-
TSCO. (b) and (c) Interlayer excitons with valley-contrasting layer polar-
ization. Reproduced with permission from Ref. [89].

More interestingly, since the conduction and valence
bands at one particular valley of both ML-TSCO and ML -
CaCoN have opposite layer polarizations, the optically ex-
cited electrons and holes are located at different layers. Con-
sequently, the interaction between the electrons and holes

(a) E Parallel E

X X' X X'

’ Fermi surface

(s.p.) =(1,1) (s.p.) =(1,1)

will lead to the formation of interlayer excitons with valley-
contrasting layer polarization, as illustrated in Fig. 6(b). For
the ML-TSCO, the x-polarized light with suitable frequency
will selectively generate excitons in the X’ valley, in which
the holes are located in the top layer and the electrons are
located in the bottom layer. These interlayer excitons nat-
urally carry a charge polarization along z, which provides a
possibility to manipulate the excitons by electric method even
though the excitons are charge neutral. Similarly, the exci-
tons in the ML-CaCoN also are interlayer excitons with valley-
contrasting layer polarization and spin polarization.

Another interesting phenomenon is that the VLC and
the valley-mediated SLC can permit the design of novel
valleytronics and spintronics devices.!®>%1 As discussed in
Ref. [89], the gate-controlled valleytronics materials, such as
the ML-TSCO, allow us to write in and read off the valley
information by purely electric means. This effect applies to
both non-magnetic and magnetic materials. The fully electric
manipulation of valley makes the gate-controlled valleytron-
ics materials have great advantage in producing qubits and de-
signing energy-efficient electronics. One also can use the ML-
CaCoN alone to realize the device like tunneling magnetore-
sistance (TMR) devices without resorting to magnetic field,*"’
as depicted in Fig. 7. For n doped ML-CaCoN, when the gate
fields at the left and right terminals are the same, the system
will have a low resistance. In contrast, for the antiparallel con-
figuration, i.e., the gate fields at the left and right terminals
are the opposite, the electrons moving from left to right must
switch spin, valley and layer indexes, indicating that the tran-
sitions would be extremely less probable during the transport.
Hence, the system under antiparallel configuration will have a
very high resistance. One can expect that the TMR effect here
should be more pronounced than that in conventional TMR
devices, where only the spin index is changed in the transport
with antiparallel configuration.

(b) E Antiparallel _E
\ z\/ \/ ________
Insulator
X X' X X'
X X M

X Fermi surface X

N f

(Szapz):(:l?l) (Szapz):(_17_1)

Fig. 7. Tllustration of TMR-like device based on the materials with VLC and valley-mediated SLC.[°"! (a) Parallel and (b) antiparallel configurations of
the TMR-like device under a gate field rather than a magnetic field. Top (bottom) row shows the band structure (Fermi surface) under an external gate

field. s; (p.) denotes the spin (layer) index.
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2.6. VLC and SLC in stacked materials

In addition to stable and intrinsic materials like ML-
TSCO and ML-CaCoN, one can also utilize stacking engineer-
ing to achieve systems with VLC or valley-mediated SLC in
bilayer materials, owing to the stackability of the 2D system.

Recently, Tong et al.!%8

introduced the concept of fer-
rovalley and predicted monolayer 2H-V Se; as such ferrovalley
material. Monolayer 2H-VSe, possesses a hexagonal struc-
ture but lacks P and 7 symmetries. It exhibits two valleys
at the two inequivalent K points, which however are non-
degenerate in energy, leading to intrinsic valley polarization,
i.e., the ferrovalley state, as shown in Fig. 8. Additionally, the
valley polarization in monolayer 2H-VSe, strongly depends
on the magnetic moment. Reversing the magnetic moment
switches the valley polarization from the K to K_ valley (see
Fig. 8). Similar situation can also be found in AA’ stacked
bilayer VSipNy4, which has interlayer antiferromagnetic cou-
pling and is the most stable state for bilayer VSiyNy.[*®! The
AA’ stacked bilayer VSioNy is a ferrovalley material with two
valleys appearing at K, to K_ valley, and its valley polariza-
tion can also be switched by reversing the magnetic moment in
both layers. However, unlike monolayer 2H-VSe,, the valley
state here is spin-degenerate due to the presence of P7 sym-
metry. Notably, the metastable state of bilayer VSi;Ny, i.e.,
ferromagnetic VSi;Ny, is a ferromagnetic VLC material. [8]
Besides, the monolayer Co,CF,; is also a magnetic ferrovalley
material. [*°]

(a) 20 (b)20
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Fig. 8. The band structure of monolayer 2H-VSe, with magnetism and
SOC effect. (a) and (b) have opposite magnetic moments. Red and blue
denote spin-up and spin-down, respectively. Reproduced with permission
from Ref. [68].

Based on the concept of ferrovalley, a possible approach
to designing materials with VLC or valley-mediated SLC is
to stack ferrovalley materials in a suitable manner. Take
If we stack two 2H-
VSe, monolayers with opposite magnetic moments in AA’

monolayer 2H-VSe; as an example.

form (the band structures of the two monolayers are shown in
Fig. 8), one might anticipate that this bilayer material would
exhibit two energy-degenerate valleys at the K and K_ points.
Specifically, the electronic state of the valence band maximum
at K valley would be spin-up and primarily distributed in
one certain layer, while that at K_ valley would be spin-down
and mainly originate from the other layer. Consequently, such
a bilayer system could potentially yield a system with both
VLC and valley-mediated SLC effects. However, as depicted

in Fig. 8, one can observe that the energy difference between
the bands at the I and K points is small. Thus, for the bilayer
2H-VSe; discussed here, the physics associated with VLC and
valley-mediated SLC may be affected by the bands around the
I' point.

Via symmetry analysis, Xu et al.[1%]

investigated the pos-
sibility of achieving VLC materials in non-magnetic systems
with orthorhombic lattice through stacking engineering. Con-
sider a 2D orthorhombic material with C,, symmetry and spa-
tial inversion P. Its electronic states are anisotropic along the x
and y directions due to the presence of only orthorhombic sym-
metry, and are required to possess a valley at either the X or Y
point. This material can have a single atomic layer or multiple
atomic layers. If the difference between the lattice constants
along the x and y directions of this material is not significant,
a slight strain can be employed to reshape this orthorhombic
material into a square configuration. A bilayer system can be
constructed by stacking this strained 2D material in AB form,
where the top monolayer is rotated 90° around the z-axis com-
pared to the bottom monolayer. The obtained bilayer lattice
can possess S4 symmetry and falls into one of the target layer
groups listed in Ref. [89]. Additionally, it can be expected that
this stacked material will have two valleys at both X and Y
points, contributed respectively by the top and bottom layers.
Consequently, a VLC system is established through stacking

1007 jden-

engineering. Based on symmetry analysis, Xu ez al.|
tified 8 out of 80 layer groups that allow for constructing such
a bilayer lattice with VLC, which are SGs 47, 50, 51, 53, 55,
59, 65, and 67.

Furthermore, Xu et al.l'%! demonstrated their idea via
first-principle calculations in AB stacked MnF4 and TaOl,.
Let us consider the monolayer MnF, as an example to illus-
trate the processes proposed by Xu et al.!'l The monolayer
MnF, exhibits a low exfoliation energy and can be feasibly
obtained experimentally from its P2;/c bulk phase. It pos-
sesses pman symmetry (SG 53), which is one of the candidate
groups mentioned earlier. The electronic band structures of
the monolayer MnF, and the rotated monolayer MnF, are de-
picted in Figs. 9(a) and 9(b), respectively. Notably, for the
valence bands, these materials respectively exhibit valleys at
the X and Y points. Xu ef al.['%! initially subjected these two
monolayers to a slight strain to achieve a square shape, fol-
lowing which they vertically stacked them together to form a
bilayer system. The electronic band structure of the resulting
bilayer MnF;, is shown in Fig. 9(c), where two valleys at the
X and Y points are clearly observable. Given that the bilayer
MnF, possesses S4; symmetry, the two valleys must exhibit
valley-contrasted layer polarization. This example directly il-
lustrates that a VLC material or valley-mediated SLC material
can indeed be realized by stacking ferrovalley materials in a
suitable manner.
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Fig. 9. Crystal and band structures of (a) the monolayer, (b) the rotated monolayer, and (c) the AB stacked bilayer MnF;.!

1001 For the bilayer

MnF,, a small strain is applied to both top and bottom layers to make them have a square shape.

3. Summary and outlook

In this article, we have provided a brief overview of
the concepts of VLC and valley-mediated SLC, along with
their potential applications in gate-controlled valleytronics and
spintronics. The future development of valleytronics holds
promise for various advancements, including quantum infor-
mation processing utilizing valley DoF, energy-efficient elec-
tronic devices via the valley currents, and the development
of photodetectors and light-emitting diodes based on valley
dichroism. VLC and SLC materials offer a fertile ground for
exploring fundamental physics and designing novel devices
that align with existing semiconductor technologies.

Looking ahead, several interesting questions and direc-
tions deserve further exploration.

Firstly, the scarcity of suitable materials for VLC and
valley-mediated SLC poses a significant challenge. It is im-
perative to search for and design more suitable material candi-
dates. This can be approached through two main avenues: ex-
ploring intrinsic materials that naturally host VLC and valley-
mediated SLC, such as ML-TSCO and ML-CaCoN, and em-
ploying stacking engineering techniques. For stacking engi-
neering, the study conducted in Ref. [100] only considers 2D
orthorhombic materials for realizing VLC materials. Thus, it
is urgent to present a systematic investigation into stacking en-
gineering to realize both VLC materials and valley-mediated
SLC materials.

Secondly, extending the study of VLC to magnetic sys-
tems, such as ferromagnetic and antiferromagnetic systems
with the Néel vector pointing along generic directions, could
yield promising results. This expansion could significantly in-
crease the number of target groups that allow for the existence
of VLC, thereby broadening the range of candidate materi-

als. The introduction of magnetism may also introduce richer
physics into VLC materials.

Finally, further exploration of the physical properties of
these novel materials, particularly the interplay between bi-
nary DoF (such as valley and layer) and external fields, is
needed. This includes systematic studies on electric, mag-
netic, optical, and transport properties that can be efficiently
controlled by gate fields in valleytronics materials. These in-
vestigations will deepen our understanding of VLC and SLC
materials and pave the way for their practical applications in
the next-generation electronic and optoelectronic devices.
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