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Stacking-dependent ferroicity of a reversed bilayer: Altermagnetism or ferroelectricity

Wencong Sun®, Haoshen Ye, Li Liang, Ning Ding, Shuai Dong ©®,” and Shan-Shan Wang ®
Key Laboratory of Quantum Materials and Devices of Ministry of Education, School of Physics, Southeast University,
Nanjing 211189, People’s Republic of China

M (Received 30 July 2024; revised 20 October 2024; accepted 21 November 2024; published 11 December 2024)

Altermagnetism, as a new branch of magnetism independent of traditional ferromagnetism and antiferro-
magnetism, has attracted extensive attention recently. At present, researchers have proved several kinds of
three-dimensional altermagnets, but research on two-dimensional (2D) altermagnets remains elusive. Here, we
propose a method for designing altermagnetism in 2D lattices: bilayer reversed stacking. This method could
enable altermagnetism-type spin splitting to occur intrinsically and the spin splitting could be controlled by
crystal chirality. We also demonstrate it through a real material of bilayer PtBr; with AB’ stacking order.
Additionally, the combination of stacking order and slidetronics offers opportunities for electrical writing and
magnetic reading of electronic devices. In the case of AC’ stacking, interlayer sliding results in reversible
spontaneous polarization. This unique combination of antiferromagnetism and sliding ferroelectricity leads
to polarization-controlled spin splitting, thus enabling magnetoelectric coupling, which can be detected by
magneto-optical Kerr effect even without net magnetization. Our research highlights that reversed stacking
provides a platform to explore rich physical properties of magnetism, ferroelectricity, and spin splitting.
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I. INTRODUCTION

Engineering and manipulating spins of electrons in space,
momentum, and energy has become the frontier research in
spintronics. Conventional spintronic devices utilize ferromag-
nets as spin generators and manipulators [1,2]. Recently, the
study of antiferromagnet-based devices brought new devel-
opments in spintronics [3,4]. Compared with ferromagnets,
antiferromagnetic materials have high information storage
density and unique terahertz (Thz) spin dynamics, which en-
able magnetic moment reversal on picosecond timescales [5].
However, the application of antiferromagnets remains chal-
lenging. Antiferromagnets are much less sensitive to external
magnetic fields and it is hard to manipulate the spin orders.
Thus, an ideal next-generation spintronics needs to have the
properties of easy manipulation as well as the ability to store
information with high stability, high density, and ultrafast
spin dynamics. Such systems can be realized in spin-splitting
antiferromagnets. The spin splitting can arise from Zeeman ef-
fect [6], Rashba [7,8] and Dresselhaus [9] spin-orbit coupling
(SOC), and external field effects.

Very recently, altermagnetism, a new branch of magnetism
independent of traditional ferromagnetism (FM) and anti-
ferromagnetism (AFM), has been proposed [10-18]. The
altermagnetism has both spin polarization observed in fer-
romagnets and antiparallel spin arrangement with vanishing
net magnetization found in collinear antiferromagnets. The
typical feature of altermagnetism is that the band structure
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displays alternating momentum-dependent spin splitting even
without SOC.

The advent of 2D materials has revolutionized the field
of material science, offering promising applications in minia-
turized electronic devices [19-22]. The weak van der Waals
interaction between layers of 2D materials makes it possible to
regulate order parameters by stacking. The 2D stacked bilay-
ers provide a platform for exploring novel quantum states such
as ferroelectricity (FE), magnetism, and topology [23-28].
These phases are markedly sensitive to the relative stacking
orders of the layers, providing a powerful knob for tailoring
material properties. For example, nonpolar monolayers can
be stacked into polar bilayer structures, enabling ferroelectric
polarization switching through subtle lateral shifts between
layers [29-31]. With the rise of sliding physics, the ferromag-
netic monolayer can be stacked into bilayer antiferromagnets.
Based on the paradigm of mediating sliding physics, the crys-
talline symmetry and magnetic orders change and thus give
rise to spin splitting and anomalous Hall effect [32-35] in
those antiferromagnetic bilayer systems. Actually, the spin
splitting in antiferromagnets has not been thoroughly explored
in bilayer lattices.

In this paper, we investigate the altermagnetic phase,
magnetic spin splitting, and ferroelectric properties of PtBrj
bilayers by symmetry analysis and first-principles calcula-
tions. The PtBr; bulk was synthesized for more than a century
[36-38], and recently its monolayer counterpart has been re-
searched [39-41]. Here, we research the bilayer PtBr; with
reversed stacking orders, i.e., the upper single layer is stacked
on the lower layer after M, mirror-symmetry operation. Dif-
ferent from ordinary stacked double layers, reversed stacking
can break the space-inversion symmetry and may produce
phenomena. We investigate the ferroelectric, magnetic, and

©2024 American Physical Society


https://orcid.org/0000-0002-6483-5352
https://orcid.org/0000-0002-6910-6319
https://orcid.org/0000-0001-9785-5918
https://ror.org/04ct4d772
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.110.224418&domain=pdf&date_stamp=2024-12-11
https://doi.org/10.1103/PhysRevB.110.224418

SUN, YE, LIANG, DING, DONG, AND WANG

PHYSICAL REVIEW B 110, 224418 (2024)

AA' IR
4

(”A \%\ \‘nw“’\ \% Top layer

J}%’%VA&V%D Bottom layer

Top layer slide 2L XL Top layer slide
/3, 13, 0) O O - N \ (0.0
ranVs | e
b o o-2f-0
. — db db
AB Altermagnetic a b Ferroelectric
gp «p «p (0 Top 1 o AP
M \ Y, o, op layer WP
21V N b & o |l et et e A?M:?f
85?; ;(;Q 32 L (1/3,1/3, 0) 3& ;_&* ;; !
R MO | D S
o 30d 530d bos o :5 3 %‘f@ 4

®

FIG. 1. (a) The top and side view of PtBr; monolayer. (b)—(d) are AA’, AB’, and AC’ stacking orders, respectively. The gray dashed lines
provide a visual guide for the side view. The red and blue arrows indicate the orientation of spin up and down, respectively. In (d), the yellow

arrow shows the direction of in-plane polarization.

anomalous Hall effect of PtBr; bilayer under three reversed
stacking orders: AA’, AB’, and AC'. For the AB’ stacking, the
altermagnetism is constructed due to the symmetry breaking,
accompanied by chirality-reversible spin splitting and crys-
tal Hall effect [42-44]. For the AC’ stacking, ferroelectric
polarization appears in the antiferromagnetic bilayer, leading
to polarization-controlled spin splitting, thus enabling magne-
toelectric coupling, which can be detected by magneto-optic
Kerr effect (MOKE) even with zero magnetization. The tun-
able spin splitting from the stacking orders may provide a
platform for designing spintronic devices.

II. METHODS

Based on density-functional theory (DFT), the first-
principles calculations were conducted using the Vienna
ab initio Simulation Package (VASP) with the projector
augmented-wave method [45]. The kinetic energy cutoff of
the plane-wave basis was set to 500 eV. The exchange-
correlation energy was approximated using the generalized
gradient approximation as parametrized by Perdew, Burke,
and Ernzerhof [46]. The energy convergence criterion was
set to 107> eV and the forces were converged to less than
0.01 eV/A on each atom. The Brillouin-zone integration was
sampled using a I'-centered 9 x 9 x 1 k-point mesh. After
testing the DFT+U correction, it was found that Hubbard
U.tt = 1 eV was appropriate to deal with electron correlation
of Pt’s 5d orbitals [47]. A vacuum layer of more than 15 A
was used to avoid periodic potential along the out-of-plane di-
rection. The van der Waals correction was properly described
by the DFT-D3 method [48]. The maximally localized Wan-
nier functions were constructed using the WANNIER90 package
[49] by projecting onto the p orbital of Br atom and d orbital
of Pt atom to calculate the MOKE. When calculating Kerr
angle and ellipticity, we chose SiO; as a 2D material substrate
with refractive index n = 1.546. Berry curvature and anoma-
lous Hall conductance were calculated using the WANNIER90

[49] and WANNIERTOOLS packages [50]. The energy barrier
of polarization switching was calculated by climbing-image
nudged elastic band method [51].

III. RESULTS AND DISCUSSION

The crystal structure of PtBr; monolayer is depicted in
Fig. 1(a). The Pt cation and the six surrounding Br an-
ions form an octahedron, whose (111) direction points to
the out-of-plane direction (i.e., the ¢ axis). Generally, the
octahedral crystal field splits the d orbitals into the low-
lying 1,, triplets (d,;/d,./d\,) and higher-energy e, doublets
(dx/dx2—y2). However, due to the trigonal distortion of the
regular octahedron by compression along the ¢ axis, the t,
triplets split into the low-energy a, singlet, and high-energy
degenerate e’g:I:, and e, orbitals split into two degenerate e,+

[52]. The Pt** with 547 electron configuration has two pos-
sibilities of orbital occupation: high and low spin states. The
orbital occupation in the high-spin state is a;,” ¢, e, e !
€.+ with 3 up magnetic moment, where the half-filled occu-
pation of orbital results in the metallic state while the orbital
occupation of the low-spin state is aj,” eg_2 e, eg ! e
with 1 ug magnetic moment, corresponding to the insulation
state. Our calculation results show that the low-spin state with
1 pp/Pt ion is the ground state with a lower energy. The
fully optimized lattice constant of the monolayer is 6.732 A,
consistent with the previous calculation [39].

Here, we consider three stacking orders with the top layer
reversed by an M, mirror-symmetry operation with respect to
the bottom layer, which breaks the space-inversion symmetry.
Specifically, the AA’ stacking order is constructed by placing
one layer on top of another layer after, as shown in Fig. 1(b).
The stacking orders of AB’ and AC’ bilayers are constructed
based on the AA’ stack by sliding the top layer horizontally
relative to the bottom layer in fractional coordinates (2/3, 1/3,
0) and (1/3, 0, 0), respectively, as illustrated in Figs. 1(c) and
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TABLE 1. The information for stacking bilayers, including en-
ergy difference of different stacking orders and magnetic orders with
AC’ magnetic ground state as reference (in units of meV/f.u.), the
orientation of the magnetic easy axis/plane and band gaps with-
out/with consideration of SOC (in units of meV).

FM A-AFM Néel Stripy Zigzag Easy axis/plane Band gap

AA’ 1224 106.1 1229 1258 125.7 z 0/11
AB" 853 80.1 923 94.6 958 b4 378/144
AC" 95 0.0 247 60 217 X-y 440/414

1(d). The energy changes of the three reversed stacking modes
during the interlayer sliding process are shown in Supplemen-
tal Material, Fig. S1 [53].

The magnetic properties of these stacking orders are
investigated by first-principles calculations. Several mag-
netic orders have been considered, including ferromagnetism
(FM), type A antiferromagnetism (A-AFM), Néel-AFM,
stripy-AFM and zigzag-AFM, where AFM magnetic configu-
rations are shown in Fig. S2. The results are summarized in
Table 1. The magnetic ground states of all these stacking
favor the A-AFM magnetic order. The magnetocrystalline
anisotropy energies have also been calculated by rotating the
spin magnetic moment along various directions. The results
are depicted in Fig. S3. It is worth noting that the easy magne-
tization directions for AA’ and AB’ bilayers are oriented along
the z axis, while the easy magnetization axis of AC’ stack lies
in the x-y plane.

Symmetry plays an important role in AFM systems. Cer-
tain effects are typically forbidden by time inversion, space
inversion, space translation, spinor reversal symmetry, as well
as their combined symmetry operation [14]. Hence, AFM
materials usually behave like nonmagnetic materials in many
ways, which are hard to manipulate by electrical or optical
techniques [14]. Considering the nonrelativistic phenomenol-
ogy of the bilayer stacking phases, the spin space and real
space are decoupled. Therefore, the stacking phases can be
described using spin layer group. Previous research has indi-
cated that the spin group formalism can accurately distinguish
ferromagnetic, antiferromagnetic, and altermagnetic phases.
[11,54]. Spin groups can be represented as the direct product
rs ® R, where ry refers to the spin-only group, consists
only of spin space transformations, and R; refers to nontrivial
spin groups that contain pairs of transformations [R;||R;] The
transformation on the left of [R;||R;] acts solely on the spin
space, while the transformation on the right of the double
bar acts exclusively on the real space [54]. The symmet-
ric operations in real space of the three stacking orders are
shown in Table II. For AA’ stacking, symmetry operations

TABLE II. The symmetry analysis for different stacking orders,
including magnetic point group (MPG) and symmetry operations.

Symmetry operations in real space

AA’ 3,37, 21, 2,25, =62, =627, m, my, my, my
AB’ 31’ 3;1 s 2)(7 2){)‘, 2y
AC my

containing threefold rotation Cs; and double-fold rotation C,;,
Cy, Cy3 link the atoms within the same spin. While, sym-
metry operations containing 6z and m;, m,, m,, m,, link the
atoms with opposite spin. From the perspective of spin group,
since AA’ stacking has m, symmetry, the nontrivial spin layer
group contains the [Cy]|m;] symmetry transformation. When
we apply it to spin- and momentum-dependent bands, we can
obtain [Cy|\m,le(s, k) = e(—s, k). Since the [Cy|m,] is the
symmetry operation of the system, we have [C;||m_]e(s, k) =
e(—s, k) = (s, k). Hence, the spin degeneracy will appear in
AA’ stacking.

For AB’ stacking, the symmetry operations are {E, Cs+,
Cs-, Cox, Gy, Coyy}. The Cs; symmetry connects atoms
within the same spin, while the C,, and Cy, and C,,, connect
atoms with opposite spins. The spin layer group is given by
R; = [E||H] + [C2]|G — H]. The spin degeneracy of the band
structures can be protected by the [C,||G — H] symmetries.
For example, the [C,||C,,] protects the spin degeneracy along
the G-M (where k, = 0). The spin degeneracy of band struc-
ture along high-symmetry lines G-K and K-M are protected
by the [C,||Cy,] and [C,||Cayy], respectively. The layer group
of AB’ stacking is 68. Consequently, its spin layer group
is identified as '3%m with hexagonal characteristics of spin-
momentum locking [54]. Our DFT analysis is consistent with
the symmetry analysis using spin layer group, as shown in
Figs. 2(d) and 2(e).

For AC’ stacking, due to the existence of electric dipole and
potential difference, the antiferromagnetic configuration pro-
duces an uncompensated nonzero total magnetic moment. The
symmetry operation only contains a vertical mirror symmetry
my. Hence, the spin layer group of AC’ stacking belongs to the
spin group that describes the nonzero magnetization phases.

The electronic band structure of AB’ calculated by DFT
is consistent with the above symmetry analysis. As illus-
trated in Fig. 2(b), along the nonhighly symmetric K-K2
path, there is a distinct separation between the spin-up and
spin-down bands, while spin degeneracy remains along the
highly symmetric paths K-I', T-M, and M-K. The spin-
splitting projections [Figs. 2(d) and 2(e)] unambiguously
illustrate spin-splitting distribution characterized by alternat-
ing momentum-dependent signs. As depicted in Figs. 2(d)
and 2(e), spin-splitting energies at the highest valence
band (HVB) and lowest conduction band (LCB) reach up
to 5.5 and 18 meV, respectively. The significant spin-
splitting energies are supposed to be directly observed in
experiments through spin-and-angle-resolved photoemission
spectroscopy.

It is noted that under the symmetry constraints, we obtain
two energetically equivalent stacking patterns, i.e., AB’l and
AB’2 as demonstrated in Fig. 2(f). For the AB'2 pattern, it can
be obtained from AB’I under a lattice-inversion symmetry.
Therefore, the two AB’ patterns have opposite chirality and
the spin density, which gives rise to a reversible spin splitting,
as shown in Figs. 2(b) and 2(c).

The combination of time-reversal and spatial-inversion
symmetry PT excludes the Hall conductivity in collinear anti-
ferromagnets. Unlike the PT symmetries, the twofold rotation
symmetry does not necessarily prohibit the Hall currents.
Thus, the anomalous Hall effect may occur in both AB’1
and AB’2 stacking orders, even though the net magnetization
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FIG. 2. (a) The band structure of AA’ stacking order without SOC. [(b)—(f)] The electronic properties of AB’ stacking order. (b) and (c) are
band structures without consideration of SOC for AB’1 and AB’2, where the inset of (b) shows 2D Brillouin zone and high-symmetry points.
(d) and (e) depict spin-splitting energy projections (in units of meV) of HVB and LCB, respectively, for AB’1, where the pink (blue) color
block indicates Egin—up > Espin—down (Espin—up < Espin—down)- (f) Crystal Hall effect. The illustrations show AB’1 and AB’2 structures.

vanishes. DFT calculation results show that there are anoma-
lous Hall effect (AHE) conductance signals emergent as
shown in Fig. 2(f). Thus, the altermagnetic properties can be
experimentally detected using AHE measurements [42,43].
What is more, the inversion of crystal chirality can result in
the opposite sign of the Hall conductance [Fig. 2(f)], which is
known as the crystal Hall effect [42—44]. The proposed design
principles of reversible altermagnetism-type spin splitting and
crystal Hall effect can be generalized to other M X3 materials,
for example, AB’ stacking order of MnBrj bilayer has been
predicted to exhibit altermagnetic as well, as shown in Fig. S4
in the Supplemental Material [53].

The interlayer sliding of 2D materials can effectively mod-
ulate the symmetry and electronic environment, potentially
leading to spontaneous polarization and enabling more func-
tionalities. In the AC’ bilayer, the interlayer sliding breaks
spatial-inversion symmetry, generating a switchable electric
polarization of 2.4 pC/m along the out-of-plane (OOP) direc-
tion as shown in Fig. 3(a), which is comparable to that of the
h-BN bilayer (2.08 pC/m) [29] and much larger than that of
the WTe, (0.38 pC/m) [31] and MoS, bilayer (0.97 pC/m)
[29]. In addition to OOP polarization, AC’ stack also ex-
hibits in-plane(IP) polarization with the value of 9.7 pC/m;
the polarization direction is shown in Fig. 1(d). In order to
determine the most favorable path of vertical FE flipping,
the energy contour plot with lateral translation is depicted in
Fig. S6, where the dashed arrowed path represents the most
likely trajectory. The energy-barrier calculations on this path,
as shown in Fig. 3(a), indicate that the FE flip only needs to
overcome 18 meV /f.u. (formula units), which is much lower
than that of the traditional ferroelectric barrier, but higher
than the BN bilayer (0.15 meV /f.u.) [29] and WTe, bilayer

(4.5 meV/f.u.) [31]. The structures of the initial, intermediate,
and final states are shown in the inset of Fig. 3(a). Notably, the
intermediate state exhibits no net out-of-plane polarization,
while in-IP polarization persists.

To elucidate the origin of OOP ferroelectric polarization,
we conducted the planar-integrated differential charge-density
calculation along the z axis, which is defined as the differ-
ence between the charge densities of the +P and —P phases.
As shown in Fig. 3(b), the positive values represent regions
where there is an excess of electrons, while the negative
values indicate regions where there is a deficit of electrons,
commonly referred to as holes. For each PtBr; monolayer,
due to the uneven charge distribution, dipoles with +z di-
rection are formed in both the upper and lower sublayers.
This phenomenon occurs because the sliding motion breaks
the inversion symmetry between the upper and lower Pt-Br
bonds, altering their chemical environments, resulting in one
side of the material becoming more positively charged while
the other side accumulates more negative charges. Due to the
top and bottom monolayers having dipoles along the +z direc-
tion, bilayer forms a net positive polarization (4P), which is
consistent with the DFT calculation. In addition, it is obvious
from the charge-differential density diagrams that the local
positive and negative charge distributions between the +P
phase and the negative polarization (—P) phase are opposite,
as shown in Figs. 3(c) and 3(d).

A recent study has shown that A-AFM can produce global
spin splitting in momentum space under the applied external
electric field [55]. Ferroelectric polarization results in electro-
static potential difference between layers, forming a built-in
electric field, which disrupts the spin degeneracy of the an-
tiferromagnet and triggers spontaneous spin splitting in the
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initial, intermediate, and final-state structures during interlay movement. (b) The planar-integrated differential charge density as the function
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isovalue of 1.82 x 10~* /A3, respectively.

whole momentum space. The spin-up and spin-down channels
are flipped by sliding FE, producing polarization-controlled
spin splitting. The band structures without SOC of +P and
—P phase for AC’ stack are shown in Figs. 4(a) and 4(b),
respectively. It can be seen that the spin splitting is reversed
upon switching the polarization, which illustrates the magne-
toelectrical coupling.

The projected band maps including SOC display that the
top- and bottom-layer bands near Fermi energy are sepa-
rate. For 4+P phase, the conduction-band minimum (CBM)
[valence-band maximum (VBM)] band is mainly contributed
by the top (bottom) layer, as shown in Fig. 4(c). On the
contrary, in the —P phase, the CBM (VBM) band is primarily
from the bottom (top) layer, as shown in Fig. 4(d). Simulta-
neously, Berry curvatures reverse with switching polarization
by interlayer sliding, as shown in Figs. S7(a) and S7(b)

%
/b;—

spin up
spin down

M top layer
M bottom layer

u

FIG. 4. The band structures of +P [(a), (c)] and —P [(b), (d)]
phases for AC” stack. (a) and (b) are band structures without SOC.
(c) and (d) are layer-resolved band structures with consideration of
SOC.

of the Supplemental Material [53], presenting layer-locked
characteristics. The layer-locked Berry curvatures induce
layer-polarized anomalous Hall effect (LPAHE) [31-34], in
which electrons from the top and bottom layers spontaneously
deflect in opposite directions. The anomalous Hall conduc-
tance calculations further prove the LPAHE phenomenon of
AC’, as shown in Fig. S7(c) of the Supplemental Material [53].

Next, we confirm the regulation of polarization on mag-
netism through MOKE simulation in the AFM. The MOKE
refers to the change in the polarization state of light reflected
from a magnetized surface, enabling the direct detection of
magnetic properties. In general, the MOKE signal can be
detected in antiferromagnetic materials with broken PT sym-
metries [56-58]. Due to the reversed stacking configuration
with inherent broken PT symmetry, the AC’ order can ac-
tivate MOKE signal without applying an external field or
constructing complex heterojunction. It is important to note
that the MOKE, characterized by changes in the Kerr angle
and ellipticity, exhibits a reversal between +P phase and —P
phase, as illustrated in Figs. 5(a) and 5(b). The calculation
formulas and details are in the Supplemental Material. To sum
up, our findings not only indicate the feasibility of rendering
“electrical writing and magnetic reading,” but also provide a
way to use MOKE optics to extract the information stored in
polar antiferromagnetic states.

ol @]| 102
< =
1-0.2

energy(eV) energy(eV)

FIG. 5. The magneto-optical response of the +P and —P phases
for AC’ order, characterized by Kerr angle (a) and ellipticity (b).
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IV. CONCLUSION

In conclusion, we explored the unique properties of bilayer
PtBr; with reversed stacking orders, specifically focusing on
ferroelectric, magnetic, and spin-splitting phenomena. Our
findings reveal that different stacking orders significantly in-
fluence the magnetic and ferroelectric characteristics. The AB’
stacking shows considerable chirality-reversible spin split-
ting with alternating momentum-dependent signs in the band
structure, opening pathways for designing altermagnetism in
similar MX3 structures. At the same time, another type of
crystal Hall effect has been found in AB’ stacking. AC’ stack-
ing bilayer exhibits both in-plane and switchable out-of-plane
spontaneous FE polarizations. The coexistence of polariza-
tion and antiferromagnetism induces polarization-controllable
spin splitting in the whole momentum space, LPAHE phe-
nomena, and multiferroic properties detectable by MOKE.
Our research highlights that reversed stacking provides a
platform to explore the rich physical properties of magnetism,
altermagnetism, ferroelectricity, and multiferroics.

Note added in proof. Very recently, Pan et al. [58] and
Zeng et al. [59] independently studied bilayer stacking al-
termagnetism. Despite the shared focus on bilayer stacking
altermagnetism, our work differs from these studies in con-
tent: We focused on altermagnetism induced by the reversed
stacking operation.
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