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Recently, the discovery of collinear symmetric-compensated antiferromagnets (AFMs) with intrinsic spin
splitting has attracted enormous interest of many researchers. In this paper, we predict the spin-layer coupling in
altermagnetic bilayers with tunable spin and valley splitting properties via first-principles calculations. Based on
the analysis of magnetic symmetry, we find manipulating magnetic order and stacking configuration as a strategy.
Compared with conventional AFM bilayers, the joint symmetry in altermagnetic bilayer can be significantly
modulated by different magnetic orders and stackings of the two sublayers. Furthermore, we demonstrate that
the layer-dependent spin degeneracy/splitting widely exists in altermagnets with different crystal structures. The
spin splitting in an altermagnetic bilayer with various interlayer couplings is highly tunable by external electric
field. In contrast with spin splitting introduced by conventional spin-orbit coupling, the concepts of emerging
layertronics and altermagnets are combined to manipulate spin properties by spin-layer coupling, ensuring both
long spin relaxation time and complete spin splitting for practical applications of spintronic devices.
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I. INTRODUCTION

Antiferromagnetism (AFM) has become a promising can-
didate for spintronic devices due to its insensitivity to external
fields and ultrahigh dynamic velocity [1]. The AFM materials
have multiple sublattices with complementary local magnetic
moments. Conventionally, spin splitting is considered absent
in AFM because of compensated sublattices [2]. However,
recent studies have revealed a magnetic type called an al-
termagnet, which is characterized by its zero net magnetic
moment and spin-polarized electronic bands [3-5]. It is no-
ticed that the spin splitting in altermagnets originates from
the magnetic space group and is protected by crystal symme-
try [6,7]. For instance, the two-dimensional (2D) monolayers
of V,Se,0 and Cr,SO are predicated to be altermagnets with
spin splitting electronic bands at their valleys [8,9]. More-
over, recent experimental observations have confirmed the
spin splitting in altermagnets due to broken P7 symmetry, in
which P is spatial inversion symmetry and 7 is time-reversal
symmetry [10-13]. The achievement of spin splitting in al-
termagnets without spin-orbital coupling (SOC) facilitates
their practical applications for spintronic and thermal trans-
port devices [14—16]. The valleys, preserved by time-reversal
symmetry (7) in traditional ferrovalley materials, are also
identified in altermagnets, and they are protected by lattice
symmetry [8]. Therefore, the valley splitting in altermagnetic
materials can be obtained by applying a uniaxial strain or
constructing a new magnetic order [17].
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The layer degrees of freedom (df) in multilayer sys-
tems provide an opportunity to explore physics [18,19]. The
interlayer coupling modulation through different magnetic or-
ders and stacking configurations has been applied to some
ferrovalley bilayers, such as VSi;Ny and VS, bilayers [20].
The magnetic orders and stacking configurations in bilayers
are related to the P77 symmetry. The spin/valley properties in
2D altermagnetic materials are expected to be tuned via inter-
layer coupling. Compared with a monolayered nanostructure,
the out-of-plane component of a layer-dependent pseudospin
corresponds to the electric dipole moment, which can be tuned
by an external electric field [21,22]. Consequently, a bilayer
with various interlayer couplings is anticipated to be sensitive
to the vertical electric field. Manipulation of spin splitting in
altermagnetic bilayers is still lacking, although various 2D
altermagnet monolayers have been investigated [23,24].

In this paper, we demonstrate the spin-layer coupling effect
in 2D altermagnetic bilayers, and their spin splittings could
be modulated by four joint symmetries. We provide a de-
tailed calculation based on density functional theory, and the
computational details are shown in the Supplemental Mate-
rial [25]. Taking the V,Se;0O and V,S,0 bilayers as examples,
we demonstrate that their spin/valley are degenerate under
type-1 magnetic ordering, and this degeneracy is protected
by PTt and M zUt symmetries. In sharp contrast, the re-
duction of spin group symmetry leads to spin splitting in the
Brillouin zone (BZ) under type-2 magnetic order between
sublayers [26]. The valley/spin splitting under the above two
magnetic orders can be highly tuned through an external
electric field. Most importantly, such nonrelativistic spin-
layer coupling widely occurs in magnetic bilayer systems. We
further take the Janus Cr,SO bilayer as an example to demon-
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FIG. 1. Schematic diagram of (a) two-dimensional (2D) monolayer and (b)—(d) bilayer with various antiferromagnetic (AFM) exchange
interactions. The red and blue solid balls represent the magnetic atoms with up and down magnetic moments, respectively. The solid (dash
dotted) squares and circles indicate that the magnetic atoms have distinct coordination environments, and the same symbols represent the atoms
in different sublayers are corrected by certain symmetries in real space. The magnetic atoms shown in (b) and (c), as indicated by solid squares
(solid circles), in the top and bottom sublayers are coupled by M z symmetries. In contrast, as shown in (d), the dash dotted squares reveal
that the magnetic atoms in different sublayers cannot be coupled by M z symmetry. The red dashed line and the blue solid line represent the
spin-up and spin-down bands, respectively. The symbol E represents the presence of an external electric field, and the vertical black arrow

represents the direction of the external electric field.

strate that the band degeneracy of an AA-stacked Cr,SO
bilayer with mirror symmetry is like that of the V,Se,O and
V,S,0 bilayers under two different magnetic orders. The spin
degeneracy of the AA’-stacked Cr,SO bilayer with mirror
symmetry breaking is lifted in both magnetic orders, and
the four joint symmetries of the top and bottom sublattices
dominate the spin splitting at different k points in the BZ. Our
theoretical investigation provides guidance to manipulate the
spin splitting property in altermagnetic bilayer for practical
applications [27].

II. SYMMETRY CONSIDERATIONS

In AFM crystals, the energy eigenvalues E4 (k) are asso-
ciated with E (k) to generate fully spin-compensated bands,
which originate from the P77 symmetry contributed by two
sublattices with opposite spins [28]. The P operation only
reverses the vector k to produce PE; (k) = E4(—k), and the
T operation reverses both k and spin o to produce T E; (k) =
E(—k). Correspondingly, P7 symmetry ensures Ej;(k) =
PTE (k) = E(k), resulting in spin-degenerate bands for two
opposite components in the k space. There is also a simple
translation (¢) operation tE4 (k) = E; (k). Therefore, the en-
ergy eigenvalue of the AFM system that satisfies the P77t
symmetry is PTtE;(k) = E| (k). In addition, the spin space
and real space are completely decoupled when SOC is ig-
nored, leading to a spin-reversal (U{) operation UE}(k) =
E | (k), which is a spinor symmetric operation. Thus, the U/t

symmetry also ensures spin degeneracy at any wave vector
k. For a 2D system, the wave vector k only has in-plane
components. Therefore, the energy eigenvalues in a 2D system
remain unchanged under planar mirror reflection Mz pro-
tection M zE4 (k) = E4(k).To generate spin splitting without
SOC, it is essential to simultaneously break P7t, MzPTt,
M zUt, and Ut symmetries [3,7,29].

Based on the above analysis, we consider a 2D tetrago-
nal nanostructure, as shown in Fig. 1(a). In an altermagnetic
monolayer, spin splitting originates from special magnetic
space group. This magnetic structure breaks the P7Tt,
MzPTt, MzUt, and Ut symmetries of spin-opposite sub-
lattices. Additionally, the valleys in the tetragonal structure
are protected by diagonal mirror symmetry Mg, suggest-
ing that large valley polarization can be induced by uniaxial
strain due to lattice symmetry breaking. However, the alter-
magnetic monolayers exhibit robust electronic structures to
vertical external fields due to lacking of out-of-plane com-
ponents for wave vector k. The altermagnetic bilayer with
interlayer coupling is expected to be sensitive to an external
field, as schematically shown in Fig. 1(b). The sublattices with
different spin orientations in the top and bottom layers are cor-
related through joint symmetries, resulting in complete spin
degeneracy like conventional AFM. The presence of an exter-
nal electric field leads to the breaking of two joint symmetries,
resulting in spin splitting. We define the magnetic order shown
in Fig. 1(b) as type-1 magnetic order, that is, magnetic atoms
in the top and bottom sublayers with opposite spins have the
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same coordination environment. In contrast with the type-1
magnetic order, four joint symmetries are broken by changing
the spin orientations of magnetic atoms in the top and bottom
layers, resulting in spin splitting in altermagnetic bilayer. We
thus could define type-2 magnetic order, as shown in Fig. 1(c).
It suggests that the magnetic atoms in the top and bottom
sublayers with opposite spins have different coordination en-
vironments. The valley/spin polarization in a bilayer can be
easily tuned by strain to break the Mg symmetry or by
a vertical electric field to affect the interlayer coupling. To
confirm our prediction, we further mediate the joint symmetry
of the bilayer based on type-1 magnetic order while changing
the coordination environment of magnetic atoms, as shown
in Fig. 1(d). The mirror symmetry of the sublattices connect-
ing the top and bottom sublayers is broken. Therefore, the
absence of mirror symmetry leads to a built-in electric field
between the two sublayers due to the electric dipole. This type
of altermagnetic bilayer is expected to exhibit spin splitting
independent of magnetic order, which is attributed to breaking
four types of joint symmetry caused by the built-in electric
field. The spin splitting of this stacking with both type-1 and
2 magnetic orders can be significantly tuned by interlayer
coupling. Specifically, in the stacked bilayers with different
magnetic orders, the joint symmetries of the spin-opposite
sublattices in different sublayers dominate the spin splitting
at different k points in momentum space, and the df of the
layer is coupled with spin to form spin-layer locking. To verify
the above prediction, we study several altermagnetic bilayers,
including V,Se;0, V,S,0, and Cr,SO bilayers, and different
magnetic orders are considered to show the influences of spin-
layer coupling to the spin-related properties.

III. RESULTS AND DISCUSSION

We firstly take the V,Se,O bilayer as an example to
demonstrate that its electronic structure is determined by in-
terlayer coupling. The monolayered V,Se,O consists of an
in-plane V,0 sandwiched by two Se planes. Our calculations
have shown that its lattice constant is 3.91 A, and its band
structure agrees well with HSEO6 functional calculation and
previous reports when U = 4.7 eV is used for the V atom,
as shown in Fig. S1 in the Supplemental Material [25]. Both
valence band maximum (VBM) and conduction band mini-
mum (CBM) of the V,Se,O monolayer are located at X and
Y points, forming two valleys protected by Mg symmetry.
The VBM and CBM of the V,Se;O monolayer are dominated
by Se and V atoms, respectively. The V,Se,O monolayer is
a semiconductor with a direct band gap of 0.68 eV. Owing
to the opposite magnetic moments for the two V atoms, as
schematically shown in Fig. 1(a), breaking four joint symme-
tries in a 2D monolayer leads to significant spin splitting in
an altermagnet, as confirmed by Fig. S2 in the Supplemental
Material [25]. It is noticed that the spin splitting is derived
from AFM order with rotational operation t to correlate the
two magnetic atoms, rather than the SOC effect. Furthermore,
the band structure including SOC shown in Fig. S2(a) in the
Supplemental Material [25] demonstrates that the SOC effect
is negligible [8].

For the V,Se,O bilayer, we consider four different stack-
ings. The four types of different stackings are obtained by slid-
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FIG. 2. The atomic structure and electronic bands of the A3
stacked V,Se,O bilayers with different magnetic orders. The
(a) atomic structure of the type-1 magnetic order with symmetry op-
eration denoted by the curved arrow, where the blue arrows indicate
the direction of the magnetic moments of the V atoms. The (b) cor-
responding electronic structure of the type-1 magnetic order and the
Brillouin zone (BZ) is shown in the inset, where the up and down
arrows represent spin-up and spin-down components, respectively.
(c) and (d) are the corresponding results of the type-2 magnetic order.

ing the top sublayer relative to the bottom sublayer (detailed
information is presented in the Appendix). For the A1l stack-
ing, the V, Se, and O atoms in the top layer are directly above
the V, Se, and O atoms of the bottom layer. Compared with
the A1 stacking, the A2, A3, and A4 stackings are achieved by
translating half of the length of the lattice constant along the a
axis, diagonal, and b axis directions, respectively. Specifically,
for the A2 and A4 stackings, the Se and O atoms in the top
layer overlap with the two V atoms from the bottom layer,
respectively. In the A3 stacking, the Se and O atoms in the top
layer are directly located above the O and Se atoms in the bot-
tom layer. We only consider the interlayer coupling of V,Se, O
bilayers with AFM (i.e., type-1 and 2 magnetic orders), as the
V,Se,0 monolayer has an AFM Néel ground state [8,17].
The relevant parameters for the V,Se,O bilayers are shown
in Table S1 in the Supplemental Material [25]. It is found
that the total energy of the bilayer is related to the interlayer
distance. The A2 and A4 stackings have similar total energies,
and the A2 stacking has the largest total energy. In fact, A2
and A4 stackings can transform into each other through a C4
symmetry operation of the bottom sublayer, leading to almost
identical electronic properties. Among the four stackings, the
A3 stacking has the lowest total energy and the smallest in-
terlayer distance. We thus focus on the investigation of the
V,Se,0 bilayer with A3 stacking hereafter. Considering two
magnetic orders shown in Figs. 2(a) and 2(b), our calculations
reveal that the type-2 magnetic order is the ground state of

014442-3



YUNXI QI JUN ZHAO, AND HUI ZENG

PHYSICAL REVIEW B 110, 014442 (2024)

RYAVAVAVATAY,
AN A

( )ml -30 (b )o.v ° = =
a N 2
40 o\ Q’o 0.8 ‘ —Y g @
o 9 _ — Total /g
;; 0 o Qo._Av 45%30.7» o
i 40 0/ \0 B C , i g 0.6 O;g;ﬁ/
@
-80 /O/ \°\° 05 0;8/
9 ) y/
20— 15 0.4 84 = . A .

Uniaxial strain (% )

Uniaxial strain (%)

35 0.680

(d)_z;. o— v,

Energy (meV)
o
Energy (eV)
s o o
2 2 5
2 & 2
(*]

. \

-5 0.650

(e)

-
\0/ e ° ® —Band Gap\

RATAYAYAYAY
ANEATA

-0.02 0.00 0.02 -0.04
Electric field (V/A)

-0.02

0.00
Electric field (V/A)

0.02 0.04

FIG. 3. In the A3 stacked V,Se,O bilayer with type-2 magnetic order, (a) the valley splittings for valence band (AV) and conduction
band (AC) induced by uniaxial strain along the a axis, (b) the valley gaps at X and Y points and the total band gaps varied with respect to
the uniaxial strain, and (c) schematic diagram of valley splitting. The solid red and blue lines represent the spin-up and spin-down bands,
respectively. (d) The spin splittings for valence band (AVy) and conduction band (ACy) at the X point, and (e) total band gap, modulated by
vertical electric fields. (f) Schematic diagram of the spin splitting. The solid red and blue lines represent the spin-up and spin-down bands,

respectively.

the A3 stacking. Moreover, we find that the energy differ-
ence (AE) between type-1 and 2 magnetic order is around
—2.3-1.2 meV, indicating weak interlayer magnetic coupling
and the magnetic orders could be switched through magnetic
proximity effect [30,31].

The atomic structure of the A3 stacking with type-1
magnetic order is shown in Fig. 2(a). The coordination
environments of the magnetic atoms with opposite spins in the
top and bottom sublayers are identical in the type-1 magnetic
order. Specifically, the V| and V3 (V, and V,4) atoms belong-
ing to opposite spin sublattices are coupled with each other
through the operations of P7t and M zUt. The electronic
bands contributed by these two sublattices are degenerate,
as shown in Fig. 2(b) and Fig. S3 in the Supplemental Ma-
terial [25]. The bands contributed by the spin-down of the
Vi (V4) atom and the band contributed by the spin-up of
the V3 (V;) atom form doubly degenerated bands. When we
only focus on the V;,Se,O sublayer, i.e., V| and V, atoms
are considered, the band contributed by each sublayer is spin
splitting. The calculated result is like that of the V,Se,O
monolayer, which is attributed to breaking of the four joint
symmetries in 2D bilayer. As confirmed by Fig. S3 in the
Supplemental Material [25], the bands contributed by the up-
spin of the V| atom and the down-spin of the V, atom occupy
the X and Y valleys, respectively, resulting in altermagnetic
character with spin splitting bands. In contrast with the type-1
magnetic order between the two sublayers, the difference in
the coordination environments of opposite spin sublattices
leads to the breaking of four joint symmetries of dominant
spin degeneracy, as demonstrated in Fig. 2(c). It leads to a
spin splitting band like that of the V,Se,O monolayer, as
evidenced by Fig. 2(d). Correspondingly, the spin-dependent
electronic structures of the bilayer are determined by magnetic
coupling between the two sublayers. The X and Y valleys are

degenerate in energy for both type-1 and 2 magnetic orders for
the V;,Se, O bilayer, which is attributed to the protection of the
M symmetry. Hence, we show that the valley polarization
can be generated by breaking the M symmetry as a result of
a uniaxial strain. Figure S4 in the Supplemental Material [25]
shows that the band of the V,Se, O bilayer with the SOC effect
is consistent with that omitting the SOC effect. As a result, we
do not consider SOC in the following calculation.

Next, we discuss the modulation of spin/valley splitting by
strain and external electric fields. For the V,Se,O monolayer,
two nonequivalent valleys (X and Y points) are located at
highly symmetric time-reversal invariant points in k space,
and they are connected by crystal symmetry operations. Cor-
respondingly, valley splitting of the V,Se,O monolayer can
be achieved by using a uniaxial strain along the a or b axis
to break the Mg¢ symmetry, which is confirmed by recent
investigations [8]. We examine the evolution of the electronic
structures of the bilayer by uniaxial strains, as exhibited in
Fig. S5 in the Supplemental Material [25]. The valley split-
tings of the valence band (conduction band) are defined as
the energy differences of the valence band (conduction band)
at the X and Y valleys, respectively, which is computed
by AV(AC) = EJ ¢, — Ey,- The valley splittings of the
A3 stacked V,Se,O bilayer with type-2 magnetic order are
summarized in Fig. 3(a). The AV (AC) is found to be mono-
tonically changed by the uniaxial strain. Specifically, a —4%
uniaxial strain induces —97.5 and —24.7 meV valley split-
tings for AV and AC, respectively. The valley splitting value
is larger than many 2D ferrovalley materials, such as VSCI
(57.8 meV), LaBrl (59 meV), and VSSe (85 meV) [32,33].
Hence, the band gap of the V,Se,O bilayer can be sub-
stantially modulated by strain, as shown in Fig. 3(b). The
band gap is monotonically increased with respect to the
strain, which is like the previously report obtained for the
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FIG. 4. (a) Top and side views of the atomic structure of the AA stacked Cr,SO bilayers. The band structure of the Cr,SO bilayer under
type-1 magnetic order (b) without and (c) with an external electric field. (d) Top and side views of the atomic structure of the AA” stacked
Cr,SO bilayers. The corresponding band structures of the Cr,SO bilayer with (e) type-1 and (f) type-2 magnetic orders, where the red and blue

lines represent the spin-up and spin-down bands, respectively.

Janus V,SeTeO monolayer [17]. Furthermore, the interlayer
coupling can be tuned by external electric field to induce
prominent modifications on the electronic structure of the
bilayer. As expected, both positive and negative electric fields
induce band splittings for the VBM and CBM as a result of
the Stark effect, as shown in Fig. S6 in the Supplemental
Material [25] and schematically demonstrated in Fig. 3(f).
We quantitatively define the VBM and CBM splittings at the
X point as AVy (energy difference between the highest and
second-highest occupied bands) and ACx (energy difference
between the lowest and second-lowest unoccupied bands in
the conduction band X valley). Figure 3(d) reveals that the
band splittings are improved since the strength of electric
field is enhanced. Therefore, the band gap of the bilayer
is prominently reduced when the external electric field is
increased.

Regarding to the A3 stacked V,Se,O bilayer with type-1
magnetic order, its valley degeneracy is also protected by
M symmetry. As shown in Fig. S7 in the Supplemental
Material [25], the Mg symmetry is broken by the uniaxial
strain, leading to similar valley splitting properties to those of
the type-2 magnetic order. Unlike conventional AFM mono-
layers, the spin degeneracy of the V,Se,O bilayers with type-1
magnetic order can be broken by external electric field. From
the viewpoint of symmetry, vertical electric field causes an
asymmetric charge distribution for the top and bottom sublay-
ers, yielding the breaking of P7t and M zUt symmetries for
the V,Se, O bilayer with type-1 magnetic order. Consequently,
the presence of vertical electric field gives rise to tunable prop-
erties for the altermagnetic bilayer. We emphasize that such
spin-layer coupling-related physical phenomena and valley-
contrasting properties, relying on engineering layertronics,
broadly exist in 2D altermagnetic bilayers. The V,S,0 bilayer

is confirmed to possess similar valley/spin physics, as shown
in Fig. S8 in the Supplemental Material [25].

Furthermore, we propose that engineering layertronics
relying on breaking different symmetries can be used to ma-
nipulate layer-spin locking and valley-contrasting properties,
and this route can be generalized to many other 2D alter-
magnetic bilayers. Next, we consider the Janus altermagnetic
Cr,SO bilayer with low symmetry, as shown in Fig. 4, and
AA and AA’ stackings are considered since the translation op-
eration does not affect the joint symmetry of the crystal. The
AA-stacked Cr,SO bilayer maintains M z and P symmetry.
For the AA’ stacking, however, the M z symmetry is broken.
The spin degeneracy of the AA-stacked Cr,SO bilayer with
type-1 magnetic order is dominated by the Cr; and Cr; (Cr;
and Cry) sublattices, and the Cr; and Cr; (Cr, and Cry4) sublat-
tices are coupled by P77t and M zUt symmetry, as shown in
Figs. S9(a) and S10 in the Supplemental Material [25]. Thus,
the spin-dependent band structure shown in Fig. 4(b) reveals
that the bands are doubly degenerate due to the completely
compensated spin sublattices. The P77t and M zUt symmetry
can be further broken by a positive electric field, which gives
rise to distinct spin splittings of the VBM and CBM at the
X and Y valleys, as shown in Fig. 4(c). Moreover, type-2
magnetic order leads to the breaking of four joint symmetries,
resulting in spin splitting and an altermagnetic character like
that of the Cr,SO monolayer [23], as evidenced by Figs. S9(b)
and S11 in the Supplemental Material [25].

The above three examples illustrate that, for different al-
termagnetic bilayers with type-1 magnetic order, the spin
degeneracy is dominated by the joint symmetry of opposite
spin sublattices in different layers. However, in the case of
the AA’-stacked Cr,SO bilayer with type-1 magnetic order,
its spin degeneracy is dominated by the joint symmetry of
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opposite spin sublattices in the same layer. As shown in
Fig. S12(a) in the Supplemental Material [25], the four joint
symmetries of the Cr; and Cr; (Cr3 and Cr4) sublattices on the
same layer are broken. As shown in Fig. 4(e) and Fig. S13 in
the Supplemental Material [25], the lowest and second-lowest
unoccupied states at the X and Y valleys are contributed by
the top and bottom sublayers, respectively. Each sublayer ex-
hibits a fully spin-polarized band like that of the altermagnet.
Therefore, the breaking of symmetry of sublattices with op-
posite spins on the same layer dominates the spin splitting. In
addition, a positive electric field of 0.03 V/x& leads to a
significant enhancement of spin splitting AVy to 391.4 meV
compared with AVxy = 308.8 meV in the absence of electric
field, as presented in Fig. S14 in the Supplemental Mate-
rial [25].

In the AA’-stacked Cr,SO bilayer with type-2 magnetic
order, as shown in Fig. S12(b) in the Supplemental Mate-
rial [25] and Fig. 4(f), the corresponding electronic structure
is very similar to the V,Se,O bilayer with type-1 magnetic
order because four joint symmetries are broken. It is worth
noting that, in conventional 2D AFM systems, such as the
binary transition metal halides of NiCl, and Crls, the joint
symmetry of their AFM bilayers cannot be broken by ordinary
stacking or changing magnetic order due to the intrinsic spin
degeneracy of the monolayer [29]. The intrinsic spin splitting
and joint symmetry breaking of 2D altermagnetic monolayers
provide a paradigm for spin control in AFM bilayer systems.
Compared with conventional AFM bilayers with AFM prop-
erty, the joint symmetry in altermagnetic bilayer is highly
tunable and closely related to the interlayer coupling, which
is expected to have more promising prospects for spintronic
applications.

IV. CONCLUSION

In summary, we provide a simple approach to tuning spin
splitting in 2D altermagnetic bilayers by simply changing the
magnetic orders and stacking configurations, and the mag-
nitude of spin splitting can be comparable with the SOC
effect of heavy atoms. The spin degeneracy in 2D systems is
protected by the joint symmetry of PTt, MzPTt, MzUt,
and Ut. Manipulation of magnetic orders and stacking con-
figurations can break the joint symmetry, which is highly
correlated with the layer df to achieve strong spin-layer cou-
pling. Based on first-principles calculations, we demonstrate
that layer-dependent spin degeneracy/splitting broadly ex-
ists in altermagnetic bilayers consisting of different crystal
structures. Specifically, in sharp contrast with its monolay-
ered counterpart, the spin polarization in an altermagnetic
bilayer is highly tunable via interlayer coupling. Our theo-
retical proposal provides a generalized route to manipulate
valley-related properties and spin splitting through tailoring
layer stacking and interlayer coupling, facilitating practical
application of spintronic devices based on 2D altermagnets.
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FIG. 5. Top and side views of the V,Se,O bilayer with different
stackings, where red, light green, and yellow spheres represent V,
Se, and O atoms, respectively. The light blue dashed line in the A3
stacking represents the diagonal mirror symmetry in the ab plane
(Myg). The Al stacking is obtained by AA stacking for the top
and bottom sublayers. The A2 and A4 stackings are obtained by
translating the bottom sublayer by d/2 and 1;/2 along the a and b
axes, respectively. The A3 stacking is obtained by shifting the top
sublayer by (d + b) /2 along the diagonal direction.
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APPENDIX: V,Se,O BILAYER IN DIFFERENT
STACKINGS

We built the atomic structure of the V,Se,O bilayer with
various different stackings. As shown in Fig. 5, the A1 stack-
ing is obtained by AA stacking, that is, the top sublayer is
exactly positioned above the bottom sublayer. The A2 and
A4 stackings are obtained by translating the bottom sub-
layer by d/2 and b/2 along the a and b axes, respectively.
The A3 stacking is obtained by sliding the top sublayer by
@+ b) /2 along the diagonal direction. The relevant structural
parameters of the V,Se,O bilayer with different stackings
are summarized in Table S1 in the Supplemental Mate-
rial [25]. According to the calculated total energies of the
V,Se,O bilayer with different stackings, the A3 stacking
is the most energetically favorable nanostructure because it
has the lowest total energy among the four stackings. As a
consequence, we focus on the discussions of the A3-stacked
V,Se;,0O bilayer and comprehensively study the influence of
different magnetic orders on the electronic structure prop-
erties of the A3-stacked V,Se,O bilayer. Furthermore, it is
found that the ground state of the A3-stacked V,Se,O bi-
layer is type-2 magnetic order, and the corresponding energy
is slightly smaller (1.20 meV/cell) than that of the type-2
magnetic order.
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