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Mechanically and electrically switchable triferroic altermagnet in a pentagonal FeO, monolayer
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Two-dimensional multiferroics promise low-power, multifunctional devices, yet the intrinsic coexistence and
mutual control of three coupled ferroic orders in a single layer remains elusive. Here, we identify pentagonal
monolayer FeO, as an intrinsic triferroic altermagnet where ferroelectric (FE), ferroelastic (FA), and altermag-
netic (AM) orders coexist and are tightly coupled, accompanied by a competing antiferroelectric (AFE) phase
using first-principles calculations. The sole presence of glide mirror M, symmetry in a FeO, sublayer, with the
breaking of fourfold rotation C4, symmetry, induces in-plane vector ferroelectricity and twin-related ferroelastic
strains. Both FE and AFE phases break combined parity-time symmetry and display sizable altermagnetic spin
splitting with Néel temperatures over 200 K. Electric-field induced rotation of the FE polarization reverses the
sign of the spin splitting, while in-plane uniaxial strain triggers ferroelastic switching that simultaneously rotates
the FE polarization vector by 90° and reverses the AM state. These electric-field- and strain-mediated pathways
interlink six distinct polarization states that can be selected purely by electric fields and/or mechanical strain.
This work extends intrinsic triferroicity to pentagonal monolayers and outlines a symmetry-based route toward
mechanically and electrically configurable altermagnetic spintronics.
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I. INTRODUCTION

The pursuit of two-dimensional (2D) intrinsic multiferroic
(MF) materials, characterized by the coexistence and cross
coupling of multiple ferroic orders, has been strongly mo-
tivated by their potential to realize mutual control among
multiple polarization states [1,2]. This capability is crucial for
developing minimized, low-power-consuming, nonvolatile,
and high-speed multifunctional devices [3]. While identify-
ing materials that simultaneously host coupled ferroic orders,
such as ferroelectricity (FE) and ferromagnetism (FM), re-
mains challenging [4], antiferromagnetic (AFM) orders are
frequently found to coexist and couple with other antiferroic
or ferroic states [5,6]. However, conventional AFM materials,
lacking net magnetization and spin-split bands, significantly
limit their application in information storage and processing
devices.

Altermagnetism (AM), a unconventional antiferromag-
netism discovered recently, addresses this limitation by
exhibiting distinct spin splitting in momentum space [7,8].
Altermagnetism arises from nonrelativistic spin-group sym-
metries [9], in which sublattices with opposite spins are
related by crystallographic rotation or mirror operations,
rather than by inversion or translation symmetry. This re-
sults in the breaking of combined parity-time (PT) symmetry
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or time-reversal-translation (Tt) symmetry. This intrinsic
spin splitting effectively provides spin polarization within
antiferromagnets, significantly broadening the search for mul-
tiferroic materials into the realm of AFM materials suitable
for device applications. Recently, studies have been demon-
strated that the sign of altermagnetic spin splitting (S = Eyp —
Eqown) can be reversed by switching ferroelectric polarization
in ferroelectric altermagnets [10-18]. Ferroelasticity (FA),
the mechanical analogue of FE and FM, enables significant
reversible shape changes with hysteresis. Remarkably, ferroe-
lastic domain switching can also invert the sign of S through
the altermagnetoelastic effect [19]. These recent advances
raise an intriguing question: can FE, FA, and AM intrinsically
coexist within the same 2D material? Such coexistence, if
realized, would enable nonvolatile and multistates switching
of altermagnetic properties using electric fields and/or me-
chanical strain.

Pentagonal 2D materials were first theoretically predicted
with the introduction of pentacarbon, a carbon allotrope [20].
Since then, numerous pentagonal 2D structures, exhibiting
significantly lower symmetry compared to traditional 2D
layers like graphene or 1T- or 2H-phase transition metal
dichalcogenides, have been identified in both nonmagnetic
and magnetic systems [21-23]. These pentagonal 2D layers
exhibit FE [24], piezoelectricity [25,26], or FA [27], aris-
ing primarily due to the absence of inversion symmetry or
pronounced lattice anisotropy. Experimental synthesis and
verification of stability have been achieved for several pen-
tagonal 2D materials, such as PdSe, [28,29], PdTe, [30], and
PdPSe [31], confirming their feasibility and thermal robust-
ness. These distinctive features make pentagonal 2D materials
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promising candidates for simultaneously hosting ferroelas-
tic and ferroelectric orders. A crucial remaining question is
thus whether any of these pentagonal 2D candidates can also
exhibit AM.

In this work, we theoretically predict the intrinsic co-
existence of AM, (anti)FE, and FA within a pentagonal
FeO, (p-FeO,) monolayer. Using density functional theory
(DFT) calculations, we found a FE and an antiferroelectric
(AFE) phase in the p-FeO, monolayer and further verified
their dynamic stability through phonon spectra calculations.
Subsequent symmetry analysis reveals that they both break
parity-time symmetry and exhibit pronounced altermagnetic
spin splitting, with theoretical magnetic transition tempera-
tures exceeding 200 K. Furthermore, we demonstrate that the
altermagnetic spin splitting can be tuned via in-plane polar-
ization switching, sublayer displacement, and strain-induced
lattice anisotropy. This lattice anisotropy, combined with ap-
plied in-plane strain, establishes FA, enabling reorientation
of polarization directions and consequently reversing the sign
of altermagnetic spin splitting. These intertwined polarization
states result in six distinct, electrically and/or mechanically
switchable polarization configurations of the p-FeO, mono-
layer. Our findings expand the family of 2D intrinsic triferroic
materials and highlight pentagonal 2D layers as promising
candidates for further multifunctional device design.

II. METHODOLOGY

Our density functional theory (DFT) calculations were car-
ried out using the generalized gradient approximation for the
exchange-correlation potential [32], the projector augmented
wave method [33], and a plane-wave basis set as implemented
in the Vienna ab initio simulation package (VASP) [34,35]. In
all calculations, the Grimme’s D3 form vdW correction was
applied to the Perdew Burke Ernzerhof (PBE) exchange func-
tional (PBE-D3) [36]. Kinetic energy cutoffs of 700 eV and
500 eV for the plane wave basis set were used in structural re-
laxations and electronic calculations, respectively. All atomic
positions and lattices were fully relaxed until the residual
force per atom was less than 0.01eV/A. An 8x8x 1k mesh
was adopted to sample the Brillouin zone. A vacuum layer,
over 15A in thickness, was used to reduce interactions among
image slabs. On-site Coulomb interactions on the Fe (effective
U =3.0 eV) d orbitals were considered using a DFT4+U
method [37]. Phonon spectrums were calculated using the
density functional perturbation theory, as implemented in the
PHONOPY code [38]. In phonon spectra calculations, the
dispersion correction was made at the van der Waals density
functional (vdW-DF) level [39] with the optB86b functional
for the exchange potential (optB86b-vdW) [40]. The electric
polarizations were derived using the Berry phase method [41].
The value of polarization is obtained by calculating the dif-
ference between the +P state and the —P state, as expressed
by P = HJ*T(*P). The multiferroic transition barrier was esti-
mated by using the nudged elastic band method [42].

III. RESULTS AND DISCUSSION

A p-FeO, monolayer contains two sublayers. Each sub-
layer consists of a layer of magnetic atom sandwiched

between two oxygen layers, as shown in Figs. 1(a) and 1(b).
Two sublayers covalently bond to each other [Figs. 1(c)-1(f)],
adopting a structure analogous to that of PdSe, [28,29] and
VTe, [43]. Each sublayer only preserves a mirror symmetry
operation {M,|(0, 1/2, 0)} [pink line in Fig. 1(a)], imply-
ing the possibility of spontaneous electric polarization along
either the y or z axis. Stacking the two sublayers into a
monolayer with space group Pca2; (No. 29) gives rise to a
glide mirror symmetry operation {M.|(1/2, 0, 0)}. This op-
eration eliminates likely electric polarization along the z axis,
but preserves the electric polarization directions of the two
sublayers being parallel along the y axis, thereby resulting
in a FE phase [Figs. 1(c) and 1(d)]. The FE-phase mono-
layer exhibits a spontaneous in-plane polarization of P, =
12.5uC/cm? along the y axis. This value is comparable to
those theoretically predicted for prominent 2D ferroelectrics,
such as SnTe (22 uC/cmz) [44], GeTe (32.8 uC/cmZ) [45],
and CuCrSe; (19 uC/cm?) [46]. Lateral shifts of the two Fe
atoms in the top sublayer of the FE phase, together with the
corresponding relaxations of adjacent O atom, form of an
AFE structure. This structure belongs to space group P2;/c
(No. 14), exhibiting inversion symmetry [Figs. 1(e) and 1(f)].
Consequently, the polarizations of the two sublayers are oppo-
sitely aligned and cancel each other, with the bottom sublayer
carrying a polarization of (0, 8.8, —0.9) uC/cm?.

By evaluating four different magnetic configurations for
the FE p-FeO, monolayer (Fig. S1 [47]), we found that the
AFM1 configuration [Figs. 1(c) and 1(d)] is at least 10 meV/
Fe more stable than any other configurations. In this magnetic
configuration, the optimized lattice constants are a =4.49 A
and b = 4.83 A. Nevertheless, the atomic displacements asso-
ciated with the transition from the FE to AFE phase alter the
lowest energy magnetic configuration from AFM1 [Figs. 1(c)
and 1(d)] to AFM2 [Figs. 1(e) and 1(f), Fig. S2 [47]], ex-
hibiting a shrunken a = 4.35 A and an expanded b = 5.04 A.
Magnetic anisotropy mapping reveals that the easy axis of
magnetization in both phases is oriented along the z axis
(Fig. S3 [47]), with single-ion anisotropy energies of 0.29
meV/Fe for the FE phase and 0.35 meV/Fe for the AFE
phase. An anisotropic Heisenberg model that includes the
first-, second-, third-, and fourth-nearest couplings and the
single-ion anisotropy was employed in Metropolis Monte
Carlo simulations to estimate the magnetic transition temper-
atures (Fig. S4 and Supplemental Material Notes [47]). The
estimated Néel temperatures are 230 and 202 K for the FE and
AFE phases, respectively. Phonon dispersion calculations and
ab initio molecular dynamics simulations confirm the dy-
namic and thermal stability of the both phases (Fig. S5
[47]). The two sublattices with opposite spins in both the
FE and AFE phase are related by a mirror operation and
a twofold rotation. They share the same mirror symmetry
{M,|(1/2, 1/2, 0)}, as indicated by the pink lines marked
in Figs. 1(c) and 1(e), but differ in their rotational op-
erations, namely {C,,|(0, 1/2, 0)} for FE [red arrow in
Fig. 1(d)] and {C,|(1/2, 1/2, 0)} for AFE [red arrows in
Fig 1(e)]. The fact that the opposite spins are connected
exclusively by C, rotations and the M, mirror operation
indicate that the joint parity and time (P-T) symmetry is bro-
ken in both phases, resulting in altermagnetic spin splitting
states.
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FIG. 1. (a) Top and (b) side views of one sublayer of p-FeO, monolayer. (c) Top and (d) side views of p-FeO, monolayer in the FE phase.
The black arrow denotes the direction of polarization. (e) Top and (f) side views of p-FeO, monolayer in the AFE phase. The pink lines and
red arrows illustrate mirror symmetry and rotation symmetry, respectively. The red dot denotes the inversion center.

The band structure of the FE p-FeO, monolayer [Fig. 2(a)]
exhibits pronounced spin splitting of several hundred meV in
path M-I"-M’, along with a band gap of 0.51 eV, identifying
the monolayer as an altermagnetic semiconductor. Explicit
spin splitting also presents in the bandstructures of the AFE
p-FeO, monolayer, especially in the valence bands, accom-
panying with a direct bandgap of 0.42 eV [Fig. 2(b)]. We
introduce Sgg = Ele — EJ; to denote the spin splitting char-
acteristics along the I'-M path for the second conduction band
[CBM +1, black arrow in Fig. 2(a)] in the FE phase. Similarly,
we define Sapg = EIIFE — EXFE to describe the spin splitting
along the I"'-M path for the valence band maximum (VBM) in
the AFE phase, as indicated by the black arrow in Fig. 2(b). In
either phase, the distribution of Sgg or Sapg is fourfold and ex-
hibit a C,, rotation symmetry (Fig. S6 [47]). The spin-splitting
mappings reveal maximum values of ~396 meV in the FE
phase and ~230 meV in the AFE phase. Although smaller
than those of certain 2D altermagnets with piezomagnetism
(~1 eV) [48,49], these values exceed or are comparable to
those reported for RuF, (~240 meV) [50] and other 2D al-
termagnets [51-55]. When Sgg or Sagg is positive (negative),
the first Brillouin zone (BZ) region containing path I'-M (gray
dashed line) is colored orange or pink (green or blue) in the
inset of Figs. 2(a) or 2(b).

As stacking of two sublayers modulates the in-plane fer-
roelectric polarization, the monolayer exhibits three distinct
polarization (P) states: +P,, 0, and —P, [Fig. 2(d)]. These
three electric polarization states are associated with two types
of altermagnetic bandstructures shown in Figs. 2(a) and 2(b).
The switching of P, accompanies a magnetic transition from
AFM1 to AFM2. However, NEB calculations cannot deter-
mine the occurring geometry for the magnetic transition.
Thus, both magnetic configurations were considered in two
separate NEB calculations for estimating the switching barrier
and pathway, which yield comparable results. As indicated

by Fig. 2(d), the AFE phase is energetically more favor-
able, with a transition barrier of 168 meV/f.u. (33 meV/f.u.)
from the AFE (FE) to the FE (AFE) phase in the AFM-2
(AFM-1) configuration. During the ferroelectric phase tran-
sition (Fig. S7 [47]), the bottom sublayer largely retains its
relative positions, while the top-sublayer atoms undergo pro-
nounced in-plane displacements. The relative displacements
of the top sublayers between the FE and AFE phases are
presented in Fig. 2(e).These barriers are slightly smaller than,
but comparable to, those of monolayer CuWP,S¢ [0.33 eV/f.u.
(0.15 eV/f.u.)], in which the AFE phase also exhibits better
stability than the FE phase [11]. Notably, the spin splitting
also reverses in response to the flipped electric polarization
direction [Fig. 2(c)], which can be triggered by external elec-
tric fields. Accordingly, the three polarization states can be
represented as (+P,, +Sgg) [Fig. 2(c) left], (0,4-Sarge), and
(—P,, —Sgr) [Fig. 2(c) right].

Although the AFE phase is energetically favorable in the
freestanding case, in-plane epitaxial strain can effectively
engineer the relative stability of the FE and AFE phases
(Fig. S8 [47]). The in-plane strain can even stabilize the p-
FeO, monolayer relative to the experimentally synthesized
1T-FeO, [56], as discussed in detail in Fig. S9 [47]. The
p-FeO, monolayer could potentially be synthesized through
substrate-assisted growth, controlled oxidation of iron pre-
cursors, or other strategies employed in synthesizing other
pentagonal 2D materials [30].

The AFE-FE transition aside, the in-plane lattice
anisotropy within either the FE or AFE phase indicates
potential FA. The optimized lattice constants of a = 4.49 A
and b=4.83A for the FE phase and a =4.35A and
b=5.04A for the AFE phase yield reversible ferroelastic
strains & = (|b|/]a] — 1)x100%) of -+epg=7.6% and
+eare = 15.9%. These values are comparable to those of
other 2D ferroelastic materials, like 6.6% in GeSe and 17.8%
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FIG. 2. (a), (b) Band structure of the p-FeO, in the (a) FE phase and (b) AFE phase. The illustration shows the high-symmetry path and
spin splitting symmetry in the Brillouin zone. The orange regions represent the distribution of spin splitting values in the FE phase, denoted as
+Sge, while the green regions indicate the opposite distribution, denoted as —Sgg. In the AFE phase, the distributions +Sarg and —Sapg are
represented by pink and blue regions, respectively. (c) Band structures of FE p-FeO, under different polarization directions. (d) Ferroelectric
transition barriers between AM+FE and AM+AFE states. The pink curve illustrates the transition pathway where the AFM1 configuration was
set initially, while the blue curve indicates the pathway where AFM2 was initially set in all images along the path. (e) The schematic diagram
illustrates the relative displacements between the top sublayers in the FE and AFE phases, where the red arrows indicate the displacement
of Fe atoms and the black arrows represent the displacement of O atoms. Lighter-colored balls represent atoms in the top sublayer in the FE
phase, whereas darker-colored balls correspond to atoms in the top sublayer in the AFE phase.

in GeS [57]. As a feature of FA, the sign of these values
is tunable by applied in-plane strains. We replotted atomic
structure shown in Fig. 1(c) and presented it in Fig. 3(a), in
which electric polarization vector orients along the positive y
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direction (+P,) and the FA strain egg is also positive (+&fg).
The associated BZ of this structure was plotted in Fig. 3(b)
where the red arrow represents the electric polarization
direction in real space.

(f)

(+P,, +Sge, +Ee€)

(+Py,-Seg, ~€re)

1.5
1.0 1
sosl X7 || X/
L ——$spin up
5 spin down
u 0.0 7 | N
v Z\y 7™"\\
MZANNZAS
Q//\<\/\/ O e
_1 0 ;\\\ 4 /\ \L
M r M M r M'

FIG. 3. (a) Top view of FE p-FeO, in the (+P,, +&gg) state. (b) The spin splitting symmetry in the Brillouin zone in the (4+P,, +¢earr)
state. The red arrows in the Brillouin zone denote the polarization directions. (c) Top view of FE p-FeO, in the (+P,, —¢gg) state. (d) The spin
splitting symmetry in the Brillouin zone in the (4P,, —¢epg) state. () Ferroelastic transition barriers of FE p-FeO, states. (f) Band structures of

FE p-FeO, monolayer under different ferroelastic states.
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Under a uniaxial compressive strain applied along the y
axis, the FE p-FeO, monolayer undergoes a ferroelastic de-
formation that interchanges its lattice constants to a = 4.83 A
and b = 4.49 A, yielding a FA strain of —epg = —7.0%, as
depicted in Fig. 3(c). The resultant lattice reshaping drives
a concerted atomic displacement, rotating the spontaneous
in-plane electric polarization by 90°. The polarization vec-
tor now points to the positive x direction, as illustrated by
the red arrow showing with the BZ schematic in Fig. 3(d).
This 90° rotation of the polarization vector exemplifies in-
plane vector ferroelectricity, induced by the loss of the
fourfold and twofold rotational symmetries about the z axis
(denoted operation C4, and Cj;). This loss of rotation axis
induced in-plane polarization is analogous to the recently re-
ported 120° vector switching that follows the loss of threefold
rotation about z (operation C3;) in monolayer VCl; [58,59].
Because both the ferroelastic and vector ferroelectric order
parameters originate from the same Cs, symmetry breaking,
the p-FeO, monolayer is a directly coupled FE-FA multi-
ferroic. The symmetry driven coupling mechanism described
here can be extended to other 2D materials where C;; or
Cg, rotation symmetries are likewise lifted. The mentioned
monolayer VCl3, with its broken C;, symmetry, provides a
concrete example.

The FA deformation surmounts an energy barrier of
366 meV/atom [Fig. 3(e)], which is among those of typical 2D
ferroelastic materials, like black phosphorus (200 meV/atom)
[57], AgO (400 meV/atom) [60], MnNF (336 meV/atom)
[61], and BPs (336 meV/atom) [62]. A similar switching is
also observed in the AFE phase (Fig. S10 [47]). In addition
to the rotation of the in-plane electric polarization direction
from 4y to +x, the FA switching also induces a reversal of
the spin splitting. This reversal is reflected by the changed
color of the 1/4 BZ marked with a dashed line, as compared
between Figs. 3(b) and 3(d), and the band structures plotted
in Fig. 3(f). This switching is analogous to a 90° rotation of
the BZ around the z axis, as illustrated by Figs. 3(b) and 3(d).
Therefore, the applied strain gives rise to two coupled states,
namely (+P,, +Sgg, +epg) and (+P;, —Sgg, —epg), Which
are interrelated through ferroelastic switching, ferroelectric
polarization rotation, and spin splitting reversal.

Considering the interplay among multiple ferroic orders
in monolayer p-FeO,, six distinct states (four FE and two
AFE states) can be interconverted via external electric fields
or strain, as illustrated in Fig. 4. As polarization P are related
to the combination of Sgg and epg, only four distinct states
are independent in the FE phase, with no additional states
emerging, which highlights an intrinsic coupling among P,
Sre, and epg order. The Spg and epg are uniquely determined
for each polarization direction. Any change in Sgg or egg will
necessarily affect the polarization direction, while altering the
polarization direction will inevitably modify the correspond-
ing Sgg or epg order parameters. The two AFE states exhibit
opposite altermagnetic spin splitting (Sarg, blue solid arrow in
Fig. 4), which can be reversed by the FA switching triggered
by external in-plane strain either along the x or y direction.
Given different lattice constants of the FE and AFE phases,
in-plane strain can transform the AFE phase to the FE phase
(Fig. S8 [47]), inducing substantial in-plane electric polar-
ization in four configurations, as marked by the pink solid

(-Py | -Sre, +ere) (+Py | +Sgg,+&re)

K, J W N
L'T A& (0,+Spre, +eare) ,’
<(\\\\ ‘ //,/ ,/
Y S
%N
Strain

LN +P, | -Sgg,-€
) N (+P | FE/ FE)
N Yy
\ Y
(0,-Sare,-€arE) 7

E-Field

FIG. 4. Six distinct polarization states emerge from the coupling
of multiple ferroic orders in the FE and AFE phases, with reversible
transitions controllable via external strain or electric field. Solid
and dashed arrows denote strain-induced and electric-field-induced
switching between states, respectively. Arrow colors distinguish dif-
ferent types of transitions. Colors inside the Brillouin zones follows
the same conventions as in Figs. 2(a) and 2(b).

arrows. For instance, a compressive strain along y transform
the (0, +Sare, +€are) state to (—P,| — Sgg, +¢erg) or (+P,| +
Sre, +€rg), in which the electric polarization direction is
undetermined (—P, or +P,) under zero electric field. In-
plane electric field can more directly and determinedly switch
among these states. Starting from the (0, +Sapg, +€AFE)
state again, the structure switches to (+P| + Srg, +¢erg) or
(=Py| — Sre, +¢ere) under a positive or negative y-direction
electric field (purple dashed arrows in Fig. 4), respectively.
An x-direction electric field can transform the initial state into
(+P;|-Srg, —€rg) or (—P;| + Sgg, —¢rg). For those four FE
states, in-plane strain solely switches between two distinct
ferroelastic states, yielding switchable AM spin splitting and
reorientation of electric polarization (green solid arrows in
Fig. 4). Moreover, in each group of the same ferroelastic
state, the two opposite polarization directions are interrelated
through electric-field-induced switching (gray dashed arrows
in Fig. 4), accompanied by spin splitting reversal. In short,
the AM, FE (AFE), and FA coexist and tightly couple to each
other in the p-FeO, monolayer, leading to six states highly
tunable by electric fields and strain.

IV. CONCLUSION

In summary, we have theoretically demonstrated intrinsic
coexistence of altermagnetic, (anti)ferroelectric, and fer-
roelastic orders within pentagonal monolayer FeO,. Our
first-principles calculations reveal two dynamically and ther-
modynamically stable electrically polarized phases, namely
a FE and an AFE phase, exhibiting exceeding 200 K.
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Remarkably, we found that the spin splitting in both phases
can be effectively modulated and reversed through ferro-
electric polarization switching and/or ferroelastic deformation
induced by external electric fields and/or mechanical strain.
Moreover, ferroelastic deformation can also directly reori-
ent the ferroelectric polarization vector, providing a purely
mechanical means to precisely control ferroelectric polar-
ization directions. These interplays give rise to six distinct
and switchable polarized states, characterized by the cou-
pled electric polarization direction, ferroelastic strain, and
altermagnetic spin splitting configuration. We also considered
extensions of this structural paradigm to other transition-metal
elements, like V, Cr, Mn, Co, and Ni. Although the coupled
FE and FA persist, the magnetic order varies (Fig. S11 [47]),
highlighting the unique altermagnetic nature of FeO,. Our
findings not only enrich the landscape of two-dimensional
multiferroic materials but also provide promising avenues for
designing future multifunctional devices exploiting couplings
among mechanical, electrical, and magnetic degrees of free-
dom [63,64].

Note added. Recently, we became aware of recent reports
on ferroelectric altermagnets [63] and ferroelastic altermag-
nets [64]. We regard these studies as complementary to our

work, which investigates the coupling between ferroelectricity
and ferroelasticity within altermagnets.
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