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Ferrovalley, which refers to the valley polarization being nonvolatile and switchable, is highly desired for
valleytronics applications but remains challenging due to rare candidate materials. Here we propose a strategy
to realize ferrovalley with bilayer stacking (BSFV) in many candidate systems. As a special case of BSFV,
sliding ferrovalley corresponds to the bilayers obtained by a direct AA stacking and subsequent in-plane sliding.
Different from previous approaches, the BSFV strategy not only maintains time-reversal symmetry, but also
keeps spatial-inversion symmetry in many cases. Importantly, switching of the valley polarization can be easily
achieved by interlayer sliding. Group theory analysis is systematically performed over all kinds of lattices to
identify those that can host BSFV. High-throughput screening is carried out and leads to 14 BSFV candidates
with direct bandgap and 338 with indirect bandgap. First-principles verification of BSFV indicates that the valley
polarization can be realized in, e.g., (i) the hexagonal RhCl; bilayer with a threefold rotation symmetry and
39 meV energy difference among valleys, and (ii) the square-latticed Inl bilayer with a fourfold rotation
symmetry and 326 meV energy difference among valleys. The presently proposed BSFV strategy offers a highly

convenient approach for the realization of polarizers and the advancement of valleytronics applications.
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I. INTRODUCTION

Valley in electronic structure refers to the local minima
of conduction band or the maxima of the valence band in
momentum space. The valleys are usually degenerate, as
specific k points can be connected by certain symmetries,
such as time-reversal (TR) symmetry and spatial-inversion
(SI) symmetry. Removing such valley degeneracy leads to
novel applications such as valley-based logic gates, memory
devices, and optoelectronics (e.g., light-emitting diodes and
photodetectors) [1-5], giving rise to the emerging field of
valleytronics [4-9]. Different approaches have been applied
to lift valley degeneracy, such as optical pumping [10-12],
magnetic field [13—15], and electric field [16]. However, the
valley polarizations induced by such stimuli are transient or
volatile, which hinders applications in valleytronics.

To facilitate valleytronics applications, it requires the val-
ley polarization to be nonvolatile and switchable among
equivalent valleys, i.e., ferrovalley. Two major strategies have
been proposed to realize ferrovalley. One strategy is to break
the TR symmetry with magnetism, which can be either to
place a valley system being proximate with magnetic substrate
[17-24], or to adopt two-dimensional (2D) valley polarized
semiconductors that intrinsically exhibit magnetism [25-29].
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Although such approaches guarantee nonvolatility, the former
suffers from poor ability of switching, while the latter is
subject to harsh requirements on anisotropy and low critical
temperatures of most 2D magnets [30]. Another strategy is to
break the SI symmetry with ferroelectricity, where the valley
polarization emerges simultaneously with electric polarization
and can be easily switched by electric field [31-33]. However,
it is challenging to find suitable 2D ferroelectrics with coupled
electric polarization and valleys, especially at room tempera-
ture [34]. Note that ferrovalley behaviors based on existing
mechanisms have not yet been experimentally demonstrated,
suggesting that new mechanisms for ferrovalley are highly
desirable.

Recently, 2D materials have experienced flourishing devel-
opment and the stacking of them, e.g., bilayers, is found to
be an effective handle to manipulate physical properties. For
example, twisted bilayers exhibit diverse electronic properties
[35] and sliding bilayers can create ferroelectricity [36—47].
Moreover, a theory of bilayer stacking ferroelectricity was
proposed in our recent study [42], which summarizes general
rules of the creation and annihilation of symmetries using
stacking degree of freedom. Such rules can naturally be ap-
plied to remove the valley degeneracy protected by crystalline
symmetries, indicating that ferrovalley can be achieved in
various bilayers.

In this paper, we propose a concept of bilayer stacking
ferrovalley (BSFV), within which the symmetry breaking re-
quired by ferrovalley can be realized by changes in stackings.
Different from existing paradigms, the BSFV approach does
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FIG. 1. Illustration of realizing valley polarization through
BSFV theory. (a) Schematics of a bilayer with C,, rotational sym-
metry and (b) breaking of C,, with interlayer sliding 7. (c) Brillouin
zone of a hexagonal lattice and degenerate valleys connected by
C;, symmetry. (d) Valley polarization realized by breaking C;, with
sliding. Red and blue dots represent the positions of degenerate and
polarized valley, respectively. Panels (e) and (f) are similar to (c) and
(d), respectively, but for square lattice with C4, symmetry.

not require magnetism or ferroelectricity, and thus is not
necessary to break TR or SI symmetries. Interestingly, the
valley polarization can be switched among different valleys
by simply tuning the sliding of bilayers. Our group theory
analysis indicates that BSFV can be created with monolayer
valley materials that crystallized in hexagonal or square lat-
ices. By screening the material database, we find that fourteen
2D monolayer materials with direct bandgaps are suitable
for BSFV. The realization of BSFV (more precisely, sliding
ferrovalley here) is further demonstrated in RhCl; and Inl
bilayers by performing first-principles calculations. Both bi-
layers exhibit switchable ferrovalleys without breaking TR
and SI symmetries.

II. DESIGN STRATEGY AND GROUP THEORY ANALYSIS

The basic idea of realizing BSFV is to break the sym-
metries that map degenerate valleys to each other in the
Brillouin zone of a monolayer by means of bilayer stacking
[see Figs. 1(a) and 1(b)]. For example, in the hexagonal and
square lattices shown in Figs. 1(c) and 1(e), the degenerate
valleys are connected to each other through Cs, and Cy, ro-
tational symmetry operations. However, if these symmetries
are broken by bilayer stacking, the valleys can be polarized
[see Figs. 1(d) and 1(f)]. We assume that the positions of the
valleys in the directly stacked bilayer (with no sliding) is the
same as that in single layer, as the interlayer interaction is
usually weak.

Now we apply group theory to investigate the valley
polarization induced by bilayer stacking. Let us consider
that G is the layer group of a monolayer, and one of the

degenerate valleys locates at k. Applying all the operations
g in G to the valley at k, it will be invariant or transformed
into degenerate valleys k" = g.k, since E (k) = E (g k), where
g 1s the connecting symmetry that we aim to break. Note
that bilayer stacking can in principle break all point-group
symmetries but cannot break TR symmetry. Thus, degenerate
valleys connected by TR symmetry at (k,, k) and (—k, —k,),
e.g., K and K’ in hexagonal lattice, cannot become polarized
by bilayer stacking. In the following, we only focus on the
degenerate valleys that are not related by TR symmetry.

Then, we investigate the possibilities of realizing BSFV in
four types of 2D lattices. (1) In the oblique lattice, all degen-
erate valleys are connected by TR symmetry [see Sec. 1 of
the Supplemental Material (SM) [48]]. (2) In n the rectangular
lattice, degenerate valleys that are not related by TR symmetry
can take place only at general k points (see Sec. 1 of SM), thus
we no longer consider the rectangular lattice as here we focus
on the case where the valley occurs at high-symmetry lines
or points. (3) In the square lattice, fourfold rotations Cy4, (or
improper rotation Ss.) can result in valley degeneracy, and the
valley polarization can be generated by breaking Cy, (or Ss;) in
this case [see Figs. 1(e) and 1(f)]. (4) In the hexagonal lattice,
threefold rotations Cs, can result in valley degeneracy at k,
Cs:k, and C3zzk, where the valley polarization can be induced
by breaking Cs, [see Figs. 1(c) and 1(d)]. According to the
group theory analysis on bilayer stacking in Ref. [42], C,, and
Sy, can always be broken by interlayer sliding, and the BSFV
is thus feasible in both square and hexagonal lattices. The
required stacking operations for achieving valley polarizations
in all square and hexagonal lattices are listed in Tables S1 and
S2 of the SM, respectively. Note that the operations to create
bilayers include original stackings (direct stacking, rotation,
mirror, etc.; see Tables S1 and S2) and sliding, where the
BSFV with direct stacking and sliding is termed as sliding
ferrovalley, analogous to sliding ferroelectricity [36-47]. As
we will see, such BSFV strategy leads to many ferrovalley
candidates. Noteworthily, both TR symmetry and SI symme-
try can be kept with our BSFV strategy, in contrast to the
previous strategies.

II1. HIGH-THROUGHPUT SCREENING OF BSFV

We then work on a high-throughput screening to search
monolayers that can realize BSFV. The screening of BSFV
is conducted in three steps: (i) Start with the Computa-
tional 2D Materials Database [49,50] and find nonmagnetic
monolayers, which possess bandgaps larger than 0.2 eV
and exhibit thermal and dynamic stability. (ii) Then, select
those with square or hexagonal lattices, i.e., layer group
number being larger than 48. (iii) Lastly, examine the band
structures and keep the systems that have either conduction
band minimum (CBM) or valence band maximum (VBM)
located at high-symmetry points or lines (excluding TR pre-
served I', M, K, K'). Such screening results in 352 valley
materials, among which 14 exhibit direct bandgaps. All 352
valley materials are listed in Tables S3 and S4 of the SM.
Among these BSFV candidate materials, 107 materials have
been successfully synthesized experimentally in bulk or thin
films. In the following sections, we demonstrate BSFV with
the example systems of hexagonal RhCl; and square Inl,
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FIG. 2. Realizing BSFV in hexagonal RhCl;. (a) Geometry of
bilayer RhCl; with G and L, stackings. The left and right panels show
the top and side views, respectively. (b) Energy landscape for dif-
ferent bilayer stackings. The white dotted parallelogram denotes the
unit cell of monolayer. Points of G, L; /53, and D , represent stack-
ings with fractional translations of (0,0), (1/3,0), (0,1/3), (2/3,2/3),
(1/3,2/3), and (2/3,1/3), respectively. The ground states locate at D
and D, stackings, while L, /3 stackings are local minima. Panels (c)
and (d) show band structures for G and L, stackings, respectively.
The spin-orbit coupling is not considered for its negligible strength.
The insets show high-symmetry points of the Brillouin zone, as well
as the corresponding stackings.

which both exhibit direct bandgaps. Note that the BSFV
concept also applies to these valley materials with indirect
bandgaps, such as bilayer SnS,, as detailed in the SM.

IV. BSFV IN HEXAGONAL-LATTICED RhCl;

Bulk RhCl; is a van der Waals layered material within
the C2/m space group, and has been experimentally synthe-
sized at room temperature [61]. The cleavage energy of the
RhCl; monolayer is 0.22 J/m? (see Fig. S2), which is smaller
than that of graphene (0.46 J/m?) [62] and MoS, (0.42J/m?)
[63], indicating that RhCl; monolayer and multilayers can be
obtained by mechanical exfoliation. Monolayer RhCl; crys-
tallizes in honeycomb lattice with edge-sharing octahedra,
which is similar to Crl;. It belongs to the layer group of p31m
(No. 71) and the point group of D3, [64]. The unit cell consists
of two Rh and six Cl atoms, where the Rh atomic plane is
sandwiched between two Cl atomic planes [see Fig. 2(a)].
The calculated phonons indicate that monolayer RhCl; is
thermally stable and molecular dynamics simulation further
confirms its being dynamically stable at room temperature
(see Fig. S3 in the SM). The electronic band structure shows
that the monolayer RhCl; has a direct bandgap of about
1.72 eV, with both the VBM and the CBM located at equiva-
lent M points (see Fig. S4 in the SM). A triple degeneracy of
valleys occurs at the M, M,, and M3 points, arising from the
(3, rotational symmetry. Therefore, it is legitimate to expect
the bilayer RhCl; to be a good candidate for realizing BSFV.

Let us first determine the energy landscape of bilayer
RhCl; with respect to sliding. We start with the so-called AA-
stacked bilayer RhCl;, which comes from directly stacking
two monolayers, indicating that the possible BSFV here is

more precisely sliding ferrovalley. Note that Table S2 indi-
cates that another stacking, where the top layer is flipped with
respect to the AA stacking, is also possible to realize polar-
ization, while it is not studied here since the valley polarized
state is found to be energetically unfavorable. Here we adopt
the following convention to consider sliding: the bottom layer
is kept static, while the sliding amount of the top layer is de-
scribed by may + na,, where a; and a, are the lattice vectors,
and (m, n) is a pair of fractional numbers that represent the
sliding. The total energy as a function of sliding is obtained
from density functional theory (DFT) calculations. As shown
in Fig. 2(b), the sliding of D; (1/3,2/3) and D, (2/3,1/3)
results in an energy doublet, which corresponds to the global
minima, while the sliding of L; (1/3,0), L, (0,1/3), and L3
(2/3,2/3) leads to an energy triplet that is local minima. The
energy difference between such local and global minima is 2
meV /Rh.

We now examine the existence of BSFV in bilayer RhCls.
Symmetry analysis on bilayer RhCls indicates that the stack-
ings of G and D, all have C3, symmetry, while the L//3
stackings do not preserve the C3, symmetry (see Table S2),
which is consistent with the energy landscape [see Fig. 2(b)].
Therefore, valley polarization can be expected at L;//3 stack-
ings, while not at G and D, stackings. The band structures
of bilayer RhCl; at G and L stackings are obtained from DFT
calculations, as shown in Figs. 2(c) and 2(d). Band structures
of all other stackings are shown in Fig. S5. Here, we focus
on the band dispersion of the valley at the M, M,, and M;
points. For the case of G stacking, the valleys at the My,
M,, and M3 points are equivalent, as shown in Fig. 2(c). The
band gap of bilayer RhCl; yields 1.57 eV, which indeed is
similar with the value (1.72 eV) of monolayer. With a sliding
of (1/3,0) to L; stacking, as expected, the energy degeneracy
at M3 points is lifted, resulting in that the valley at the
M, point becomes different from those at the M;,3 points,
as shown in Fig. 2(d). Let us define valley polarization as
AV =Ey —Ey  and A° = Ej, —Ey , where v and ¢ de-

3 /3

note the valence band and conduction band, respectively, and
M; represents the valley index. It yields that A’ = 39 meV and
A€ = 22 meV, which are significant and comparable to the A”
of established valley systems, such as VSe, (78 meV) [25],
LaBr; (33 meV) [26], and VSi,N4 (63 meV) [28]. Note that,
for L; stacking, the valleys at the M; and M3 points remain
equivalent, as guaranteed by the mgy mirror symmetry. Such
degeneracy between M| and M3 points can also be removed
by breaking the mjoy symmetry, e.g., with (1/6,1/3) sliding
(see Fig. S6). Moreover, valley polarizations at the M; and
M3 points can be realized with sliding to L, (0,1/3) and L3
(2/3,2/3), respectively (see Fig. S5). We further investigate
the influence of substrates on the BSFV in the RhCl; bilayers.
We chose h-BN as the substrate to construct the heterojunction
of bilayers RhCl;/h-BN, due to its widespread application
as a capping layer in devices. Our results indicate that the
influence of the h-BN on the band structure of bilayer RhCl3
is negligible due to the weak coupling with substrate/cap layer
(see Figs. S8 and S9).

Another important feature of the BSFV system is the val-
ley polarization can be easily switched by interlayer sliding.
Specifically, sliding from G stacking to L;/>/3 stackings does
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not need to overcome any energy barrier, and the transition
barrier among different L;,,,3 points is found to be as low
as 6 meV/Ru, when the sliding passes through a bridging
Dy, point (see Fig. S7 in the SM). Moreover, the valley
polarized states at L;/5/3 stackings are found to be stable as
they correspond to local energy minima. Such results indicate
that the switching among the valley polarization states L;, Ly,
and L3 can be easily achieved. Furthermore, valley-dependent
optical selection rules exist in RhCl; bilayers (see Sec. 9 of
the SM). Essentially, this means that we have the capability
to selectively excite electrons from the VBM to the CBM
in each valley by using linearly polarized light in a specific
direction and given frequency. The presence of these opti-
cal selections makes RhCl; bilayers possible for applications
in polarizers [31] and exciton valleytronics [16,32,33]. Such
selection rules for RhCl; are thus different from the valley
selectivity of the circularly polarized optical proposed in tran-
sition metal dichalcogenides [10—12]. Until here, we have
demonstrated that BSFV is feasible and can be realized in
bilayer RhCls.

V. BSFV IN SQUARE-LATTICED InI

We further verify the BSFV theory within a square lattice,
as exampled by Inl. Bulk Inl is an experimentally synthesized
layered semiconductor [65,66]. Recent theoretical studies
demonstrate that monolayer and few-layer Inl are also stable
[67,68]. The calculated cleavage energy of Inl monolayer
is 0.35J/m? (see Fig. S2 in the SM), which is also small
enough for the mechanical exfoliation. Monolayer Inl belongs
to layer group p4/nmm (No. 64) and point group Dy;. Band
structure from DFT calculations shows that monolayer Inl
possesses degenerate valleys, which are connected by the
fourfold rotational symmetry, along the I'-X and I'-Y paths
(see Fig. S10). According to the group theory analysis (see
Table S1), with direct AA stacking, the Cy, rotational symme-
try can be broken by interlayer sliding, indicating a possible
sliding ferrovalley system. The energy landscape of Inl bi-
layers indicate that N;(1/2,0) and N,(0, 1/2) stackings are
the ground state, while the AA-stacked bilayer (G stacking)
corresponds to a local minimum with an energy of 33 meV /In
[see Fig. 3(b)]. As shown in Figs. 3(c) and 3(d), the valleys
are degenerate at G stacking, while the degeneracy is lifted by
N;(1/2,0) and N,(0, 1/2) stackings, yielding valley polariza-
tion of A° =326 meV [see Figs. 3(b), 3(d), and S11]. Such
a large value is comparable to that induced by ferroelectricity
in monolayer group-IV monochalcogenides [31]. Figure 2(b)
shows that the energy barrier from N, directly to N, is
25 meV /In, indicating feasible switching (see Fig. S12). Sim-
ilar to RhClj; bilayer, Inl bilayers also have a valley-dependent
optical selection rule, that is, at the I'-X (I"-Y) valley, the
optical transition from VBM to CBM could only be excited
by x-linearly (y-linearly) polarized light [see Sec. 9 of the
SM]. Such selection is similar to the 2D ferroelectric GeSe in
rectangular lattice [31]. Again, BSFV theory is demonstrated
in Inl.
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FIG. 3. Realizing BSFV in square Inl. (a) Geometry of bilayer
Inl with G and N, stackings. The left and right panels show the
top and side views, respectively. (b) Energy landscape for different
bilayer stackings. Points of G and N;, represent stackings with
fractional translations of (0,0), (1/2,0), and (0,1/2), respectively.
The ground states locate at N; and N, stackings, while G stacking
is a local minimum. Panels (c¢) and (d) show band structures for G
and N, stackings, respectively. The spin-orbit coupling effect is not
negligible, thus is considered here. The insets show high-symmetry
points of the Brillouin zone, as well as the corresponding stackings.
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In summary, we develop the BSFV theory, which is based
on breaking of rotational symmetry and is thus irrelevant with
TR and SI symmetries. Such an approach naturally leads to
many ferrovalley candidates that can operate at room tempera-
ture. Our group theory analysis exhausts all possibilities, with
which one only needs to know the layer group of a certain
monolayer to tell whether the symmetry of the corresponding
bilayer is compatible with BSFV. Combing high-throughput
screening and DFT calculations, the sliding ferrovalley, which
is a specific case of BSFV, is demonstrated in hexagonal
RhCl; bilayer and square Inl bilayer, both of which are
nonmagnetic and nonferroelectric. Our BSFV theory thus ex-
pands the scope of ferrovalley systems and is likely to result
in diverse applications of polarizers and exciton valleytronics.
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