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TOPICAL REVIEW — Valleytronics
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The electron’s charge and spin degrees of freedom are at the core of modern electronic devices. With the in-depth
investigation of two-dimensional materials, another degree of freedom, valley, has also attracted tremendous research in-
terest. The intrinsic spontaneous valley polarization in two-dimensional magnetic systems, ferrovalley material, provides
convenience for detecting and modulating the valley. In this review, we first introduce the development of valleytronics.
Then, the valley polarization forms by the p-, d-, and f-orbit that are discussed. Following, we discuss the investigation
progress of modulating the valley polarization of two-dimensional ferrovalley materials by multiple physical fields, such as
electric, stacking mode, strain, and interface. Finally, we look forward to the future developments of valleytronics.

Keywords: ferrovalley, valley polarization, two-dimensional materials, multi-field tunable
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1. Introduction

For a long time, finding new ways to manipulate electron-
ics to develop new types of electronic components and the next
generation of electronics has been a goal that people have been
working on. The manipulation of electrons is often inseparable
from the intrinsic freedom that it can have. For physics work-
ers, the conceptual discovery and regulation of the unexploited
degrees of freedom that electrons possess in solids is a frontier
topic. As we all know, electrons have two intrinsic degrees of
freedom, spin, and charge. Based on charge and spin degrees
of freedom, people have exploited the extensive application of
electronic technology and gradually mature spintronics. Do
the electrons in the solid still have other degrees of freedom
besides spin and charge? The answer is yes. In many crys-
tal structures, such as the metal bismuth, the semiconductor
silicon, germanium, gallium arsenide, and the insulating ma-
terial diamond, there is a new degree of freedom available to
the electron called the valley.!! 3!

In the reciprocal space of Bloch electrons, the valley gen-
erally refers to the local energy extremum point in the va-
lence band or conduction band. Although these valleys may
degenerate in energy, they are not necessarily equivalent be-
cause these valleys tend to be entirely separated in momen-
tum space. For example, the six degenerate but not equivalent
valleys (Dirac cones) in graphene are separated in the corner
of the first Brillouin region labeled K or K’. The transition
of electrons between these discrete valleys needs the involve-
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ment of the assistance of impurities or phonons to satisfy the
conservation of momentum, which significantly reduces the
scattering probability of electronic states between valleys, so
that the valley can be seen as the intrinsic discrete degrees of
freedom of holes or electrons. The non-equilibrium distribu-
tion of electrons in these discrete valleys can be used to realize
a new pattern of encoding information. For example, the two
logical states of 0 and 1 can correspond to the different oc-
cupying states of electrons in these degenerate valleys. The
intrinsic freedom of valley can be developed into a potential
carrier for information storage and processing in future elec-
tronics, related field is called valleytronics.

In 2004, two-dimensional graphene was experimentally
prepared by mechanical stripping.[*) Immediately afterward,
the team of ethnic Chinese scientist Qian Niu proposed that the
two Dirac cones opened a gap by breaking the spatial inversion
symmetry of graphene. It will appear novel quantum transport
behavior and valley circularly polarized light dichroism selec-

[3:6] The non-equivalent two valleys (K and K')

tive adsorption.
have the opposite signs of Berry curvatures. Especially, the
transportation coefficient and light selection caused by Berry
curvature is the opposite, it provides the theoretical foundation
for the light field modulation valley polarization. The theo-
retical scheme has not been experimentally verified, breaking
the lattice symmetry of graphene is a huge challenge. There-
fore, graphene is not an ideal valley material. Researchers
have turned their attention to the 2H phase transition metal

[7.8

chalcogenides (TMDs) represented by MoS,.!":8] These ma-
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terials have hexagonal lattices similar to graphene and spatial
inversion symmetry breaking, and the valley Hall effect and
the optical selection rule of valley resolution can be observed
experimentally. (%101

In the 2H-TMDs system, although the unequal valley is
separated in momentum space, its energy still remains degen-
erate and valley polarization cannot be realized. Similar to
paraelectric and paramagnetic materials, such valley energy
degenerate materials are called paravalley materials. The real-
ization of the degeneracy of the valley is very beneficial to the
development of valleytronics. Hence, researchers have gradu-
ally developed a series of methods to achieve valley polariza-
tion, such as magnetic atom doping, !''~'*) magnetic proximity
effect,[15-191 external magnetic fields,[20-24] and optical Stark
effects.[%10-23:26] Tt is worth noting that the valley polarization
is achieved by the above means. It is not an intrinsic property
of the material, which is not conducive to regulation of the val-
ley degree of freedom. In 2016, Duan et al. predicted the spon-
taneous valley polarization monolayer 2H-VSe; by the first-
principles calculations.!”’! They named the material ferroval-
ley material. Until now, a series of ferrovalley materials have
been predicted by theory, such as LaBr,[?8 Nb;Ig,[*°! FeX,
(X =Cl, Br),B%31U VSir Xy (X =N, P, As),BZ3 Xy (X =K,
Rb, Cs; ¥ = N, P, As, Sb, Bi),[?%! Cr,Ses,[?l MnPTes, 38!
CeN3H3Au, B GdI,,[*9 BiFeOs, 1 Cel,, 2! and so on. Be-
yond that, the application of valley freedom cannot be sepa-
rated from the modulation of the external field. The magnetic
coupling of two-dimensional magnetic ferrovalley can effec-
tively tune the reversal of valley polarization, but it is not con-
ducive to the miniaturization and aggregation of valleytron-
ics devices. Therefore, the modulation valley of electrical,
stacking, strain, and interface is a new direction to develop
valleytronics devices.

2. Valley freedom and valley polarization

Two-dimensional materials with hexagonal lattice struc-
tures are essential carriers for the investigation of valleytron-
ics. In the section, the basic concepts of valleytronics, val-
ley freedom and valley polarization are introduced through the
spatial inversion of broken graphene and 2H-TMDs materials.

2.1. Valley freedom

In a two-dimensional system, the concept of valley was
first proposed in graphene. Graphene has honeycomb structure
that contains two sets of hexagonal sublattices, conventionally
known as the A and B sublattices, as shown in Fig. 1(a).[43]
The two sets of sublattices are connected by spatial inversion
symmetry. The corresponding reciprocal lattice is also hexag-
onal, the orientation is equivalent to the positive lattice being
rotated by 90°. The first Brillouin zone is hexagonal, as il-

lustrated in Fig. 1(b). In the hexagonal Brillouin zone, two

distinct corners (K3 = +4m/3ax) are connected by the time
reversal symmetry. Other corners of the Brillouin zone are
associated with K by translation of lattice vectors. The most
striking feature of graphene comes from low energy excitation
at K and K’ points, where valence and conduction bands touch
each other linearly, and these contact points are named Dirac
point.

m (a%e/ h)

Fig. 1. (a) The honeycomb lattice of graphene, the sublattices A and B
are represented by unfilled and filled circles, respectively. The a; and a;
are lattice vectors. (b) Brillouin zone and high symmetry point. (c) The
top panel is the band structures of graphene, the bottom panel is the orbital
magnetic moment of the conduction bands of graphene with broken spatial
inversion symmetry.!3! (d) Schematic diagram of valley Hall effect. The
in-plane electric field generates a transverse valley current, which results
in a net valley polarization at the edge of the sample. !

The semi-classical dynamical equation of Bloch electron
under the external electric and magnetic fields can be ex-

pressed as!*4!
10E,(k) .
o 2 2B o), 1
hk = —eE —er x B, 2)

where Q,,(k) is used to describe the Berry curvature of Bloch
electron. For the system with spatial inversion symmetry, the
Berry curvature meets , (k) = Q,(—k); for the system with
time reversal symmetry, the Berry curvature meets Q,(k) =
—Q,(—k); for the systems protected by both spatial and time
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reversal symmetry, the Berry curvature is zero everywhere. [+

The Berry curvature is equivalent to the pseudo-magnetic field.
When the non-zero Berry curvature exists in the system, the
carrier motion will be affected, resulting in the valley Hall ef-
fect. Niu et al. found that the K} (K., K) and K (K_, K’) val-
leys have opposite non-zero Berry curvature and orbital mag-
netic moments in graphene with the broken spatial inversion
symmetry.[! As shown in Fig. 1(c), the energy extreme point
will appear in the six corners of the first Brillouin zone, namely
the K; and K> valleys. The K; and K, valleys are correlated
by time reversal symmetry. As shown in Fig. 1(d), the carri-
ers of K| and K, valleys have the same transverse velocity and
opposite direction under the applied electric field. They turn
around on both sides, respectively. That is the valley Hall ef-
fect. However, graphene is protected by both spatial inversion
symmetry and time reversal symmetry. Therefore, it isn’t easy
to distinguish different valleys and manipulate valley degrees
of freedom experimentally, which is greatly limited in practi-
cal applications.

2.2. Valley polarization

Due to the difficultly distinguishing the different valleys
and manipulating valley degrees of freedom in graphene, 2H-
TMDs materials are regarded as more ideal platform for val-
leytronics investigation. As shown in Figs. 2(a) and 2(b), un-
like graphene, which only consists of a single planar carbon
atom. Monolayer TMDs unit cells are triangular prism com-
posed of two different atoms of transition metal and sulphur,
which have naturally broken spatial inversion symmetry.[’!
But similar to graphene, monolayer TMDs also have a hexag-
onal honeycomb structure. Therefore, the valley of degenerate
but not equivalent form at the K and K’ points due to broken
spatial inversion symmetry.

Fig. 2. (a) Coordination environment of Mo (blue ball) in the structure.
The golden balls depicted the S atom.”! (b) Top view of the MoS, mono-
layer lattice.[”! (c) Valley distribution diagram at the K points.(®! (d) The
top valence band is shown blue, and the bottom conduction band is shown
pink. The Brillouin zone represents the center hexagon, and the degree of
circular polarization is shown by the center hexagon 1 (k).!”!

In the 2H TMDs system, although the unequal valley is
separated in momentum space, its energy still remains degen-
erate and valley polarization cannot be realized. Recently,
the band splitting is caused by the spin—orbit coupling (SOC)

effect of d electron of the heavy metal atom, as shown in
Fig. 2(c).!8) Cao et al. calculated that the split of the valence

band maximum was 0.15 eV.[7:46:47

I Moreover, the spin split-
ting is reversed at K and K’ points due to the time reversal
symmetry protection. The valley separated in both momentum
and energy space is known as valley polarization. It makes it
possible to achieve dynamic valley polarization by selective
circular dichroism light. Valley polarization can be charac-
terized by the polarization component of photoluminescence

(PL) intensity

PL(c,)—PL(c_)
PL(04)+PL(0-)’

n= 3
As shown in Fig. 2(d), the optical selectivity is absolute at Ky
points, (K4 ) = 1. More surprisingly, the selectivity is close
to perfect across the entire valley region, with only rapidly
changing signs at the valley boundary. It means that the en-
tire K valley almost completely rejects 6 photons, whereas
the entire K_ valley almost completely repels 6~ photons. It
indicates that the adopted 6™ (6~) will produce satisfactory
valley polarization. The experimental results show that the
valley polarization can not reach 100 % due to the participa-
tion of phonons. ! In addition, the dynamic valley polarization
of optical transition usually disappears within a few picosec-
onds, which greatly limits the practical application of optical

induced valley polarization in valleytronics devices.[*8!

3. Intrinsic ferrovalley materials

Although the degradation of the valley can be achieved by
various external means in TMDs materials, the valley polariza-
tion cannot be maintained when the external field is removed.
Therefore, it is imperative to search for materials with spon-
taneous valley polarization. In this section, we introduce the
investigation progress of ferrovalley materials from forming
valley polarization of the orbit.

3.1. The p-orbital ferrovalley materials

Firstly, we introduce the p-orbit ferromagnetic ferrovalley
material. We predict that the XY (X =K, Rb, Cs; ¥ =N, P,
As, Sb, Bi) monolayer has intrinsic valley polarized quantum
anomalous Hall effect.’®! As shown in Figs. 3(a) and 3(b),
it exhibits a honeycomb lattice with the point group Ds;, and
space group P6m2 (No. 187). The primitive unit cell is com-
posed of an X and a Y atom, and its geometry is completely
flat as that of graphene. The Y atom has unpaired electrons
in its p orbital, leading to appear ferromagnetic. The intrin-
sic ferromagnetism breaks the time reversal symmetry of the
system. As shown in Figs. 3(c) and 3(d), the combined in-
teraction of ferromagnetism and SOC causes the monolayer
XY to break the energetic degeneracy at the K and K’ valleys,
inducing spontaneous valley polarization.
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Fig. 3. (a) Top and side views of XY monolayer lattice structure. The X
and Y atoms are represented by the blue and orange spheres, respectively.
(b) The Brillouin zone of the honeycomb lattice. The band structure of
CsSb including the SOC for the magnetic moment of Sb along the (c) z
and (d) —z axis (out-of-plane), respectively. The Berry curvatures of CsSb
(e) over the two-dimensional Brillouin zone and (f) along the high sym-
metry line. (g) Calculated the AHC o, as a function of Fermi energy
for the CsSb monolayer. The two light blue shades indicate the valley
split between K and K’ valleys. (h) Schematic diagram of tunable valley
polarized quantum anomalous Hall effect in hole doped CsSb monolayer
at the K and K’ valleys, respectively. The holes are represented by the +
symbol. Upward and downward arrows denote the spin up and spin down
carriers, respectively. 30!

To understand the mechanism of the ferrovalley effect in
XY, we take CsSb as an example. We try to build an ef-
fective Hamiltonian model based on the density functional
theory (DFT) calculations. The conduction band minimum
(CBM) and valence band maximum (VBM) mainly consist
of Sb p, and p, orbitals including the SOC effect. Consid-
ering that the little group of K and K’ points belongs to D5,
in the out-of-plane magnetic configuration, we employ |y¢) =
L (Ip) +itlpy) @] 1) and [yE) = L(Ipy) +itlps) @ 1) as
the orbital basis for the CBM and VBM, where T = 41 shows
the valley index referring to the K/K'. Since the CBM and
VBM belong to the same spin channel, we take the SOC effect
as the perturbation term, which is

Asoc = ASL = Adyc + Hioc “4)

where S and L are spin and orbital angular operators, respec-
tively. I:Igoc and I:Isloc denote the interaction between the
same spin states and between opposite spin states, respec-
tively. For the CsSb monolayer, the single valley consists of
only one spin channel, and the other spin channel is far from
the valleys. Hence, the term I:Isloc can be neglected. In addi-
tion, I:IgOC can be written in polar angles

N A a 1. ; 1. ;
HAdoc = A8, (L, cos 6 + §L+ e ?sin@ + EL, e %sin ). (5)

In the out-of-plane magnetic configuration, 8 = ¢ = 0, then
the ﬁgoc term can be simplified as

I:IgOC = As‘z[:z- (6)

The energy levels of the valleys for the VBM and CBM can be
expressed as EF = (wf] Aoc|ye) and EZ = (A |y ).
respectively. Then, the valley polarization in the valence and
conduction bands can be represented as

EX—EX = i(p|Agoc|py) — i(py[ASoclpx) A, (7)

EX —EX =i(py|Agoc|px) — i(pclHSoclpy) ® A, (8)

where the L, |p,) = ifi|py), L.|py) = —if|ps). The results show
that the valley degeneracy splitting of the valence and conduc-
tion band is consistent with our DFT calculation.

As shown in Figs. 3(e) and 3(f), the Berry curvatures of
the K and K’ points have opposite signs, indicating the typical
valley polarization feature. By integrating the Berry curvature
over the Brillouin zone, one can further calculate the anoma-
lous Hall conductivity (AHC). As shown in Fig. 3(g), a valley
polarized Hall conductivity clearly exists in CsSb. Particu-
larly, when the Fermi level lies between the CBM or VBM
of the K and K’ valleys, the valley polarized Hall conduc-
tance oy, can be obtained. This result confirms the presence
of valley polarized quantum anomalous Hall effect (VQAHE)
in the CsSb monolayer. Besides, in the hole doping condi-
tion, when the magnetic moment direction of CsSb is in +z
direction, the spin-up holes from the K’ valley will be gener-
ated and accumulated on one boundary of the sample under
an in-plane electrical field (upper plane of Fig. 3(h)). On the
other hand, when the magnetic moment is in the —z direction,
the spin up holes from the K valley will be generated and ac-
cumulated on the opposite boundary of the sample under an
in-plane electrical field (lower plane of Fig. 3(h)). This char-
acteristic indicates that monolayer CsSb is an ideal candidate
for the high-performance valleytronic devices.

In addition to the p-orbital magnetically induced valley
polarization, Jia et al. found that valley polarization can also
be realized by the ferroelectric polarization of p-orbital (mono-
layer PbO) induced the broken spatial inversion symmetry. ‘]
As shown in Figs. 4(a) and 4(b), the monolayer PbO is orthog-
onal lattice structure, different from the hexagonal lattice, the
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unequal valley of monolayer PbO is located on the I’ — X
and I' — Y high symmetric paths, respectively. When the
system is the para-electric (PE) phase, the valley is energy
degenerated. While the system switches to the ferroelectric
(FE) phase, the intrinsic FE field breaks the spatial inversion
symmetry induced valley degeneracy to disappear. As shown
in Figs. 4(c)-4(e), the VBM mostly comes from p, (around
Vx) and py (around Vy) orbitals of O, while the CBM mainly
contributed p, (around V) and py (around Vy) orbitals of Pb.
For the two FE phases, spontaneous polarization actuates the
structure into a ferrovalley state: the two pairs of valleys are
no longer the same, but move away from the Fermi level in
different ways. For the Vx and Vy valley of PbO, both spon-
taneous valley polarization and linear polarization have light
dependent optical selectivity. It not only indicates the poten-
tial of oxide structures for ultrathin electronic devices, but also
provides the platform for future design and realization of two-
dimensional multiferroics.

@
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Fig. 4. (a) Schematic diagram of monolayer PbO in the non-polar PE
phase and FE phase with polarization along the x direction (x-FE) and y
direction (y-FE). (b) Brillouin zone of orthogonal lattice. Two valleys are
signed Vy and Vy. (c)—(e) The band structures of monolayer PbO in the
x-FE, PE, and y-FE phases, respectively. 4]
At present, ferrovalley materials of the p-orbital are sel-
dom studied. Usually, the valley splitting of the p-orbital is
very significant. Coincidentally, the room-temperature ferro-

magnetic p-orbital CaCl monolayer has been experimentally

synthesized on reduced graphene oxide membranes, > which
confirms the possibility of synthesizing ferrovalley materials
of the p-orbital in experiments.

3.2. The d-orbital ferrovalley materials

The concept of ferrovalley was first proposed by Duan et
al. in the d-orbital VSe; system.!?’! Its structure is the same as
that of 2H-MoS,, except for the presence of unpaired electrons
in the 3d orbital of the V atom, which makes the monolayer
2H-VSe, ferromagnetic. Ferromagnetism and SOC effect to-
gether make monolayer 2H-VSe; decouple the energetically
degenerated valleys at K, (K) and K_ (K') points, and induce
spontaneous valley polarization. The Hamiltonian of mono-
layer 2H-VSe; can be written as

H(k) :IZ®HO(k)+Hsoc(k)+Hex(k)’ 9

where Hyoc(k) and Hex(k) represent the SOC effect, and
magnetic exchange interaction, respectively. The combina-
tion of the SOC effect and ferromagnetic exchange interac-
tion achieves spontaneous valley polarization without exter-
nal field. The existence of spontaneous valley polarization
makes the two unequal valleys of ferrovalley material have
different optical band gaps. Optical calculations show that the
system has valley-dependent rotation selectivity. As shown
in Fig. 5(a), when the magnetic moment is along the z axis,
the energetic degeneracy valley breaks. K, valleys can only
be excited by left-circularly polarized light, while K_ valley
corresponds to right-circularly polarized light, and the absorp-
tion peak of right-circularly polarized light shows a little blue
shift. As shown in Fig. 5(b), while the magnetic moment is
along the —z axis, the optical band gap and the magnitude of
valley polarization will be reversed accordingly. Figure 5(c) is
a diagram of the interband transition related to the optical band
gap. Moreover, the two sets of valleys have opposite and un-
equal Berry curvatures for monolayer 2H-VSe;, as shown in
Fig. 5(d). This also makes ferrovalley materials have a mea-
surable Hall voltage, which is similar to the anomalous Hall
effect of ferromagnetic materials, called the anomalous valley
Hall effect. As shown in Fig. 5(e), based on the anomalous val-
ley Hall effect, the magnetically writing and electrically read-
ing memory devices are coming up. The binary information
is stored by the valley polarization of the ferrovalley material,
which can be modulated by the magnetic moment of the ap-
plied magnetic field.

Moreover, we find that the Janus structure VSiXNy (X =
C, Si, Ge, Sn, Pb) can realize multi-valley dependent topo-
logical phase transitions under the built-in electric field and
strain.!l As shown in Fig. 6(a), with the atomic number of
X increases, it shows that an interesting topological phase
transition from valley semiconductor (VSC) to valley half-
semimetal (VHSM), to valley polarized quantum anomalous
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Hall insulator (VQAHI), to the VHSM, to the VSC, and to val-
ley metal (VM). Besides, it can be observed that the valence
band valley of K’ is obviously lower than K for the VSiCNy,
VSipNy, and VSiGeNy4, while the conduction band valley
of K’ is significantly higher than K for VSiSnN,. Through
the analysed orbital-resolved band structure, the VBM bands
of VSiCNy4, VSip)Ny4, and VSiGeNy are dominated by V
dxy/deyz orbitals, while the CBM bands are mainly con-
tributed by d > orbital of V atom. On the contrary, the VBM
bands are mainly d. orbital, while the CBM are primar-
ily dyy/d,2_,» orbitals for VSiSnNy and VSiPbN4 monolayer.
More importantly, it can be observed that the atomic number
of the X atom induced band inversion between the d> and
dyy/d,2_ o orbitals. Hence, the band structures with the varying
strain and X atom are summarized in Figs. 6(b) and 6(c). In a
word, the valley-related multiple topological phase transitions
attribute to the change of the sign of the Berry curvatures at K
and K’ points. The band gap and topological property with the
various strains for the VSiXNy monolayers are summarized in
Fig. 6(d).
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Fig. 5. The band structure with the SOC effect, and the magnetic moments
along the (a) z and (b) —z axis, respectively. (c) Schematic diagram of in-
terband transitions dependent on optical band gap. The imaginary parts of
the complex dielectric function & for monolayer VSe;. o and o_ rep-
resent left and right handed radiation, respectively. (d) Contour maps of
Berry curvature in the momentum space for bands are mainly occupied by
dyy and d2_,» orbits. (e) Diagram of data storage employing hole-doped
ferrovalley materials based on anomalous valley Hall effect.!?’]

Through a detailed analysis of the energy band variation
with the atomic number of the X element, it is observed that
the topological properties are intimately correlated to the gap
at the K and K’ points. Figure 6(e) shows the gap at the K and
K’ points with the increase of X atomic number, it found that

the gap gradually decreases to zero in VSiGeNy. The fitting
curve displays that the band gap would reach zero when X is
Ge, which indicates that this could be a phase transition point.
It is well known that the built-in electric field was induced
when atoms on the upper and lower surfaces are not equal.
We define the built-in electric field as Ey, = (@, — &;)/Ah,
where @ and @, represent the electrostatic potential at the
bottom and top of VSiXNy, respectively. The Ah represents
the structural height of VSiXNy. More surprisingly, the vari-
ation trend of the built-in electric field is entirely the same as
that of the band gap of K and K’, as shown in Fig. 6(f). It
indicates that the intrinsic of topological phase transition is
the strain and built-in electric field induces band inversion be-
tween the d,2 and dyy/d,2_ orbitals at K and K’ valleys. Our
findings not only uncover the mechanism of multiple topologi-
cal phase transitions, but also provide a new way for the multi-
field manipulating the spin, valley, and topological physics. In
recent years, the investigation of d-orbital ferrovalley materials
has developed rapidly, and a series of novel ferrovalley mate-
rials have been discovered, including MBr; (M = Ru, Os),lsz]
VS,, 531 VSSe, 54561 vCIBr, 7 RuCl,, P8 h-MNX (M = Ti,
Zr, Hf; X = Cl, Br)P°! and so on.
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Fig. 6. (a) Band structure of the VSiXN4 monolayers including the SOC
effect. (b) and (c) Schematic diagrams of valley-dependent topological
phase transitions, (b) with the atomic number of X element increasing,
and (c) as a function of strain, respectively. (d) Evolution diagram of
band structures and Berry curvatures of VSiXNy with different strains.
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strains, respectively. () The band gap of VSiXNy at K and K’ points. The
dotted line is the fitting K and K’ point gap variation trend. (f) The built-in
electric field (E;,) as functions of the strain for VSiXN4 monolayers. %]
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The d-orbital ferrovalley materials have been extensively
explored. These systems exhibit extraordinary properties,
such as the valley spin Hall effect and valley polarized quan-
tum anomalous Hall effect. The toughest problem is that the
room-temperature magnetism cannot be realized in the exper-

iment. Therefore, our unremitting efforts are still needed.

3.3. The f-orbital ferrovalley materials

Recently, Sheng et al. found the spontaneous valley po-
larization with f electrons in monolayer Cel,.[*?! The mono-
layer Cel, exhibits a two-dimensional hexagonal lattice with
the P6m2 space group. The spatial inversion symmetry is bro-
ken in monolayer Cel,. As shown in Fig. 7(a), the density of
state uncovers that the magnetism originates from the Ce-5d,
Ce-4f and I-5p orbital electrons. Figures 7(b) and 7(c) show
the band structure of monolayer Cel, including the SOC ef-
fect. The addition of the SOC effect eliminates the energy
degeneracy of the K and K_ valleys in the top valence band,
leading to an intriguing valley polarization. Moreover, it is
found that the valley energy difference between the K, and
K_ valley depends on the direction of magnetization. When
the magnetic moment direction is along the +z axis, the valley
polarization of the spin up channel can reach up to 208 meV.
Once the magnetization direction is reversed to the —z direc-
tion, the energy of the K_ valley is higher than that of the
K, valley, exhibiting a valley polarization of —208 meV in
the spin down channel. In other words, the valley polarization
and spin can be simultaneously flipped by reversing the mag-
netic moment of Ce atoms, which provides an efficient way
to customize the valley characteristics of monolayer Cel, by
modulating its direction of magnetization.

As shown in Fig. 7(d), it exhibits the calculated Berry cur-
vature of monolayer Cel, as a contour map of the entire two-
dimensional Brillouin zone. The K_ and K points have op-
posite signs and unequal magnitudes, meaning a robust valley-
contrasting Berry curvature. When such p-type Cel, is mag-
netized along the +z direction, in the presence of an in-plane
electric field, the positive Berry curvature drives the spin down
holes from the K valley to accumulate on the right side of the
sample (see Fig. 7(e)). Once the magnetization is reversed, the
spin-up holes from the K_ valley are transferred to the left side
of the sample because of the action of negative Berry curva-
ture. In addition to the anomalous valley Hall effect, it is also
interesting to note from Fig. 7(e) that the charge and spin Hall
effects exist in monolayer Cel,, which is much easier to detect
in experiments. Such excellent coexistence of charge, valley,
and spin Hall current facilitates the integration of electronics,
spintronics, and valleytronics. In addition to Cel,, such LaX,
(X = Br, I),[2%901 GdXY (X,Y = Cl, Br, I; X #Y),11 with f-
electron were reported. Due to the strong SOC of the f-orbital,
rare earth ferrovalley materials of the f-orbital provide another

possibility for the experimental studies.
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Fig. 7. (a) The orbital-resolved density of state for monolayer Cel,. The
SOC band structure with the (b) positive and (c) negative magnetic moment.
(d) Berry curvature over the two-dimensional Brillouin zone. (e) Schematic
of the anomalous valley Hall effect for the hole doped Cel, at the K and
K_ valleys under an in-plane electric field.*?]

4. Multi-field tunable of two-dimensional fer-
rovalley materials

The two-dimensional ferrovalley materials maintain
spontaneous valley polarization at the monolayer. The dis-
covery of intrinsic ferrovalley materials has greatly promoted
the development of valleytronics. The regulation of valley po-
larization of ferrovalley materials is the basis of information
storage in valleytronic devices. The interlayer is bonded by a
weak van der Waals interaction, which facilitates to tuning val-
ley polarization by the multi-field (electrical, interlayer stack-
ing, strain, and interface). It can be realized in valleytronics
and magnetic memory device applications.

4.1. Electrical modulation

The electrically controlled magnet has been widely
investigated.[9>-6] Recently, the researchers found that the
electricity can also modulate valley polarization well.[60-68]
Here, we mainly introduce two aspects: ferroelectric substrate

and electric field.
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Fig. 8. (a) Band structures of the AA’-stacked VSi,Ny bilayers with the
interlayer antiferromagnetic coupling. (b) Band structures of the AA’-
stacked VSipNy bilayers with the interlayer ferromagnetic coupling. The
red solid circles and blue hollow circles represent the atomic projected
weights of electronic states on the V atoms from the upper and lower
monolayer, respectively. (c) and (d) The band and valley splittings as
functions of the electric field for the interlayer antiferromagnetic and an-
tiferromagnetic coupling, respectively. The valley splitting is that of the
valence bands, while the spin splitting corresponds to the valence band
at the K valleys. (e) and (f) Schematic depictions of anomalous Hall
currents in VSip;Ny bilayers with hole doping. (e) The interlayer antifer-
romagnetic coupling and (f) the ferromagnetic coupling. (0]

Firstly, Liang et al. investigated the electric field tune
valley degeneracy splitting in VSi,Ny bilayer.[%! They found
that the valley splitting occurs in the interlayer antiferromag-
netism, there are two degenerate valleys of the interlayer ferro-
magnetism at K4 points, as shown in Figs. 8(a) and 8(b). For
the interlayer antiferromagnetic coupling, the valley splittings
do not change with the electric field, because the orbital com-
ponents of the conduction/valence bands of the two valleys
originate from the same monolayer, and the valley splitting
of the monolayer is insensitive to the external electric field.
Hence, the external electric field results in the spin splittings
and has no effect on valley splittings. In addition, the sign
of the spin splittings is decided by the field direction. When
the field direction changes, the induced spin splittings are ac-
cordingly flipped (see Fig. 8(c)). In contrast, as illustrated in
Fig. 8(d), the size of the valley splitting lies on the electric

field strength for the interlayer ferromagnetic coupling. While
the positive electric field is in the range of 0-0.35 V/nm, the
valley splitting is linearly increased, up to 64.1 meV. While
the electric field continues enhancing, the valley splitting is
unchanged. This trend change is due to the critical field of
0.35 V/nm that leads to a band exchange between the first and
the second valence bands at the K_ valley. Beyond the criti-
cal electric field, the first valence band of two valleys is con-
tributed by the same layer. As a result, the valley-layer cou-
pling is destroyed and the valley splitting is no longer changed
with the electric field. In addition, due to the field-induced
valley splittings, there is a transition from the direct band gap
semiconductor to the indirect band gap semiconductor. Under
the action of the vertical electric field, the degeneracy split-
tings are highly adjustable for both the magnitude and the sign.
These intriguing characteristics provide a practical way to de-
sign energy-efficient devices based on coupling between mul-
tiple electronic degrees of freedom.
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respectively. (e)—(g) Band structure with considering SOC of h-I;, h-II;
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Then, Du et al. found that the anomalous valley Hall
effect in monolayer MnPSes can be readily reversed on or
off by switching the ferroelectric polarization of monolayer
ScyCO,.1981 As illustrated in Fig. 9(a), three typical stack-
ing modes between monolayer MnPSes and Sc,CO,, where
the polarization of ScoCO, points away from the interface.
The band structure including the SOC effect is illustrated in
Figs. 9(b)-9(d). For the h-I} and h-II; configurations, the fea-
ture of valley spin splitting of MnPSe3 remains unchanged at
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the K and K’ valleys, but the valley spin splitting values at
K and K’ valleys are no longer degeneracy. The energetic
degeneracy of the K and K’ valleys in MnPSe; is elevated,
resulting in the spontaneous valley polarization. The coexis-
tence of valley polarization and valley spin splitting ensures
that the anomalous valley Hall effect is observed in the an-
tiferromagnetic MnPSe3; monolayer. In the h-III| configura-
tion, the nonuniform potentials introduced to Mn; and Mn;
atoms by the proximity effect would be rather weak, leading
to the small valley spin splitting. When the ferroelectric is
switched, all three configurations occur in a semiconductor-to-
metal transition. As shown in Figs. 9(e)-9(g), this transition
is also accompanied with the disappearance of the anomalous
valley Hall effect and valley physics. Therefore, the anoma-
lous valley Hall effect is ferroelectrically controllable, which
is conducive to the development of controllable valleytronic
devices.

4.2. Interlayer stacking mode modulation

The modulation layer stacking arrangement can realize
the control of material properties, such as electronic, magnetic,
ferroelectric, and superconductivity.®-73! Valley polarization
also tuned by interlayer stacking mode.!”*”! For the mono-
layer VSiyPy, it exhibits ferromagnetic with the spontaneous
valley polarization. Zhang et al. stacked two monolayers to-
gether in the AA mode to construct a bilayer structure.!”6]
In the bilayer structure, antiferromagnetism usually dominates
the interlayer exchange interaction due to competition between
the different interlayer orbital hybrids. Combined with the
protection of M, symmetry, the spontaneous valley polariza-
tion is prohibited. For the resulting bilayer structure, a large
Berry curvatures with opposite signs would be acquired near
the K and K’ valleys, respectively. Since the K and K’ valleys
come from the spin-down channel of the lower layer and the
spin-up channel of the upper layer, respectively.

Under an interlayer translation operation of
tl”[_gv_%?()]’ l‘2||[%,—%,0] or t3||[%7 %70] (_t1||’ _t2H or
—13]]), the AA mode could be transformed into an AB (BA)
mode when M, symmetry is broken. In AB and BA modes,
the absence of M, symmetry would cause to an out-of-plane
electrical polarization. The presence of electric polarization
breaks the energetic degeneracy between the K and K’ valleys.
Therefore, the Berry curvature can be manipulated on a given
layer to facilitate the realization of the layer-polarized anoma-
lous Hall effect (LP-AHE). Besides, AB and BA modes are
energetically degenerate with opposite electric polarizations,
which can be viewed as two FE states. Under the action of in-
terlayer sliding, the two FE states can be reversibly switched,
After
the ferroelectric switching, the sign of valley polarization and

resulting in an interesting sliding ferroelectric state.

electric polarization can be reversed at the same time, which

has the FE control potential of layer-locked physics.
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Fig. 10. Schematic representations of AA’, AB’1, AB’2 and AC’ modes
of a bilayer structure and their low-energy band dispersions. Band struc-
tures for (b) AB’1 and (c) AB’2 configuration of bilayer MnBi, Tey with
SOC, respectively. (d) Berry curvatures along high-symmetry points for
AB'1 and AB'2 configurations of bilayer MnBi, Tey. (e) The AHC for
AB’1 and AB’2 configurations of bilayer MnBi;Tey. (f) Schematic dia-
grams of the LP-AHE for bilayer MnBi, Te4.[ 7!

The low-energy band dispersions near the K and K’ val-
leys for AB and BA modes are acquired from the k-p model.
Evidently, the spontaneous valley polarization is realized in
AB and BA modes. For the AB (BA) mode, the VBM of the
K (K") valley comes from the spin-up (spin-down) channel of
the upper (lower) layer, while the CBM of the K’ (K) valley
comes from the spin-down (spin-up) channel of the lower (up-
per) layer. When the Fermi level shifts between the K and
K’ valleys in an in-plane external electric field, the spin-down
holes from the K valley can transversely move to the right edge
of the upper layer, resulting in the LP-AHE in AB-stacked bi-
layer VSiP4. Unlike the AB mode, the holes in the K’ valley
for the BA pattern would acquire an inversed anomalous ve-
locity of —v,. While the Fermi level moves between the K and
K’ valleys, the spin-up holes from the K’ valley would be ac-
cumulated at the left edge of the lower layer under an in-plane
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electric field, forming the LP-AHE. This case is also applied
to the valleys of the conduction band.

Moreover, Peng et al. also found the LP-AHE in bilayer
MnBi;Tey.”?) As shown in Fig. 10(a), two configurations can
be regarded as non-polar intermediate states, corresponding
to two ferroelectric transition paths between AB’1 and AB’2.
Figures 10(b) and 10(c) exhibit the band structures, the bands
from the bottom and top layers are separated for the AB’1 and
AB’2 configurations. In addition, the calculated Berry curva-
ture and the AHC are illustrated in Figs. 10(d) and 10(e), it
can confirm the LP-AHE in bilayer MnBiyTe4. By shifting
the Fermi level, the electrons would be obtained at the right
edge of the top layer under an in-plane electric field, as shown
in Fig. 10(f). The new phenomena and mechanism provide
an important new way to realize the LP-AHE and explore its
application in electronics.

4.3. Strain modulation

Some physical parameters of two-dimensional ferroval-
ley, such as valley polarization, orbit arrangement and so
on, are very sensitive to lattice deformation caused by strain.
It is well known that the ferrovalley property mainly origi-
nated from the broken symmetry, strain will aggravate sym-
metry breaking. Huan et al. found that the strain can induce
half-valley metals and topological phase transitions in MBr;
(M = Ru, Os) monolayer.?l As shown in Figs. 11(a)-11(e),
the band structure of RuBr; can be effectively tuned between
ferrovalley insulator and half-valley metal many times with
the compressive strain. More interestingly, when 1.6% < n <
2.8%, the material turns into a Chern insulating state from a
ferrovalley insulator. The nature of valley related topologi-
cal phase transition is the change of band gap at the K and
K_ points under the compressive strain. It is summarized in
Fig. 11(f). The phase transition from a ferrovalley insulator to
a quantum anomalous Hall insulator and then to a ferrovalley
insulator again can be obviously found.

In particular, the RuBr, monolayer becomes a half-valley
metal with the compressive strain 1 = 1.6% or 2.8%. As
shown in Figs. 11(g) and 11(h), a clear edge state connects
the bulk valence and conduction bands for the 2% strain.
When the magnetization is switched, the calculated edge state
changes from the K_ to K valley, as an opposite chirality and
spin direction. It means that the chiral-spin—valley was locked
for the acquired edge state.

Their rich valley and topological phase transition proper-
ties provide broad prospects for the application of electronic
device. As shown in Fig. 11(i), without the strain, the system
can exhibit anomalous charge/spin/valley Hall effect. While
the small compressive strain is employed, 100% spin- and
valley-polarization devices can be established based on the
half-valley metal states acquired. On this basis, a novel Chern

insulator with a ferrovalley edge state is obtained. When larger
compressive strain is used, the material again transforms into
a half-valley metal but conducted by another valley. It shows
that strain engineering can be used as an effective method to
modulate the valley and topological properties of the new fer-
rovalley materials.
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Fig. 11. (a)—(e) Band structures of the monolayer RuBr, including the
SOC effect under the compressive strain. The magenta curves represent
the Berry curvatures. (f) The phase diagram of the monolayer RuBr, as a
function of compressive strain. (g) and (h) The calculated edge states for a
semifinite RuBry monolayer at the 2% compressive strain. The magnetic
moment along z and —z, respectively. (i) Schematic representations of the
electronic device prototypes made of the monolayer RuBr, modulated by
the compressive strain. 3]

4.4. Magnetic interface modulation

The abundant physical phenomena are derived at the in-
terface of two materials with different properties. The inter-
face neighbor effect is an effective way to modulate the val-
ley properties of ferrovalley materials. Ma et al. constructed
the 2H-VS,/Cr,C heterostructures, as shown in Figs. 12(a)—
12(d).I”7 They investigated the effects of four different mag-
netic configurations on valley polarization. In the four con-
figurations, all the heterojunctions are semiconducting. In
Figs. 12(a) and 12(b), the VBM band is the spin-down chan-
nel. As shown in Figs. 12(c) and 12(d), while the magnetiza-
tion is switched, the VBM band changes to the spin-up chan-
nel. Moreover, while the direction of magnetization is out-of-
plane, as illustrated in Figs. 12(a) and 12(c), the valley split
has the opposite sign but the same value because of the op-
posite direction of magnetization. More interestingly, while
the direction of magnetization turns into in-plane, as shown
in Figs. 12(b) and 12(d), the valley polarization of K and K’
points disappears. In brief, the switch direction of magnetiza-
tion causes the valley polarization and spin in reverse.
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Fig. 12. (a)-(d) Four different magnetization configurations of 2H-
VS,/Cr,C and its energy structure. The arrows represent the direction of
magnetic moments, and the red dotted line box exhibits the atomic struc-
ture of heterjunctions. The circles present the e (dyy +d,2 -2) orbital of

VS,, the color scale represents the spin projection.””]

5. Summary and outlook

We introduce the investigation progress of two-

dimensional ferrovalley materials. Firstly, we introduce the
background of research related to the valley. Then, the ba-
sic concepts of valleytronics, valley freedom and valley polar-
ization are introduced through the spatial inversion of broken
graphene and 2H-TMDs materials. Following, we mainly dis-
cuss the ferrovalley materials formed by different orbits. Fi-
nally, the multi-field tunable of two-dimensional ferrovalley
materials is concerned.

Even though two-dimensional ferrovalley materials have
been predicted early by the DFT calculation, the experimental
progress has been limited, partly related to the lack of pow-
erful sample characterization and preparation technique. Re-
cently, Guan et al. first reported the successful preparation of
intrinsic bulk ferrovalley material in the experiment.!”8! For
two-dimensional ferrovalley, so far, there has been no experi-
mental progress.

The key to electronic device design is to construct a bi-
nary logic switching state. Similar to spin, valley is a new type
of freedom, different valley polarization states can be used to
encode and store information. At present, spintronics devices
are mainly based on ferromagnetic materials. The investiga-
tion of electronic devices based on spin injection semiconduc-
tor materials is still in its infancy. Ferrovalley has strong lock-
ing between valley and spin, it provides a new platform for
the study of spintronics. Moreover, a large number of valley-
based spintronic devices have been explored. For example,
using valley to transmit information has high fidelity, direc-
tion and room temperature operability.[””) More importantly,
the neural network calculation using valley transistor has high
accuracy.[®%] The spin based on the valley is more stable, and
the spin control and detection can be realized with the help of

valley, which expands the application prospect of the device.
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