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Realizing and manipulating valley polarization is extremely important to valleytronics. Ferrovalley materials
with spontaneous valley polarization are excellent candidates for this purpose. However, for intrinsic ferrovalley
materials, ferromagnetism or ferroelectric polarization is usually required, limiting the development of val-
leytronics, as only systems without inversion symmetry are considered. In this paper, using both group theory
analysis and band structure calculations, we demonstrate that valley polarization can exist in systems with
both time and space inversion symmetry, and the ferroelastic effect can control the ferrovalley states. Choosing
stacking bilayer systems as an example, we achieved valley polarization switching using the shear strain, which
uncovers the link between ferrovalley and ferroelasticity. Our investigations not only provide a mechanical way
to manipulate valley degree of freedom but also enrich the understanding of the coupling between different

ferroic properties.
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The valley degree of freedom, coded into the momen-
tum space of a two-dimensional (2D) electron system, has
attracted intensive attention in recent years. In analogy to
charge and spin, it constitutes the binary logic states of
crystal electrons, giving rise to promising applications for
information storage and processing [1-8]. It is therefore im-
portant to achieve spontaneous valley polarization (ferrovalley
state, which is a switchable valley state with intrinsic energy
difference between opposite valleys) in valley systems for
nonvolatile applications. Ferrovalley systems are generally
divided into two categories [9—13]. One is the ferromagnetic
honeycomb lattice systems in which the time and space sym-
metry are broken simultaneously, with two inequivalent valley
K, and K_ points [9,14-18]. The other is the ferroelec-
tric orthogonal lattice systems in which the space inversion
symmetry is broken, like the GeSe monolayer, with two in-
equivalent valley V, and V, points [10,19-23]. Furthermore,
authors of recent studies have indicated that those mechanisms
of spontaneous structure distortion, valley-layer coupling,
sliding ferroelectric, and proximity effect can also achieve
switchable valley polarization [24-31]. However, all these
valley-polarized systems need to break inversion symmetry,
which sets a severe limitation on the development of ferroval-
ley materials and prevents their practical application.

When examining the previous two different ferrovalley
systems, we notice that the occurrence of valley polarization
is generally accompanied by a symmetry reduction and the
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lift of the degeneracy of valleys [9,10]. Taking monolayer
GeSe as an example, the point group changes from Dy, to
(>, when the system transits from paraelectric to ferroelectric
phase, and V, and V, valleys become energy inequivalent.
Surprisingly, we coincidently find that, when uniaxial strain is
applied to paraelectric GeSe, which does not break inversion
system, valley polarization still appears (see Fig. S2 in the
Supplemental Material [32]). We therefore speculate that the
key to lifting valley degeneracy is the loss of certain symmetry
operations, which connects the equivalent valleys, instead of
the existence of inversion center. Consequently, if we can find
a system in which the valleys are grouped by no-inversion
operations, then we have a chance to reach valley polarization
while keeping the system with both time and space inversion
symmetry.

Based on the above thoughts, we choose bilayer systems
to verify our conjecture. This is because valley systems often
exist in layered structures, and operations like twist or sliding
can be applied to bilayer systems, providing additional means
to change the crystal symmetry [33-39]. Using group theory
analysis and electronic structure calculations, we prove that
valley polarization can be realized in systems with both time
and space inversion. Finally, for such systems, we show that
the shear strain can be used to switch valley polarization,
which implies the coupling between ferrovalley and ferroe-
lasticity.

We begin with a general analysis of symmetry require-
ments for valley polarization. Considering a valley system in
which certain valleys in the Brillouin zone are connected by
certain symmetry operations Oy, their energies are therefore
degenerate, and this degeneracy is protected by Oy. If by
any means O;’s are all removed, the degeneracy will then be
lifted, and valley polarization could occur. Consequently, to

©2023 American Physical Society
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TABLE I. LGs allowing for valley polarization caused by interlayer sliding. In the second column, the different colored dotted lines
represent the positions where the polarized valleys can exist. The orange circle indicates that the valleys at that point cannot produce valley
polarization. The fourth column is the allowed translation operations, where G(0, 0), A(%, 0), B(0, %), C(%, %), G/(%, %), A’(%, %), B’(%, %),
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achieve valley polarization by any operation, two rules must
be obeyed: (i) all the Oy’s protecting the degeneracy must be
removed simultaneously, and (ii) the new operation should not
bring back the degeneracy of valleys.

Following above rules, we then go through 80 layer groups
(LGs) for 2D materials [40] to search the candidate LGs that
allow valley polarization caused by interlayer sliding oper-
ation. The key to the candidate selection is to compare the
point groups and specific symmetry operations of the stacking
bilayer and monolayer systems after the sliding operations.
Through their changes, we can determine whether valley po-
larization is allowed, as detailed in Sec. 1 in the Supplemental
Material [32]. Following the strategy of Ref. [49], we obtain
the results of the LGs allowing valley polarization and space
inversion symmetry, considering only translation operations
(Table D).

To verify the above analysis, we selected the GaBr
monolayer as an example, which has good dynamic and
thermodynamic stability. The crystal structure of the GaBr
monolayer is shown in Fig. 1(a), with the LG and point
group P4/nmm (64) and Dgy,, respectively, which meet the
requirements mentioned above. The structural parameters af-
ter sufficient relaxation are a = b = 4.45 A, which is marked
in Fig. 1(a). Furthermore, we calculated the phonon spectra
of the GaBr monolayer. There is no imaginary frequency in
phonon spectra shown in Fig. S3 in the Supplemental Material
[32], indicating that the GaBr monolayer is dynamically sta-
ble. We also calculated the exfoliation energy, and the size is
20.87 meV /A2, only slightly larger than MoS, and graphene

[50]. Figure 1(b) shows the orbital-resolved band structure of
the GaBr monolayer. From the band structure, the two equiv-
alent energy valleys (V. and V,) are located at X-I" and Y-I'
paths, which are occupied by p, and p, orbitals. Furthermore,
based on irreducible representations near the valleys, we can
determine that they have linearly polarized light selective
absorption, although the energy is degenerate (proofs of the
selection rules are provided in Sec. 4 in the Supplemental
Material [32]). In general, the symmetry and band structure
of GaBr almost perfectly meet the perfect requirements.
Subsequently, we studied the energy of bilayer GaBr with
translation operations. As shown in Fig. 1(c), the highest
energy is the AA stacking, which corresponds to translation
operation G(0, 0). When the upper layer slips 0.5 lattice vec-
tors along the [ [1],0] or [0 [1],] direction from AA stacking
[translation operation A(%, 0) and B(0, %)], the energy of the
system reaches its minimum value. Table I shows that these
two translation operations allow valley polarization to occur.
The two stacking bilayer systems have Dy, point group, which
are referred to as the V4 and V— states, respectively. Fig-
ures 2(d) and 2(e) display the band structures of V+ and V—
states, indicating that there is a significant valley polarization;
the valley splitting reaches 226.2 meV. We note that the valley
splitting mainly occurs in the conduction band, which can
be attributed to the stronger electronegativity of Ga atoms.
The irreducible representation analysis and optical calcula-
tion in Fig. 2(f) shows that valley polarization causes the lift
of polarized light absorption at the same time. Eventually,
the V+ and V— states appear to x- and y-polarized light
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FIG. 1. (a) Crystal structure and (b) orbital-resolved band structure of the GaBr monolayer. (c) Free energy contour for GaBr bilayer vs
the displacement of the upper layer. The AA, V+, and V— states are marked. The fine band structure near the valley and the irreducible
representation of the conduction band (CB) and valence band (VB) of (d) V+ and (e) V— states. (f) Linear polarization optical absorption of

the GaBr monolayer, V+ state, and V— state.

selective absorption, respectively. The existence of optical se-
lective absorption provides a good method for detecting valley
polarization.

The relationship between valley polarization and inter-
layer sliding is analyzed in detail in the square lattice GaBr
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FIG. 2. (a) In the monolayer lattice (unit), m and n atoms are
located at the (0.0, 0.0) and (0.5, 0.5) positions of the lattice, respec-
tively. BL; and BL, are bilayer structures in which yellow (green)
plane denotes the lower (upper) layer. (b)—(d) are band structures of
unit, BL;, and BL,, respectively. Red (blue) arrows represent x(y)-
polarized light. The irreducible representations of the conduction
band (CB) and valence band (VB) are marked in (b)—(d).

monolayer. In addition, other 2D Bravais lattices, including
rectangular PdAsSe (P2/b11, 14), square MoPOs (P4/n, 52),
OsTe, (P4/mbm, 63) and hexagonal Bi,Clg (P6/mmm, 80)
[51,52], are simply tested, and they also confirm our conclu-
sion in Fig. S4 in the Supplemental Material [32]. It should
be emphasized that the dynamic stability and the allowable
sliding position are not discussed; those materials can only
serve as a simple verification of our conclusions.

To better understand the physics of valley polarization
caused by interlayer sliding, we built a simplified tight-
binding (TB) model for a 2D square lattice (Dg4;, point group)
with two inequivalent sublattices m and n. Then we consider
two different stacking modes (BL;, BL;), both with D5, point
group, as shown in Fig. 2(a). The translation operations of BL|
and BL, are A(%, 0) and B(0, %), and since the GaBr mono-
layer has two sublayers arranged opposite, which makes BL;
(BL,) correspond to the V— (V+) state in the GaBr mono-
layer. We describe the band structure of the p-electron system
(ignoring the p, orbital because of its in-plane isotropy) with
the above structure [53]. The Hamiltonian of the unit cell in &
space H,yii (k) can be written as

H™(k)y H™(k
Ha(k) = M + tf,l |:CO(S)kx CO(S)k ]
y
a| cosk, 0 _
+t,,[ 0 Coskj(a—m, n),
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FIG. 3. (a) GaBr bilayer energy vs shear strain [¢ = sin~!(v/—cos2a)]. The energy of the V— state is set as zero, and the structure of
relaxation under strain is labeled. (b) The switching barriers under different shear strains calculated by the nudged elastic band method.

1 1
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in | Ske | sin{ Sky o,

where k is the wave vector, M is the on-site parameter, ¢ is the
hopping parameter, o, m label o- and w-type bonding, and /
and o, are the identity matrix and Pauli matrix. With appro-
priate parameters selected, the orbital-resolved band structure
is shown in Fig. 2(b) (see Sec. 3 in the Supplemental Material
[32]). There are two valleys with equal energy that exist at
X and Y points with p,- and p,-orbital occupation, respec-
tively. The irreducible representations at X and Y valleys are
also marked in Fig. 2(b), which indicates that there is x (y)-
polarized light selective absorption at the X (Y) valley. Overall,
the properties of the simplified TB model are very similar to
the GaBr monolayer. Next, considering the interlayer nearest-
neighbor hopping for BL,, the Hamiltonian Hgy, (k) can be
written as

'Hll k H12 k
R
12, [H™™ (k) H™" (k)
H (k) - _Hnlmz(k) Hn1n2(k)}y (2)
[,ra 1
=[]

where m (n;) and m,(n,) represent the m(n) sublattice in the
first and second layers. Since there is a large energy difference
between m and n sublattices that prevents interlayer orbital
hybridization, we ignore H™". Then since o-type bonding
is much stronger than 7 -type bonding, we also ignore '3, in
H*“% (k) (see Sec. 3 in the Supplemental Material [32] for
detailed discussion). We can note that the interlayer o -type
bonding of the same sublattices is dominant, which results in
strong anisotropy of the interlayer interaction, breaking the
C4; and G, 119 symmetry operations in the monolayer. There-
fore, the degeneracy of I'-X and I'-Y is broken, and valley
polarization occurs, as shown in Fig. 2(c). On the other hand,
the results of irreducible representations show that sliding
does not break the selection rule but only changes the optical

band gap. The band structure of BL, is shown in Fig. 2(d),
and its I'-X(Y) path is equivalent to the I'-Y(X) path of the
BL; structure due to the different translation operations. In
summary, based on the simplified TB model, we obtain similar
results to the GaBr bilayer and that the origin of valley polar-
ization can be attributed to the anisotropy interlayer hopping.

Another noteworthy issue is how to achieve valley po-
larization switching, which is an important feature of a
ferrovalley. Due to the presence of inversion symmetry, the
valley polarization states cannot be regulated by the electric
field, in contrast to sliding ferroelectricity. Interestingly, the
relationship between the V4 and V — states is to exchange the
x and y axes, which is a ferroelastic phase transition [54,55]. It
implies that mechanical strain can switch valley polarization
states. We take the V — state as the initial state, applying shear
stress by changing the angle between o and § of the crystal
and keeping them equal. When +20% shear strain is applied,
the upper and lower atoms show a significant sliding, and the
energy increases greatly. Then a transition from the V— to the
V+ state occurs. To understand the switching mechanism bet-
ter, the nudged elastic band calculation method was employed.
As shown in Fig. 3(b), the barrier decreases gradually until
it disappears completely as the strain increases, indicating
that the structure naturally switches from the V— to the V+
state. It is worth noting that 22% strain is a large amount, but
experiments have shown that this is an achievable magnitude
in some van der Waals materials [56]. We also noticed that
the shear strain required to generate sliding in MoS, and
the graphene bilayer is actually much smaller in experiments
[57,58]. In fact, the purpose of applying shear strain is to gen-
erate atomic displacement to facilitate sliding. During actual
operation, applying shear strain in the bilayer system always
leads to bending or torsion and promotes atomic displace-
ment, which no longer meets the basic laws of continuum
elasticity [59,60]. The result is that a small shear strain is
required to cause the interlayer sliding. Although our results
may overestimate the shear strain required to switch valley
polarization, this does not affect the existence of mechanical
stress switching valley polarization.

In summary, we find that the origin of valley polarization
is the loss of certain symmetry operations to protect valley
degeneracy. Based on this conclusion, we achieve nonvolatile
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ferrovalley states that can be switched by shear strain in
stacking bilayer systems with inversion symmetry. The gen-
eral relationship between sliding and valley polarization is
analyzed by group theory analysis and is further verified by
first-principles and TB model calculations. In addition, we
find that valley polarization is coupled with polarized light,
which provides a way to experimentally verify valley polar-
ization. Finally, we prove that shear stress realized switching
between valley polarization states, which can be regarded as
a ferroelastic phase transition. This shows the relationship
between valley degrees of freedom and mechanical stress,
suggesting the coupling between the ferrovalley and the fer-
roelastic property. In this paper, we give the general law of

valley polarization and significantly expand the ferrovalley
family, opening an avenue to explore valley physics.
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