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Despite great fundamental and technological importance, triferroic multiferroics are still substantially
unexplored, especially their semiconducting characteristics. Here, we propose a design principle for
achieving semiconducting triferroic multiferroicity in a bilayer lattice by utilizing van der Waals stack-
ing as a perturbation. We further demonstrate this principle in a real material: bilayer 7'-TiBr,. Based on
first-principles calculations, we show that bilayer 77-TiBr, exhibits semiconducting and antiferromagnetic
properties. Additionally, its crystal symmetry gives rise to 120° ferroelasticity, and interlayer charge redis-
tribution leads to an out-of-plane electric polarization, thereby realizing the intriguing semiconducting
triferroicity. Furthermore, this system is predicted to possess several extraordinary properties, including
ferroelastic control of the magnetization orientation and ferroelectric control of the absolute values of

spin-polarization-density distributions.
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I. INTRODUCTION

Multiferroics, which exhibit more than one primary
ferroic ordering, have attracted broad interest in recent
decades. They not only provide a vigorous platform for
discovering fundamental phenomena in condensed-matter
physics [1,2], but also have transformative technologi-
cal potential in nonvolatile memories [3]. There are two
essential ingredients for realizing multiferroics. One is
time-reversal (7) symmetry breaking, which allows for the
existence of magnetic order [4]. The other is spatial ()
symmetry breaking, which can induce ferroelastic or fer-
roelectric order [5—10]. As these individual characteristic
ferroic orders have different physical origins, integrating
them in a single-phase multiferroic material is a partic-
ularly challenging task [5,6,11]. For example, magnetic
order mainly arises from atoms with partially filled d or f
orbitals [5,12,13], while ferroelectricity normally requires
the presence of empty d or f orbitals [14,15]. Addi-
tionally, ferroelastic and ferroelectric order necessitates
different stringent forms of S-symmetry-breaking forms,
which often lead to their inherent exclusion [16]. Conse-
quently, despite numerous efforts in multiferroic research,
the development of single-phase multiferroic materials,
especially in two-dimensional (2D) lattices, remains rare
to date.
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So far, several generations of multiferroics have
been theoretically predicated or experimentally confirmed
[5,17-21]. Typical examples include (anti)ferromagnetic-
ferroelectricity [22—25], (anti)ferromagnetic-ferroelasticity
[26], and ferroelasticity-ferroelectricity [16,21,27,28].
Compared to these conventional multiferroics, trifer-
roic multiferroics, in which three ferroic properties
[i.e., (anti)ferromagnetic, ferroelastic, and ferroelectric
orders] coexist in a single phase, are more desired for
both fundamental research and device applications because
they could further enhance data-storage density and field-
manipulation efficiency [5,6,29]. Though highly valu-
able, as the conventional multiferroics are rare themselves
[15,30,31], triferroic multiferroics are naturally scarce. In
this sense, in three-dimensional systems, only the con-
cept of triferroicity is proposed, while its material real-
ization 1is still absent [23,32]. In addition, only a few
studies have reported 2D materials with triferroic mul-
tiferroics [5,29,33], almost all of which exhibit metallic
character (including in Ref. [30]). Actually, semiconduct-
ing triferroic multiferroics in 2D lattices remain largely
unexplored, presenting an outstanding challenge for the
future development of 2D multiferroics.

Recently, sliding ferroelectricity in 2D van der Waals
crystals was theoretically proposed [34,35] and experi-
mentally confirmed [36,37], wherein appropriate van der
Waals stacking could break the inversion symmetry and
result in ferroelectricity [29,38]. In this study, we suggest
a mechanism for achieving semiconducting triferroic
multiferroicity in a bilayer lattice by utilizing van der
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Waals stacking as a perturbation, and we further demon-
strate this mechanism in a real material: bilayer 7’-TiBr,. It
should be noted that WTe,, with a similar structure, is syn-
thesized in experiments [39,40]. Based on first-principles
calculations, we show that bilayer 7'-TiBr, exhibits semi-
conducting and antiferromagnetic characteristics. More-
over, we show that it possesses 120° ferroelasticity due
to its particular crystal symmetry, and it also exhibits
out-of-plane electric polarization, resulting from interlayer
charge redistribution, thereby generating the long-sought-
after semiconducting triferroicity. We further reveal that
such a system could display many extraordinary prop-
erties, e.g., the ferroelastic control of magnetization and
orientation and ferroelectric control of the absolute values
of spin-polarization-density distributions, p (o = p, — pi,
where p, and p; correspond to the spin-charge densities
of upper and lower layers, respectively.). These findings
open a paradigm for realizing semiconducting triferroic
multiferroicity in a 2D lattice.

II. COMPUTATIONAL METHODS

Our first-principles calculations are performed within
density-functional theory (DFT), as implemented in the
Vienna ab initio simulation package [41]. The exchange-
correlation functional is described within the generalized
gradient approximation (GGA) in the form of the Perdew-
Burke-Ernzerhof functional [42,43]. The cutoff energy is
set to 500 eV. Grimme’s DFT-D3 method [44] is employed
to describe the van der Waals interaction. To describe
the strong correlations of Ti 3d electrons, the GGA + U
method is adopted with the effective Hubbard, Uy =3 eV
[45]. The GGA + U method is used in electronic structure
and band-structure calculations. The convergence criteria
for energy and force are set to 1075 eV and 0.01 eV/A,
respectively. The Brillouin zone is sampled using the
Monkhorst-Pack scheme of 5 x 3 x 1 [46]. A vacuum of
about 30 A is adopted to eliminate interactions between
adjacent layers. Following previous works [47,48], dipole-
moment correction is employed to evaluate the verti-
cal electric polarization, and the ferroelastic-ferroelectric
switching pathway is obtained by using the nudged elastic
band (NEB) method [49]. The phonon spectra are calcu-
lated based on density-functional perturbation theory using
the PHONOPY program [50]. 4b initio molecular dynamics
(AIMD) simulations are performed with a 2 x 2 x 1 super-
cell at 300 K for 1 ps with a time step of 5 fs using the NVT
ensemble [51].

II1. RESULTS AND DISCUSSION

There is inherent exclusion between different traditional
ferroics [5,12—15]. To overcome this challenge, the idea
we propose here is to introduce van der Waals stacking as
a perturbation to create ferroelectric order, such as sliding
ferroelectricity. Sliding ferroelectricity is engineered by

artificially stacking nonpolar 2D materials, wherein elec-
tric polarization arises from the subtle interplay between
interlayer charge redistribution and ionic displacement
[29]. Importantly, unlike traditional ferroelectricity, slid-
ing ferroelectricity eliminates inherent exclusion with
magnetism. Moreover, sliding ferroelectricity significantly
expands the range of 2D ferroelectrics from a few mate-
rials with strict symmetry requirements to a large family
of 2D materials, thereby overcoming the limitations posed
by the symmetry of ferroelasticity. Based on this concept,
we can start with a 2D magnetic semiconductor exhibit-
ing ferroelasticity and then stack two layers together to
form a bilayer lattice. By further introducing nonequiva-
lence into the structure using van der Waals stacking as
a perturbation to break the balance of charge distribution,
electric polarization can be induced. It is worth noting that
magnetism and ferroelasticity can exhibit some robustness
against such external perturbations. Therefore, the emer-
gence of semiconducting triferroic multiferroics in a 2D
lattice can be expected.

One candidate system to demonstrate this mechanism
for realizing semiconducting triferroic multiferroics is
T'-TiBr,. Bulk 7'-TiBr, has been synthesized in exper-
iments [52] and it exhibits a layered structure. Such a
layered structure would facilitate the exfoliation of mono-
layer and bilayer 7"-TiBr,. Figure 1(a) illustrates the crys-
tal structure of monolayer T’-TiBr;. It exhibits a tetragonal
lattice with the P2,/m space group. Each unit cell contains
two Ti and four Br atoms. The lattice constants are opti-
mized to be a=3.434 A and b=6.218 A. As shown in
Fig. 1(a), monolayer 7'-TiBr, has mirror symmetry, M,,
and a twofold rotational symmetry axis, C,,. Considering
the fact that I=M,C,, or Cy,M,, it possesses inversion
symmetry. For bilayer 7-TiBr, exfoliated from its bulk
counterpart, as shown in Fig. 1(d), the lower layer is super-
imposed onto the upper layer with the operation M,.(x, y, 0)
10, by, co), where by =3.76 A and ¢y =6.69 A. Appar-
ently, the axis of twofold rotational symmetry vanishes,
while the mirror symmetry is preserved. This results in the
absence of inversion symmetry in bilayer 7'-TiBr;. As we
discuss later, this feature gives rise to sliding ferroelectric-
ity. The lattice constants of bilayer 7'-TiBr, are optimized
to be a=3.415 A and b =6.176 A. The exfoliation energy
of bilayer 7'-TiBr; is calculated to be 0.307 J/m? (as shown
in Fig. S1 within the Supplemental Material) [53], which
is comparable with that of graphene (0.37 J/m?) [54].
This ensures that bilayer TiBr, can readily be exfoliated
from the existing bulk via mechanical or liquid exfoliation
[55]. Our phonon-spectrum calculations and molecular
dynamics simulations show that bilayer T’-TiBr; is both
thermally and dynamically stable (for more information,
please see Note 1 within the Supplemental Material) [53].
It should be noted that the properties of bilayer systems
might depend on the stacking patterns. Therefore, in addi-
tion to the stacking pattern corresponding to the bulk, we
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also consider other stacking patterns of bilayer 7-TiBr,
(see Note 2 within the Supplemental Material) [53]. These
patterns, however, are all disadvantageous in energy com-
pared with the one corresponding to the bulk, which is
excluded in the following discussion.

The valence electronic configuration of Ti is 3d’4s?.
In bilayer T'-TiBr,, by donating two valence electrons
to neighboring Br atoms, two valence electrons are left
on the Ti atom, resulting in a valence electronic config-
uration of 3d?4s°. As shown in Fig. 1(c), each Ti atom
coordinates with six Br atoms, and there are four types of
Ti—Br bonds, i.e., /1, [, I5, and /4. This forms a distorted
octahedral structure with shared edges. It is known that
in an octahedral coordination environment, the d orbitals
would split into e, and f#,, orbitals. Considering distor-
tion of the octahedral geometry, the degeneration of e, and
t, orbitals would be slightly deformed, resulting in two
groups of roughly degenerate d orbitals: e, (d,2_2, d.2)
and ty, (dyy, d,=, d,-), as shown in Fig. 2(a). In this regard,
the two remaining valence electrons of the Ti atom will
partially occupy the #,, orbitals, resulting in a magnetic
moment of 2 ug. Our first-principles calculations indeed
show that bilayer 7'-TiBr; is spin polarized. And the mag-
netic moment is calculated to be 2.00 up per formula unit,
mainly localized on Ti atom (1.88 up).

We then investigate the magnetic ground state of bilayer
T'-TiBr,. As shown in Fig. S8(a) within the Supplemen-
tal Material, we consider six magnetic configurations [53].
The corresponding results are summarized in Table S1
within the Supplemental Material, from which we can see
that AFM-4 is the magnetic ground state of monolayer
T'-TiBr, [53]. To further determine interlayer magnetic
coupling in bilayer 7’-TiBr,, we consider two mag-
netic configurations with interlayer ferromagnetic coupling
and interlayer antiferromagnetic coupling, respectively, as
shown in Fig. S8(b) within the Supplemental Material [53].

We find that the interlayer antiferromagnetic configura-
tion is energetically more stable than the ferromagnetic
configuration. We come to the conclusion that the antifer-
romagnetic configuration is energetically more stable than
the ferromagnetic configuration. In addition, we also con-
sider the noncollinear magnetic configurations. As shown
in Fig. S9 within the Supplemental Material, these non-
collinear magnetic configurations have higher energy than
the ground-state collinear antiferromagnetic (AFM) state
[53]. The Néel temperature is calculated to be 82 K (Note
3 within the Supplemental Material) [53]. Furthermore,
we also investigate the magnetic ground configuration of
bulk 7"-TiBr, by considering different magnetic configura-
tions and find that its magnetic ground state is the same as
bilayer 7"-TiBr, (Fig. S11 within the Supplemental Mate-
rial) [53]. Figure 2(b) shows the band structure of bilayer
T'-TiBr, in the magnetic ground state. Clearly, it exhibits
semiconducting character with an indirect band gap of
0.73 eV, with the valence-band maximum located at the X
point and the conduction-band minimum located at the I"
point. Therefore, bilayer 7-TiBr; is an antiferromagnetic
semiconductor.

We also calculate the magnetic anisotropic energy
(MAE) of bilayer 7"-TiBr; as a function of polar angle ®
() in the a-b (b-c) plane. As shown in Figs. 2(c) and 2(d),
bilayer 7’-TiBr, exhibits significant magnetic anisotropy,
and the corresponding most-stable magnetization orienta-
tions are the in-plane direction of 60° from the a axis and
the out-of-plane direction along the b axis, respectively.
Furthermore, the former is more stable than the latter,
suggesting that the magnetization orientation of bilayer
T'-TiBr;, prefers the in-plane direction.

By comparing the crystal structure of monolayer
T-TiBr,, we can observe that 7'-TiBr, can be evaluated
from it through dimerizing two adjacent lines of metal
atoms. Such dimerization can occur along three equivalent

FIG. 1.
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(a) Crystal structure of monolayer 7"-TiBr, from top and side views. (b) 2D Brillouin zone. (c) Distorted octahedral geometry

of TiBrg. (d) Crystal structure and equatorial plane projections of point groups for bilayer 7"-TiBr;.
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magnetic ground state. Fermi level is set to 0 eV. (c) MAE of bilayer 7'-TiBr, with respect to the polar angle in the a-b plane (in-plane
direction of 60° with the a axis as a reference). (d) MAE of bilayer 7’-TiBr, with respect to the polar angle of the b-c plane (b-axis

direction as a reference).

directions, resulting in three orientation states, i.e., O;, O,,
and Os;. These three orientation states are equivalent in
energy, with the lattice rotated by 120° from each other.
Obviously, these three orientation states can be consid-
ered as three ferroelastic states, which can be transformed
into each other without diffusion under external mechani-
cal deformation [29]. Upon forming the bilayer lattice, as
shown in Fig. 3(a), the three orientation states are inher-
ited, resulting in 120° ferroelasticity in bilayer 7'-TiBr,. To
estimate the feasibility of the ferroelastic switch in bilayer
T'-TiBr,, we take the transformation from O, to O; as
an example to investigate the ferroelastic transition pro-
cess. As shown in Fig. 3(b), the intermediate state is the T
phase, and the corresponding ferroelastic phase-transition
barrier is calculated to be 43.53 meV/f.u., which corre-
sponds the energy difference between the T and 7" phases
being 43.53 meV/f.u. This value is smaller than those of
InOCl (318 meV/f.u.) and InOBr (237 meV/f.u.) [56], and
comparable to YN (66 meV/fu.) [57]. Such a moder-
ate barrier suggests the feasibility of 120° ferroelasticity
in bilayer 7’-TiBr,.

We also investigate the Young’s modulus, Y(8), and
Poisson ratio, v(@), of bilayer 7'-TiBr,, which can be
obtained using [58]

Ci1Cp — G,

Y 9 == )
©) C11 sin*@ + A sin?6 cos?d + Cy cos*o

C, sin*@ — B sin?6 cos26 + Cj, cos*0

0) = .
v(®) C1 sin*@ + A sin?6 cos?6 + Cy; cos*o

Here, A=(C;1Cn—C2?)/C44—2C12, B=Ci1+ Cp—
(C11Cp— Clzz)/C44, and 6 = 0 is the direction along the a
axis. As shown in Fig. 3(c), Y(@) of bilayer T"-TiBr, ranges
from 118 to 128 N/m, exhibiting mechanical anisotropy.
These values are smaller than those of graphene (340 N/m)
[59] and BN (318 N/m) [60], indicating the mechanical
flexibility of bilayer 7’-TiBr, and ensuring the feasibil-
ity of the ferroelastic phase transition. The Poisson ratio
refers to the negative ratio of transverse strain to longitu-
dinal strain in uniaxial tension or compression. As shown
in Fig. 3(d), v(#) of bilayer T'-TiBr, varies from 0.13 to
0.15, which is comparable to the Poisson ratios of most
two-dimensional materials (0—0.5) [61]. Such a moderate
Poisson ratio suggests a sensitive structural response to
external stress, which is also beneficial for the ferroelas-
ticity of bilayer 7-TiBr;.

To gain further insights into the ferroelastic prop-
erties of bilayer 7-TiBr,, we describe the ferroelastic
transition process mathematically using 2 x 2 in-plane-
transformation strain matrices. On the basis of lattice
vectors and atomic coordinates in Cartesian coordinates,
the matrices of Oy, O,, and O3 of bilayer T'-TiBr, can be
represented by H; =[6.865, 0; 0, 12.436], H, =[7.050,
—0.263; 0.001, 11.961], and H5 =[7.050, 0.263; —0.001,
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(a) Interconversion of three ferroelastic states of bilayer 7"-TiBr,. (b) Energy changes during the ferroelastic transformation

(0O, — 03) of bilayer T'-TiBr;. (¢) Young’s modulus and (d) Poisson’s ratio of bilayer 7"-TiBr;.

11.961]. These matrices are linked to each other under the
transformation matrix, »;;, namely, H; = n; H;. Accord-
ing to the Green-Lagrange strain tensor, the transformation
strain matrix, 7;;, can be expressed as [62]

1 _1.T _
ny = 5 (T HIH H = D).

1

Here, I represents the identity matrix. n; has a symmet-
ric form, [€,4, €ab; Eab, Ebb], Wherein the diagonal element,
€q4a (€pp), represents the tensile or compressive strain along
direction a (b), and the off-diagonal element, &, repre-
sents the shear-strain component. Taking the O, state as
a reference, the transition strain matrices in the switching
process of O; — O, and O; — Oj; in bilayer T’-TiBr, can
be expressed as

0.055

—0.022
M201-02) = \ —0.022 ’

—0.074

_(0.055 0.022
M3©1-0 = 10.022 —0.074 )"

This suggests that when applying external strain 1 (1713)
to Oy, bilayer 7-TiBr, would be thermodynamically more
stable under O, (Os).

As mentioned above, under the stacking operation M. (x,
vy, 0) 70, by, cp), the central inversion symmetry is bro-
ken, and the symmetry along the ¢ direction is reduced.

This leads to inequivalence between the atoms of the
upper and lower layers, resulting in the displacement of
charge centers in the two layers, thus generating electric
polarization along the out-of-plane direction. The elec-
tric polarization of bilayer 7'-TiBr; is calculated to be
1.68 x 10~* C/m?. To further validate the electric polar-
ization of bilayer T"-TiBr,, we calculate its planar average
electrostatic potential. As shown in Fig. 4(d), there is a
noticeable energy discontinuity in the vacuum layer, which
confirms the existence of out-of-plane electric polarization
in bilayer 7"-TiBr,. The bilayer lattice with van der Waals
stacking exhibits point-group symmetry Pm, indicating
out-of-plane ferroelectricity. In contrast, for the single-
layer lattice, the point-group symmetry is P2;/m, which
features inversion symmetry and results in the absence of
ferroelectric polarization.

After identifying the existence of electric polarization,
we explore the possibility of reversing its direction. For
convenience of discussion, we define the state with electric
polarization along the ¢ direction as state 1 [Fig. S12(a)
within the Supplemental Material] [53]. Upon imposing
a mirror symmetry operation, m, , on state 1, we obtain
the alternative configuration of bilayer 7'-TiBr,, referred
to as state 2 [Fig. S12(b) within the Supplemental Mate-
rial] [53]. Naturally, state 1 and state 2 are degenerate
in energy. Moreover, the opposite displacement of charge
centers between the two layers in state 2 compared to state
1 is observed. This indicates that state 2 exhibits a reversed
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crystal structures of ferroelectric state 1 and state 2. Planar average electrostatic potential of (c) ferroelectric state 2 and (d) ferroelectric
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electric polarization of —1.68 x 107* C/m?, which is
further confirmed by the reversed energy discontinuity in
planar average electrostatic potential shown in Fig. 4(c). In
principle, these two states can be converted into each other
via interlayer sliding. In this case, state 1 and state 2 can
be regarded as two ferroelectric states.

To assess the feasibility of the ferroelectric phase tran-
sition in bilayer T"-TiBr,, we investigate the ferroelectric
polarization-switching pathway using the NEB method.
The configuration with the C,, point group is set as the
intermediate state [as shown in the inset of Fig. 4(a)],
wherein the out-of-plane electric polarization is elimi-
nated. Fig. S2(c) within the Supplemental Material dis-
plays the phonon spectra of the intermediate state [53].
It can be observed that there are some negative values
in the spectra, indicating that the material would sponta-
neously transition into state 1 or state 2. The ferroelectric
phase-transition barrier of bilayer 7'-TiBr, is calculated
to be 2.56 meV/fu. [Fig. 4(a)], which is lower than that
of T'-VTe, (10 meV/fu.) [29] and perovskite ferroelec-
tric BaTiO3; (200 meV/fu.) [63], but higher than that of
T'-ZrI, (1.6 meV/f.u.) [64]. This confirms that the ferro-
electric phase transition in bilayer 7’-TiBr; is feasible. The
corresponding change of electric polarization during ferro-
electric state switching is shown in Fig. 4(b). Therefore,
in addition to antiferromagnetic and ferroelastic orders,

bilayer T'-TiBr, also exhibits sliding ferroelectricity, thus
achieving the intriguing semiconducting triferroicity.

In addition to the bilayer system, we also investigated
the triferroicity properties in trilayer 7-TiBr, (Note 4
within the Supplemental Material) [53]. It is interesting to
note that, similar to bilayer 7”-TiBr,, antiferromagnetism
and ferroelasticity can be inherited from the monolayer.
However, due to the cancelation of electric polarization
from the two interfaces, the electric polarization value
is calculated to be only 2.575 x 107® C/m?, which is
significantly smaller than that of bilayer 7’-TiBr;.

Such triferroic multiferroics realized in bilayer 7"-TiBr;
can result in many intriguing physical phenomena. For
example, bilayer 7'-TiBr, displays magnetic anisotropy,
with the magnetization orientation preferring the in-plane
direction of 60° from the a axis. In other words, the
magnetization orientation of bilayer 7'-TiBr;, is dependent
on the lattice structure. It should be noted that the lat-
tice orientations can be switched during the ferroelastic
phase transition. Therefore, the magnetization orientation
can be effectively controlled by ferroelasticity, indicat-
ing a strong magnetism-ferroelasticity coupling effect in
bilayer 7-TiBr,. In addition to ferroelasticity, the mag-
netic properties of bilayer 7’-TiBr, can also couple with
its ferroelectricity. Because of the existence of ferro-
electric polarization along the out-of-plane direction, the
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absolute values of spin-polarization-density distributions
on the two layers of bilayer 7-TiBr, are different. Upon
switching the ferroelectric polarization, the absolute values
of spin-polarization-density distributions in the two layers
are also be reversed. Hence, the magnetism and ferroelec-
tricity are strongly coupled in bilayer 7'-TiBr,, resulting
in compelling magnetoelectric coupling within the 2D
lattice.

In view of the coexistence of these primary ferroic
orders, it is feasible to achieve six-state storage in bilayer
T'-TiBr,, as illustrated in Fig. 5. Concerning ferroelec-
tric state 1, there are three ferroelastic states (i.e., O,
0,, and Os) generated by the ferroelastic phase transition,
which correspond to three kinds of antiferromagnetic states
with different magnetization orientations. These three
kinds of states can be converted into each other via fer-
roelastic transitions (FATs). Akin to ferroelectric state 1,
ferroelectric state 2 is also associated with three such states
(i.e., O, Oy, and O3). The switching between the two
ferroelectric states can be achieved through interlayer slid-
ing. Consequently, six logical states are realized in bilayer
T'-TiBr,, which can be transformed into each other
through ferroelastic and ferroelectric transitions (FETs)
[Fig. 5]. Here, we refer to ferroelectric state 1 and state
2 as Py, and P_., respectively, and we denote the three
antiferromagnetic states corresponding to the three ferroe-
lastic states (i.e., O;, O,, and O3) in ferroelectric state 1
(2) as My (M), M, (M3"), and M3 (M3'), respectively.
In this regard, the corresponding six logical states can be
denoted as (Ol: My, P+c)a (025 M, P+C)’ (03, M3, P+C)9
(01, My, P_.), (02, M5, P_,), and (O3, M5', P_.) respec-
tively. The switching among these states is illustrated in
Fig. 5. Considering the coupling effect between them, the
six logical states can be directly measured by measuring

Diagram of switching among six states in bilayer 7-TiBr, under ferroelastic and ferroelectric phase transitions. Arrows

the ferroelectric and antiferromagnetic behaviors [21,31].
In detail, concerning the ferroelectric behaviors, piezore-
sponse force microscopy can be employed [65,66], while,
for the antiferromagnetic spin axis, it can be detected
using x-ray magnetic linear dichroism spectroscopy
[67,68].

IV. CONCLUSION

We propose a mechanism to achieve semiconduct-
ing triferroic multiferroicity in a bilayer lattice through
employing van der Waals stacking as a perturbation. Using
first-principles calculations, we further demonstrate it in
a real material: bilayer 7-TiBr,. We observe that bilayer
T'-TiBr; exhibits semiconducting and antiferromagnetic
properties, presents 120° ferroelasticity, and possesses out-
of-plane electric polarization, resulting in tantalizing semi-
conducting triferroicity. Furthermore, we reveal that such
a system shows intriguing physics, such as ferroelastic
control of magnetization and orientation, as well as ferro-
electric control of the absolute values of spin-polarization-
density distributions. We hope to further discover more
candidate systems in the future and strongly advocate
for experimental efforts in the field of semiconducting
triferroic multiferroicity.
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