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Spin spiral order induced ferroelectricity in MnRe,Og monolayer
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In this work, on the basis of first-principles calculations we demonstrate that magnetic exchange frustration
caused spin spiral can generate an electric polarization (31.46 uC/m?) in two-dimensional (2D) MnRe,Os,
which, therefore, can be identified as a very rare type-II multiferroic material with robust magnetoelectric
coupling. It is of high interest that the ferroelectricity is out of plane, explained by the mechanism of P o S, x Sy,
in the generalized spin-current model. We propose that compressive strain can improve the Néel temperature
(from 31 to 63 K) as well as the electric polarization in terms of enhancing the supersuperexchange interaction for
this in-plane noncollinear 120°-ordered antiferromagnetic order. The spin spiral chirality can be flexibly switched
by a vertical electric field, that is, the polarization-chirality locking effect. It can be confirmed conclusively
that our findings deepen the understanding on the magnetoelectric physics, and open a different avenue for
magnetoelectric and magneto-optical applications based on 2D type-II multiferroic materials.
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I. INTRODUCTION

In recent years, we have witnessed the rapid development
of two-dimensional (2D) materials; the fundamental physics
in conventional materials have found their analogies in two
dimensions [1-4]. In particular, ferroicity with switchable
magnetic, polar, or elastic orders has also been validated in
materials in 2D form [5-8]. It is of high interest and great
importance that in multiferroic materials the coupled mag-
netism and polarization could be manipulated by external
field: magnetic field governs the electric polarization and
electric field regulates magnetic phase transition. It there-
fore refers to the fundamental magnetoelectric physics in 2D
systems and high-performance magnetoelectric and magneto-
optical applications [9—11]. It has to be noted that, however,
2D multiferroic materials with robust magnetoelectric cou-
pling are extremely rare; this is due to the inherent repulsion
between magnetism and polarization in the occupation of
metal d orbitals. In previous studies, some 2D multiferroics
with magnetoelectric coupling such as VOI,, TI,NO,, and
FeHfSe; were theoretically predicted [12—15], and extremely
rare examples have been experimentally verified. It has been
demonstrated experimentally that, for instance, CuCrP,S¢
nanosheet exhibits electric polarization and magnetic hystere-
sis loops [16]. In addition, the coexistence of ferrimagnetism
and ferroelectricity in Fe-doped «-In,Ses; and p-type SnSe
verifies their multiferroic feature [17,18]. In addition to mono-
layer (ML) cases, constructing ferroelectric/ferromagnetic
heterostructures is another way to obtain magnetoelectric
coupling properties. In 2023, a pioneering multiferroic het-
erostructure composed of 2D ferromagnetic Cr,Ge,Teg and
thin ferroelectric polymer was reported. In light of the in-
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terfacial multiferroic effect, the hysteresis loop of Cr,Ge,Teg
bilayer (BL) can be modulated by applying electric field [19].
It should be pointed that experimentally reported 2D mul-
tiferroics are just limited to the above-mentioned materials.
In these candidates, the magnetism and electric polarization
derive from different sources (i.e., type-I multiferroics), giv-
ing rise to rather weak magnetoelectric coupling and thus
severally limiting the practical applications.

In an alternative way, noncollinear magnetic structure can
also provide a promising possibility to achieve robust mag-
netoelectric coupling [20-23]. In general, the noncollinear
spin configurations arise from the magnetic exchange frus-
tration in triangular lattices, leading to distinct spin orders
in consideration of spin-orbit coupling (SOC); for instance,
proper-screw, cycloidal, and 120° (or Y-type) noncollinear
antiferromagnetic (AFM) orders [24-29]. The noncollinear
magnetic structure spontaneously breaks the spatial inver-
sion symmetry and time-reversal symmetry, and, therefore,
instigates nondisplacive electric polarization and a nonlinear
interaction between magnetism and polarization. In addition,
helical spin structure endows the material a new quantum
state, namely, the spin spiral chirality, which is the root for
the Hall effect sign change and can be switched [30-32].
The inherently coupled magnetism and ferroelectricity (type-
II multiferroicity) signifies large magnetoelectric effects.

Although type-II multiferroicity can exist in bulk materials
with noncollinear AFM state, it is extremely rare in 2D cases.
This is because these bulk structures cannot be thinned to
the 2D forms, and, additionally, reducing the thickness to
nanoscale will also alter the magnetic properties. In previous
investigations, very few examples of noncollinear spin order
induced ferroelectricity in 2D materials have been verified
for Hf,VC,F, and Nil, [33,34]. In these type-II multifer-
roic candidates, the induced electric polarization is however
in-plane, losing the opportunity to be electrically control-
lable. They also suffer from either small polarization or low
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critical temperature. In this view, therefore, it is fundamen-
tal in physics and interesting for applications to find new
2D type-II multiferroic materials with strong magnetoelectric
coupling, which is currently still a huge challenge.

In the present work, based on first-principles calculations,
we reveal that an out-of-plane ferroelectricity can be induced
by an in-plane noncollinear 120°-ordered AFM spin spiral
in MnRe,0g ML, conforming its promising type-II multi-
ferroicity and robust intrinsic magnetoelectric coupling. In
particular, the switchable polarization can be stabilized by the
presence of a band gap. In accordance to the geometry feature
of MnRe,0g ML, we propose that compressive strain can en-
hance the Néel temperature as well as the electric polarization
in terms of enhancing the supersuperexchange interaction. Be-
cause of the out-of-plane polarization, a vertical electric field
enables the switching of the spin spiral chirality, giving rise
to a polarization-chirality locking effect and realizing elec-
trically controllable magnetism. In addition, the pivotal role
of SOC is discussed. It thus can be confirmed conclusively
that MnRe,Og ML provides a promising platform for studying
the magnetoelectric physics in two dimensions, and offers
unprecedented opportunities for exploring the cutting-edge
devices in nanoscale.

II. COMPUTATIONAL METHODS

First-principles calculations were performed based on
the density functional theory (DFT) using the projector
augmented wave (PAW) method, as implemented in the Vi-
enna Ab Initio Simulation Package (VASP) [35,36]. For the
exchange-correlation functional, the generalized gradient ap-
proximation (GGA) in the form of Perdew-Burke-Ernzerhof
(PBE) was employed [37]. An effective Hubbard U = 4 eV
was added for Mn-3d orbitals, which were frequently used in
previous works [38,39]. The Monkhorst-Pack k-point meshes
of 11 x 11 x 1 and 7 x 7 x 1 were employed to sample the
two-dimensional (2D) Brillouin zone for the unit cell and
V3 x /3 x 1 supercell, respectively [40]. The energy cutoff
for the plane wave basis was set to 520 eV. A vacuum space
of larger than 15A was adopted to eliminate the adjacent
interactions. The lattice constant and the atomic positions
were fully optimized until the force on each atom was less
than —0.01eV/A and energy tolerance was smaller than 10>
eV. In addition, SOC was considered. In addition, the phonon
dispersion spectra of MnRe,Og MLs with different magnetic
structures were calculated by the PHONOPY code based on den-
sity functional perturbation theory to confirm the dynamical
stability [41], and the thermal stability was evaluated at 300
K by the ab initio molecular dynamics (AIMD) calculations.
In the light of the Heisenberg spin Hamiltonian model, Monte
Carlo (MC) simulations with the Metropolis algorithm were
performed on a 24 x 24 x 1 supercell for each temperature
to estimate the thermal dynamics of the magnetism in the
equilibrium state. In addition, specific heat capacity can be
calculated according to the dissipation-fluctuation theorem,
defined as C, = ((E?)—(E)?)/kgT?, with its peak point cor-
responding to the transition temperature [42]. In respect to
the MC simulations, the MCSOLVER package was used, and
the magnetic moment and specific heat were measured after

(b)
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FIG. 1. (a) Top and side views of the crystal structure of
MnRe,0g3 ML. (b) ReO, tetrahedra and MnQOg octahedra, and the
corresponding energy level diagram of Mn-3d orbitals under an
octahedral crystal field.

the system reaches the equilibrium state with at least 10°
simulation steps [43—45].

III. RESULTS AND DISCUSSION

In the 1990s, the anhydrous perrhenate MnRe,Og of lay-
ered crystal structure was successfully synthesized [46,47].
In bulk phase, MnRe,Og single layers are combined by weak
van der Waals (vdW) interactions with a comparable cleavage
energy to graphite, suggesting that the layered structure can
be easily thinned to the 2D form with great possibility [38].
In Fig. 1(a), MnRe,Og ML structure is presented. It can be
found that MnRe,Og ML is composed of seven atomic layers
arranged vertically as O-Re-O-Mn-O-Re-O with the space
group of P3_MI1. The 2D framework is connected by corner-
sharing ReOy tetrahedra and MnOg octahedra, as shown in
Fig. 1(b). In the middle atomic plane, Mn atoms form a
triangular lattice with the nearest-neighbor (NN) Mn-Mn dis-
tance being 5.89 10\, consistent with experimental results [47].
It is already widely known that the octahedral crystal field
categorizes Mn-3d orbitals into two groups: triply degenerate
Iyg states (dyy, dy;, anddy;) and doubly degenerate e, states
(dy>—y> and dj2), Fig. 1(b). In this view, the 3d orbitals of
Mn2" ion will be featured as a half occupation, which con-
sequently gives rise to a magnetic moment of 5 ug (high spin
state) and a total spin quantum number of 5/2. Furthermore,
the thermal stability of MnRe,Og ML is confirmed through
the AIMD results; see Fig. S1 of the Supplemental Material
[48].

In order to address the magnetic ground state for MnRe,Og
ML, spin configurations of collinear ferromagnetic (FM), an-
tiferromagnetic (AFM), down-up-up type FM (DUU FM),
and noncollinear 120°-rotated AFM (Y-AFM) are taken into
account [31]; see Figs. 2(a)-2(d). In Table S1 of the Supple-
mental Material [48], energy comparison between different
out-of-plane and in-plane magnetic structures indicates that
the magnetic ground state of MnRe,Og ML turns out to be in-
plane Y-AFM order, as in its bulk phase [38]. In Fig. S2 [48],
the phonon band structures of MnRe,Og ML with considered
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FIG. 2. (a) Out-of-plane collinear ferromagnetic (FM), (b) down-
up-up type FM (DUU FM), (c) antiferromagnetic (AFM), and in-
plane noncollinear 120°-rotated AFM (Y-AFM) order of MnRe,Og
ML with (d) outward and (e) inward spin spiral chirality. Two non-
collinear magnetic states are energetically degenerate. In FM, DUU
FM, and AFM configurations, spin directions are out of plane. (f)
Schematic of spin spiral induced electric polarization.

(d)

magnetic configurations confirm their dynamical stability. It
is of interest that the noncollinear Y-AFM order indicates
two energetically degenerate ground states with opposite spin
spiral chirality; see Fig. 2(e). In the light of identical magnetic
space group and crystal symmetry, two ground orders exhibit
the same electronic properties. In Fig. 2(f), the spin spiral
induced electric polarization is schematically shown.

As illustrated in Fig. S3 [48], the band structure of non-
collinear Y-AFM MnRe,0Og ML implies an indirect band gap
of 3.02 eV, thus avoiding the screening of the static internal
field generated by the long-range dipolar order of conductive
electrons and ensuring the polarization. The hybridization be-
tween Re-5d and Mn-3d orbitals effectively enhance the SOC,
thereby stabilizing the noncollinear Y-AFM order, though
Re-5d electrons do not contribute to the magnetism. For non-
collinear Y-AFM MnRe,0g ML, a spin spiral plane forms and
the chirality depends on the easy-magnetization plane.

It is of interest to note that for MnRe,Og ML the en-
ergy difference between magnetic states of consideration is
larger than that in the bulk case [38], indicating an elevated
Néel temperature. To unravel the temperature-dependent
magnetism of MnRe,Og ML, Monte Carlo simulations are
performed, and the Heisenberg spin Hamiltonian model is

H=— ZJIS[Sj - Z-]zsmsn —A Z (Slqb)z’
(i) (mn) i

where J; is the NN exchange interaction, J, is the next-
nearest-neighbor (NNN) exchange interaction; (ij) and (mn)
correspond to the NN and NNN Mn atoms, respectively; S
stands for the normalized spin operator; A is the magnetocrys-
talline anisotropy coefficient, and S?b is the spin momentum in
the ab plane. By comparing the energies of different magnetic
coupling states, J;, J», and A are calculated to be —2.33, 0.47,
and 0.32 meV, respectively. It can be seen that J; dominates
the noncollinear Y-AFM order. Accordingly, the Néel temper-
ature of MnRe,Og ML is estimated to be approximately 31 K,

(2) (®) Re 4f,,,
=31K
k=
o8 4 e [
- o J &
5 v A 2
o
& cice | @ o gz
04 K <4
= —> o S
®  Mag. Mom. per Mn Jy 4
®  Capacity per Mn
0.0
20 40 60
I (K)
(©) — (d) 6o
60 sl o Ya—cos(pye ng
. %\6 S %
= o E?
<
¥ 40 - P ¢ IR g 30
z @ ° & (%) =
& & ® o g
20 @ ;= € 1
—— —— o
€ —€ € & ay 0
3 4 0 4 8 i 0 4 8

& (%)

& (%)

FIG. 3. (a) Normalized magnetization and specific heat as a
function of temperature from Monte Carlo simulations. (b) Orbital
configurations related to supersuperexchange interactions. (c) Néel
temperature as a function of strain. Insets represent the dependence
of factor 4/A on strain, and the definition of relevant geometry param-
eters. (d) Electric polarization variation with respect to strain. Inset
indicates how the biaxial strain is applied on MnRe,Og ML.

as depicted in Fig. 3(a). It is higher than those of bulk multi-
ferroic materials with noncollinear Y-AFM and comparable to
that of synthesized VI, ML [34,49-51].

In principle, the exchange interactions between magnetic
cations at the octahedral center can be qualitatively described
by the orbital configurations of magnetic cations and nonmag-
netic bridging anions [52]. In Fig. 3(b), orbital configuration
for the local geometry of MnRe,Og ML is shown. In particu-
lar, MnOg octahedra and ReOQy tetrahedra are corner-oxygen
atom sharing, therefore, two pathways for the supersuperex-
change are available: (1) Mn**-0?~-0>-Mn?*, and (2)
Mn?*-0%"-Re’*-0% -Mn?*. In the case of path 1, AFM
exchange interaction is preferential. In path 2, due to the
splitting of Re-4 f orbitals under the tetrahedral crystal field,
the highest-energy f;,. orbital hybridizes with the 2p orbitals
of 0%~ ions as bridges, which also leads to the AFM order.
In comparison to path 1, path 2 contributes to a weaker AFM
exchange interaction due to the extra Re’* ion [53-55]. In Fi g.
S4 [48], charge density distribution clearly illustrates that path
1 is dominating, that is, the supersuperexchange AFM interac-
tion is achieved through the Mn*"-0?>~-0?~-Mn?* path. In
addition, the strong hybridization between Mn-d,._» and O-p
orbitals shown in the projected density of states (PDOS) also
confirms the exchange interaction mechanism. On the other
hand, the O>~-0?~ distance (2.9 A) is larger than a typical
vdW distance (i.e., 2.8 A), and the ZMn** -0 -0%~ (135°)
is smaller than 160°. In this situation, the supersuperexchange
interaction following path 1 is however not strong, which is
responsible for the low transition temperature [56].

In order to increase the Néel temperature, we therefore
propose an effective strategy for enhancing the AFM inter-
action through the Mn?*-0%~-0%>~-Mn>* path. In a sense,
the supersuperexchange interaction strength is governed by
the exchange integral J, which is determined by 4¢2/U, with
U and ¢ being the on-site Coulomb repulsion and orbital
overlap integral, respectively [55-57]. In particular, ¢ relies
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on the bond length between NN atoms. In this view, thus the
strength of AFM interaction could be quantitated by both the
bond angles and bond lengths. In accordance to Harrison’s
formula and its extension for the supersuperexchange [55,58],
one can find that ¢ is proportional to the factor /A. In particu-
lar, \/A = cos?(¢/2)/d>?, where d denotes the average bond
length of (2d; + d») and ¢ refers to the angle of ZO-Re-O. In
Fig. 3(c), the inset clearly shows the relationship between /A
and d and ¢, and its effectiveness was extensively confirmed
in previous works [59-62]. In other words, the magnitude of
the orbital overlap integral ¢ hinges upon the values of d and
0. It is therefore conceivable that biaxial compressive strain
along the a and b axis can reduce d and 6, then enhance ¢ and
strengthen the supersuperexchange interaction, and eventually
elevate the Néel temperature. In Fig. 3(c), the Néel tempera-
ture of MnRe,Og ML in Y-AFM state as a function of strain
e (from —8% to 8%) is shown. In particular, the strain is
defined as € = (%) x 100%, with [ and [y being the lattice
constants for strained and strain-free structures, respectively.
It can be observed that the Néel temperature reaches 63 K
under a compressive strain of —8%, twice the value of the
strain-free case. It is of also interest that the polarization
increases to 47.24 uC/m? under a strain of —8%, as shown
in Fig. 3(d). It therefore can be concluded that compressive
strain can effectively enhance the Néel temperature as well
as the polarization simultaneously for the type-II multiferroic
MHRezog ML.

In accordance to the results from the Berry phase method,
Y-AFM MnRe;0g ML gives rise to an electric polarization
of 0.03 pC/m. It corresponds to a value of 31.46 uC/m? in
bulk phase when considering its thickness of 6.74 A, which
is one order of magnitude larger than other noncollinear
magnetic materials such as Ba;MnNb,Oyg (3.45 uC/ m?) [23].
It must be pointed out that although the electric polariza-
tion of MnRe,Og ML is smaller than those of other 2D
ferroelectrics such as predicted honeycomb binary buckled
compounds (0.88 — 11.45pC/m) [63], Co,CF, (11.70 pC/m)
[64], and synthesized 1T"-ReS, (0.07 pC/m) [65], its origin
is conceptually different from these ferroelectrics. In gen-
eral, the electric polarization of type-II multiferroics is indeed
weaker than that of ordinary ferroelectrics [33,66]; however,
the nontrivial origin of ferroelectricity ensures an intrinsically
strong magnetoelectric coupling, a trait seldom found in other
multiferroics. In particular, the polarization is entirely derived
from the bias of electronic cloud because of the spatial in-
version symmetry, signifying the inherent coupling between
magnetism and electric polarization in MnRe,Og ML. The
energy of Y-AFM MnRe,0O3 ML with ab-plane spin spiral
is 0.32 meV/unit cell lower than that with ac/bc-plane spin
spiral. In this case, it implies that the spin spiral chirality
is perpendicular to the material basal plane. It should be
highlighted that the electric polarization is parallel to the spin
spiral chirality, which, therefore, provides the possibility to
switch the spin spiral chirality through an electric field. That
is, the magnetism can be electrically controlled.

In general, the electric polarization derived from paired
spins can be expressed as a bilinear function of the spin

component
o a Qi gl
P1,2—§ A7 15153,
ij

where « (= x, y, z) represents the polarization component
and i, j represents the spin components; A7; denotes the
magnetoelectric coupling coefficient determined by the local
symmetry of the bonds connecting spin pairs. In consideration
of spatial inversion symmetry and time-reversal symmetry, we
have Af; = —Af; and A{; = 0. As a result, the local electric

polarization is
Py =) 4,(518, - 5183)
ij

= A%, (Sa X Sp). + A%, (Sa X Sp)y + A% (Sa X Sp),.
where (S, x Sp), represents the o (= x, y, z) component of
the vector (S, x Sp). In cases My, = A%, My, = A7, and

.2 Z,X°

Py, = ZMaﬂ(Sa X Sp)p
B

can be rewritten as matrix product
Py 5 =M(S, x Sp),

where M, is the matrix element of M, and the 3 x 3 coeffi-
cient matrix M reads

M, O 0
0 M, M,
0 M, M,

In the case for MnRe,Og ML, we address M via the first-
principles calculations as

5.64 0 0
M=-| 0 5.64 0
0 0 6.82

x 107* €A.

It can be clearly seen that the magnetoelectric coupling
follows the antisymmetric mechanism P o S, x Sy, proposed
by Xiang et al. [67,68].

In Fig. 4(a), magnetic anisotropy energy (MAE) is shown
with the energy of the xy-plane (ab-plane) Y-AFM state set
to zero. It is obvious that MAE presents a dependence on
the rotation angle, and, therefore, the polarization exhibits a
robust coupling with the rotation angle. The MAE reaches
maximum 0.32 meV/unit cell when the spin spiral plane is
perpendicular to the xy plane (that is, the xz or yz plane). As
shown in Fig. 4(b), x- and z-direction polarization displays
sine and cosine modulation as a function of the rotation angle,
respectively. The x-direction polarization reaches the largest
26.06 uC/m? at 90°, and reverses at 270°. For the z-direction
polarization, it maximizes at 0° with a value of 31.46 uC/ m2,
and the polarization as well as the spin spiral chirality reverse
at 180°. In this view, the dependence of electric polarization
on rotation angle also elucidates that the magnetoelectric cou-
pling in MnRe,Og ML follows the antisymmetric mechanism
P < S, x Sp in the generalized spin-current model.
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FIG. 4. (a) MAE for MnRe,Og ML, the energy of the ab-plane
Y-AFM state is set to zero. Inset defines the rotation angle (6). (b)
Polarization in x and z direction as a function of 6. (c¢) Polarization
as a function of the strength of SOC (Asoc). Insets represent the
charge density differences between Y-AFM and FM states with Agoc
being 0 and 1. Red and blue regions indicate charge accumulation
and depletion, respectively. The isosurface is set as 5.0 x 107> e/A3.
(d) Energy difference between two degenerate Y-AFM states with
opposite spin spiral chirality under external electric field. Insets
represent the resultant spin spiral chirality and polarization under
external electric field.

In order to verify the crucial role of SOC in magnetoelec-
tric coupling, the relationship between electric polarization
and the strength of SOC (Asoc) is examined and the result
is shown in Fig. 4(c). It can be seen that the electric polar-
ization decreases monotonously as Asoc decreases, and the
noncollinear Y-AFM state fails to induce polarization when
Asoc = 0. It reveals a perfect linear relationship between
electric polarization and Agoc, with the coefficient of deter-
mination being 0.99. In the case Agoc = 0, as shown in the
insets to Fig. 4(c), the charge density difference between
the Y-AFM and FM states is symmetric. As Asoc = 1, the
charge redistribution turns out to be asymmetric, generating
the nondisplacive out-of-plane electric polarization.

It can be found from Fig. 4(d) that the degenerate Y-AFM
states with opposite spin spiral chirality can be lifted under an
external electric field. In the case where the external electric
field strength is 0.5 V/A, the energy difference can reach up to
1.24 meV/unit cell, and the spin spiral chirality direction is the
same as that of the field; see the insets to Fig. 4(d). It therefore
can be concluded that the external electric field can tune the
spin spiral induced electric polarization, and simultaneously
reverse the spin spiral chirality of the Y-AFM ground state. We
refer to this phenomenon as the polarization-chirality locking
effect. In this sense, for MnRe,Og ML the noncollinear mag-
netic state is electrically switchable, which is highly appealing
for practical applications. In closing, we conclude that type-II
multiferroic MnRe,Og ML implies fast response, low energy
consumption, and flexible magnetoelectric switching, signifi-
cantly broadening its applications in such as spintronics and
quantum memory.

It should be pointed out that MnRe,Og BL with Y-AFM
state also exhibits spin spiral order induced electric polar-
ization. In Fig. S5(a) [48], the structure of MnRe,Og BL
following the stacking pattern as in its bulk phase is shown.
In order to determine the magnetic ground state, interlayer
collinear FM and AFM states, noncollinear Y-AFM states
with the spin spiral chirality of each layer pointing upwards
(UU), downwards (DD), and in opposite direction (DU) are
taken into account. In accordance to our calculation results,
we find that the total energy of the UU state is 0, 0.11, 13.27,
and 13.14 meV/unit cell lower than those of the DD, DU, FM,
and AFM states, respectively. It indicates that the energeti-
cally degenerate UU and DD states are the magnetic ground
state of MnRe,Og BL. In this case, the out-of-plane electric
polarization is —0.05/0.05 pC/m for the UU/DD state.

In Fig. S5(b) [48], it can be observed that the induced
electric polarization displays a linear dependence on Asoc,
as in the ML case. It reveals that the origin of the electric
polarization in the BL structure is also the noncollinear spin
configuration. In addition, the polarization-chirality locking
effect also exists in MnRe;Og BL. It can be found from
Fig. S5(c) [48] that the energetic degeneracy of the UU and
DD states can be lifted by an external electric field. In the
case of applying a field of 0.5 V/A, for instance, the energy
difference between two states reaches 2.45 meV/unit cell, and
the direction of the spin spiral chirality in both monolayers
can be tuned to the same direction as the external electric
field. It therefore can be concluded that electrical control of
noncollinear magnetism can also be achieved in MnRe;Og
BL.

IV. CONCLUSIONS

In summary, MnRe,Og ML has been identified as a
type-1I multiferroic material with strong magnetoelectric cou-
pling, especially with an out-of-plane electric polarization of
31.46 uC/m?. It has been found that compressive strain can
strengthen the supersuperexchange interaction, leading to a
significantly increased Néel temperature (63 K under strain
of —8%). In addition, compressive strain can also increase the
polarization (e.g., 47.24 uC/m? as the strain is —8%). It is
of high interest and great importance that a vertical electric
field can modulate the spin spiral order induced electric polar-
ization and reverse the spin spiral chirality. In other words,
there is a polarization-chirality locking effect, realizing the
flexibly switchable magnetism through an electric field. It
therefore can be concluded that our results provide a platform
for investigating the magnetoelectric physics in 2D type-II
multiferroic materials and open a door for the development
of magnetoelectric and magneto-optical devices in nanoscale.
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