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Abstract
Recently, the developments of two-dimensional (2D) ferroelectrics and multiferroics have attracted much more attention among
researchers. These materials are useful for high-density devices for multifunctional applications such as sensors, transducers,
actuators, non-volatile memories, photovoltaic, and FETs. Although several theoretical works have been reported on layered
ferroelectrics, experimental work is still lacking in single to few-atomic layers of 2D ferroelectric materials. In this review, we
have discussed the recent theoretical as well as experimental progress of 2D ferroelectric and multiferroic materials. The
emphasis is given to the development of single to few-atomic layers of 2D ferroelectric materials. In this regard, the recent
developments of 2D ferroelectric polarization on vanadium oxyhalides VOX2 (X=I, Br, Cl, and F), distorted phase d1-MoTe2,
In2Se3, and SnSe are discussed. d1-MoTe2 shows Curie temperature (TC) above room temperature, while few-layered In2Se3
shows in-plane ferroelectricity and interesting domainwall dynamics in a single atomic layer of SnSe. This follows the discussion
of multiferroic materials based on transition metal oxyiodideMOI2 (M=Ti, V, and Cr), double perovskite bilayer, and iron-doped
In2Se3. While pristine In2Se3 shows ferroelectric properties, iron-doped In2Se3 shows multiferroicity. Finally, the potential
applications of 2D ferroelectrics and multiferroics have been discussed that follow the challenges and opportunities in this field,
which can guide the research community to develop next-generation 2D ferroelectric and multiferroic materials with interesting
properties.
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1 Introduction

A dielectric material is referred to an electrical insulator that
can be polarized by an applied electric field. As these mate-
rials are insulators for electrical conduction, charge does not
flow through them like in a conductor but the charges are
shifted a small distance apart from their equilibrium position

along the direction of the applied electric field causing the
materials to polarize, called dielectric polarization. Due to
these basic properties, the dielectric materials have tremen-
dous applications in energy storage, battery, capacitor, reso-
nator, industrial coating, and many thin film applications like
micro- and nanoelectronics as well as it helps to study the
basic fundamental science in many materials. On the other
hand, ferroelectric materials possess spontaneous electric po-
larization that can be reversed by the application of an external
electric field [1, 2]. Due to the spontaneous polarization and
analog to the spontaneous magnetization in ferromagnetic ma-
terials which was discovered before the discovery of ferroelec-
tricity, the prefix “Ferro” was named in ferroelectric.
Ferroelectric materials may not contain iron but “Ferro” refers
to the spontaneous polarization. In addition to the dielectric
and ferroelectric, some of the materials which exhibit two or
more ferroic orders, i.e., ferroelectricity, ferromagnetism,
ferroelasticity, or ferrotoroidicity in a single phase, are known
as multiferroics [3–6] and the term “multiferroic” was first
coined by Schmid in 1994 [3]. For multiferroic behavior,
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materials with simultaneous presence of empty d shell (for
ferroelectricity) and partially filled d or f shell (for ferromag-
netism) are required. The mechanism of ferroelectricity and
ferromagnetism is known as d0 vs. dn problem [7].
Technologically, the multiferroic materials play an important
role in the next generation of intelligent devices, smart homes,
autonomous devices, robotics, etc.

Nowadays, the development and design of 2D materials
have received great attention among researchers for potential
application in nanoelectronic devices. 2D materials such as
MoS2, MoSe2, WSe2, WS2, MoTe2, InSe, In2Se3, CuInSe,
GaSe, h-BN, and black phosphorus (bP) have distinct chem-
ical and physical properties including layered structure, high-
surface area, layer-dependent tunable optical band gap, and
variation of chemical compositions [8–17]. 2D Van der
Waal s (vdW) fe r roe lec t r i c mater i a l s wi th non-
centrosymmetric geometry show potential application in elec-
tronic devices and nanoelectromechanical systems. The tun-
able nature of polarization in ferroelectric materials by exter-
nal applied electric fields and semiconducting nature with siz-
able band gap opens plenty of applications such as field-effect
transistors, sensors and photonic devices, random access
memory, and solar cells [18–23]. Earlier, it was thought that
ferroelectricity may be possible up to certain critical thickness
of the thin film but after development of microelectronics and
thin film technology, particularly layered materials, several
ferroelectric materials are reported in single to few-atomic
layers which make them suitable candidates for miniaturiza-
tion of the devices [24, 25]. The nanosheets made of 2D oxide
may be the good solution in the era of 2D dielectrics [26].
Large variety of nanosheets has been synthesized by dividing
layered oxides into single sheets [27–30]. The synthesized
oxide nanosheets are from transition metal oxides consisting
of d0 cations (Ti+4, Nb+5, Ta5+, and W+6). These nanosheets
can be used as high k-dielectrics due to their wide band gap
semiconductors or insulator properties. However, more 2D
materials have been prepared which includes 2D metallic ma-
terials [31], transition metal dichalcogenides [32], 2D metallic
tungsten [33], 2D polymers [34], and 2D perovskites [35, 36].
Till now, more than 1000 2D materials have been predicted
which are stable, although many of them are to be synthesize.
Among these layered materials, several of them are dielectrics
[37] and ferroelectric materials [38]. Similarly, a number of
2D multiferroic materials have been reported [39]. Recently,
2D ferromagnetic and ferroelectric materials have been
reviewed for multifunctional applications [40–42]. Recently,
ferroelectricity has been discovered in a moiré heterostructure
system using a Bernal-stacked bilayer graphene (BLG) and
hexagonal boron nitride (BN). Zheng et al. [43] demonstrated
the ferroelectricity experimentally from the heterostructure
stacking of BLG sandwiched between top and bottom layers
of BN to form moiré patterns. In this moiré superlattice
heterostructure, the rotational alignment between the BLG

and the encapsulating BN flakes plays an important role in
the observed ferroelectricity. Such rotational alignment was
introduced by aligning the straight edges of the middle BLG
flake and one of the (top or bottom) BN flakes. The other
degree of freedom is the relative angle between the top and
bottom BN flakes. In devices, the top and bottom BN flakes
have a relative angle of about 30° and about 0°, showing
dramatic hysteresis response to the external applied electric
field. In the devices where the top and bottom BN flakes have
a relative angle of about 20°, it shows that the hysteresis is
relatively weaker. This was again confirmed by the polariza-
tion measurements. It is noted that a normal BLG device,
randomly stacked and sandwiched with BNs, does not show
ferroelectric behavior. Only in the specific moiré
heterostructure of BLG/BN stacked device, interaction-
induced interlayer charge transfer and moiré flat bands occur,
which leads to this type of unconventional nature of ferroelec-
tric properties. Thus, there is a quest for new phenomena and
exotic fundamental properties in these 2D systems, which
have many potential technological applications.

In this review article, we discussed some of the recent de-
velopments on ferroelectric and multiferroic properties based
on 2D materials [44, 47, 52, 54, 60, 65, 68, 75]. The recent
theoretically predicted intrinsic ferromagnetic ferroelectric
properties of monolayer VOX2 (X = halogen, Cl, Br, and I)
is presented, where it’s predicted that the VOF2 shows the
largest in-plane ferroelectric polarizations (332 pC/m) among
VOX2 compounds. The multiferroic properties of 2D transi-
tionmetal oxyiodide (MOI2:M=Ti,V,Cr) have been discussed
and explain the coexistence of d-electron ferroelectricity and
magnetism. Experimental observations of ferroelectric with
TC > room temperature have been observed on single to few
atomic layers of MoTe2 crystal. Doping is one of the interest-
ing techniques to alter the physical properties of the materials.
We have discussed the reported coexistence phase of ferro-
electricity as well as ferromagnetism in 2D In2Se3 compounds
doped with Fe atoms with a dopant concentration of 3.22%.
Having ferroelectric and ferromagnetic properties in a single
compound provides extraordinary opportunities for multi-
functional electronic devices. Similar to the transition metal
dichalcogenides, we have also discussed the recent discovery
of ferroelectricity on 2D monochalcogenide SnSe, which
shows interesting domain walls (DW) dynamics in 2D planes.
Using appropriate technique to apply voltage to the 2D crys-
tal, one can create and annihilate the DWs in a single atomic
layer of SnSe.

2 Ferroelectric effect on vanadium oxyhalides

Recently, two-dimensional materials, VOF2 monolayer, i.e.,
in the family of VOX2 (X: halogen) oxyhalides, have been
predicted theoretically by You et al. [44], and the materials
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possess intrinsic ferroelectric and ferromagnetic properties.
Generally, the displacement of the V ion from the center of
an octahedron breaks the inversion symmetry and produces a
spontaneous polarization. Using density functional theory
(DFT) calculation, the VOF2 monolayer has the largest in-
plane ferroelectric polarization (332 pC m−1) as compared to
other VOX2, i.e., VOI2, VOBr2, and VOCl2 [Fig. 1a]. The
process of polarization reversal can be chosen by changing
the position of V ions. The maximum energy barrier of the
ferroelectric phase of VOF2 is 0.33 eV when the lattice pa-
rameter is fixed. In this situation, V ion is allowed to move
during polarization keeping O and F fixed positions. Due to
the constraints of motion of O and F, the switching field of the
ferroelectric phase is higher.

The energy barrier was calculated again without constraint
of lattice parameters a and b such that the O and F ions can
rearrange themselves with V ions during the polarization. The
energy barrier of the ferroelectric phase of VOF2 is reduced to
0.15 eV by self-organizing the lattice parameters a and b dur-
ing switching. This value (0.15 eV) is smaller than VOCl2
[Fig. 1b] [44]. Figure 1 c displays the heat capacity as a func-
tion of temperature suggesting a magnetic phase transition
occurs at 15 K. Since the magnetism occurs due to the spin
of an unpaired electron in the d orbital of V4+ ion, the four
collinear magnetic orders, i.e., FM, AFM (I), AFM (II), and
AFM (III) are taken to understand the magnetic ground state
(Fig. 1d). It is predicted that the ferromagnetic (FM) order is

more stable than other antiferromagnetic (AFM) orders. It also
found that the Dzyaloshinsky–Moriya interaction [45, 46] dis-
torts the texture of the spin to a spiral instead of collinear
ferromagnetic (FM). This interaction accompanies the ferro-
electric (FE) distortion. The magnetic orders were further
studied by rearranging the spin direction with respect to V
ions at an angle 120° [Fig. 1e] to understand the magnetic
orders. It is also seen that the VOF2 ground state is in FM
order. This theoretical prediction may suggest to design spin
ordered based VOF2 material for potential candidates for two-
dimensional multiferroic materials magnetoelectric effect
[43].

3 Layer dependence ferroelectric properties
of two-dimensional 1d-MoTe2

Researchers have also discovered experimentally 2D ferroelec-
tric on MoTe2 nanosheets exfoliated on Pt substrate (Pt/Ti/SiO2/
Si) [47] using laser process [48]. The optical microscopy image
of MoTe2 in Fig. 2a shows a single-atomic layer to 9 layers and
confirmed by AFM measurements [49]. Raman spectra of 2H-
MoTe2 (hexagonal phase) (Fig. 2b (i)) have two principal Raman
modes, i.e., one at 174 cm−1 and another at 235 cm−1, but for d-
1MoTe2, there are extra Raman modes appearing between 100
and 150 cm−1 [Fig. 2b (iii)] confirmed that the synthesized
MoTe2 is a distorted 1T phase. Figure 2 c displays the room

Fig. 1 a Calculated values of polarization of oxyhalides VOX2 (X=I, Br,
Cl, and F). b Energy barrier vs ferroelectric displacement during
ferroelectric (FE) switching of vanadium (V) ions in VOF2. Black curve
represents energy barriers where the lattice constants, i.e., a and b are
unchanged and the red curves represent the same energy barrier with
change in lattice constants during the switching. +P and −P denote the

polarization directions (insets) c Heat capacity vs temperature (T) of
VOF2 monolayer from Monte Carlo (MC) simulation and inset shows
the exchange paths between V ions. d Four types of collinear magnetic
orders, i.e., FM, AFM (I), AFM (II), and AFM (III). e Four types of 120°
non-collinear magnetic orders. The figures are obtained with permission
from Reference [44].
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temperature Piezoresponse Force Microscopy (PFM) phase hys-
teretic, and butterfly loops of monolayer d1T-MoTe2 exhibit the
180° phase difference between two out of plane polarization
states and the amplitude minima of the loop confirms the ferro-
electric behavior in the MoTe2 nanosheets. The change in ferro-
electric polarization behavior was studied in a few-layers d1T-
MoTe2 sample. Figure 2 d shows the PFM phase hysteretic
behavior of a few-layered d1T-MoTe2 and gives the perfect

switching of polarization behavior similar to the monolayer
shown in Fig. 2c. The polarization on this few-layered sample
was tested after 30 days and shows no change in polarization
state. This indicates the stable ferroelectric behavior inmonolayer
or few atomic layers of d1T-MoTe2. The Curie temperature (TC)
was measured as a function of the number of layers on d1T-
MoTe2 sample and presented in Fig. 2e, where TC decreaseswith
increasing number of layers. Interestingly, a single layer to few
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Fig. 2 Ferroelectricity on monolayer to few-atomic layers of distorted
1T-MoTe2 crystal. a Optical microscope (OM) image of d1T-MoTe2 on
Pt substrate. Scale bar, 3 μm. b Raman spectra of 2H-MoTe2 and d1T-
MoTe2. c and d PFM phase hysteretic and butterfly loops of monolayer
and few layers d1T-MoTe2 respectively. e Curie temperature of d1T-

MoTe2 crystal as a function of number of layers. f PFM phase image of
monolayer d1T-MoTe2, where the electrical poling was applied by writ-
ing two square patterns with ±8 V, scale bar, 1 μm. The figures are
obtained with permission from Reference [47]
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atomic layers (~15 layers) shows that the TC above room tem-
perature makes d1T-MoTe2 a promising candidate for the appli-
cation of many ferroelectric based nanoscale electronic devices.

Further, the sample was studied for large scale polarization
switching for practical applications using PFM phase imaging
technique (Fig. 2f) by applying the voltage ±8 V. The distinct
phase contrast between the square pattern and rest of the sam-
ple reveals the switching of ferroelectric domains by applied
electric field in a larger scale. It’s very interesting to know that
even though charge carrier mobility in monolayer of these 2D
materials field-effect transistors suffers from the extrinsic ef-
fect from the substrate, defects, and moisture, ferroelectricity
seems not to suffer from these effects [50, 51].

4 Room temperature in-plane ferroelectricity
in Van der Waals In2Se3

As discussed above, ferroelectricity in layered vdW materials
has potential applications for nonvolatile memory and low-
power electronic, optoelectronic switches, etc. But to date,
the ferroelectric layered materials in atomic scale are limited
due to the difficulty in controlling the polarization vectors
along the in-plane direction. Here, we have discussed the in-
plane ferroelectricity on β-In2Se3 vdW layered material re-
ported by Zheng et al. [52]. Here, the β-phase In2Se3 crystal
was chosen, which has the rhombohedral structure and be-
longs to the R3m space group to elucidate the ferroelectric
property. Figure 3 a shows the schematic of crystal structure
indicates the five layers of basic building blocks of Se-In-Se-
In-Se atoms across the plane (c-axis: perpendicular to the 2D
plane). The a-b planes are on the 2D layer of thematerials. The
β-In2Se3 has threefold rotational symmetry about the c-axis
can be seen easily from the Fig. 3 a. An experimental setup
with polarization of light incident to the crystal plane is shown
in the schematic of Fig. 3b for polarization-dependent optical
measurements. Figure 3 c shows a sequence of optical images
taken at room temperature of a 100-nm thick β-In2Se3 exfo-
liated crystal illuminated with various linear polarization an-
gles on the plane of the crystal. The optical images are taken in
transmission mode of the light signal as shown in the figure.
Figure 3 c displays the series of optical images taken at dif-
ferent polarization angle of the light signal from a Nikon
Eclipse optical microscope. The 0° polarization angle is de-
fined as the light polarization direction along the horizontal
direction (or perpendicular to the plane of the crystal or polar-
ization is along the direction of propagation of light). There is
no visible domain observed at 0° of light polarization, but
interestingly, the optical image reveals the presence of do-
mains in the shape of long stripes as the direction of the po-
larization of light rotated from 0° as shown in the Fig. 3c.

Two types of domains were visible from the pictures; do-
main A is no stripe feature and domain B is the stripe feature.
TA and TB are the transmitted light intensities from domain
areas A and B, respectively, and plotted as a function of angle
of polarization shown in Fig. 3d (top panel). The transmission
intensities from domains A and B oscillate with 180° period-
icity, indicating linear dichroism with the 120° phase differ-
ence between these two domains. Figure 3 d (bottom panel)
shows the difference of transmitted light intensities of the two
domains (TB−TA) as a function of angle of polarization. The

solid line is the theoretical fit to the equation (TB−TA) =
ffiffiffiffiffiffi

3ω
p

ISin 2ϕð Þ where ⍵ is the transmission coefficient and I is the
intensity of the incident light. The contrast between A and B
domains disappears at the polarization angle of 0, 90, 180, and
270° (TB−TA = 0) due to the linear dichroism of the domains
which matches with the fitted equation. Figure 3 e shows the
domain schematic with optical axes. The domain structure in
In2Se3 is reported to be very stable at ambient conditions.
Even in 60 days, it shows the robust nature of stable ferro-
electric applications. Imaging with low energy electron mi-
croscopy (LEEM) using micro low energy electron diffrac-
tion (μ-LEEM) experiment, it is found that the each do-
mains are formed by a 1D superlattice structure along any
one of the three equivalent close-packed directions of the
hexagonal c-plane. The diffraction patterns demonstrate
that In2Se3 samples belong to the β′ phase [53]. The domain
also shows tunable properties as a function of temperature.
The domains disappear with heating and completely disap-
pear at 204°C Interestingly, the domains are recovered after
cooling the sample, which is a completely reversible pro-
cess. This also confirms the phase change of the materials
from β (204°C) to β′ (domain) phase. This continuous
phase transition indicates that the β to β′ phase transition
is of second-order phase transition. In another case, to ex-
amine ferroelectricity in the β′ phase, Zheng et al. [52] used
Piezoelectric force microscopy (PFM) technique at room
temperature. Figure 4 a shows the atomic force microscopy
(AFM) surface topography image of the exfoliated sample.
Figure 4 b and c show the PFM out of plane magnitude, and
phase image of the sample shows no vertical piezoelectric
signal suggesting that the material does not exhibit out-of-
plane ferroelectricity. In contrast, in-plane PFM images
shown in Fig. 4d (magnitude) and Fig. 4e (phase) show
strong signal with stripe domain features similar to the do-
main observed in optical measurements in Fig. 3. The re-
sults verified the existence of ferroelectricity in the mate-
rials in in-plane and not in the out-of-plane directions. From
the dichroism and PEEM experimental contrast, it sketched
the polarization of each domain and displayed it in Fig. 4f.
This study confirms the stable ferroelectric behavior on
In2Se3 thin layers down to 45 nm thick at room temperature
with a Curie temperature up to 200°C.
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A similar ferroelectric behavior was studied in ⍺-
In2Se3 thin film [55–57], which shows in-plane and out-
of-plane ferroelectric behavior. Multiple conductance
states were induced in ⍺-In2Se3-based ferroelectric semi-
conducting field-effect transistor (FeSFETs) by control-
ling the out-of-plane polarization, which permits the de-
vice to faithfully mimic bio-synaptic behaviors. In addi-
tion, an abnormal resistive switching phenomenon was
also reported when operated in the in-plane ferroelectric
switching mode. FeSFETs offer advantages over conven-
tional ferroelectric gate insulators because the hysteresis
and multiple conductance states are implemented by con-
trol over the intrinsic ferroelectric switching of the chan-
nel material, which allows it to alleviate the constraint on
complex gate stacks in FeSFETs, besides leakage current
and short retention times of gate ferroelectrics.

Similarly, in another report, out of plane domains
with opposite polarizations are visualized by PFM mea-
surements in ⍺-In2Se3 flakes [54]. Single-point poling
experiments suggest that the polarization is potentially

switchable for ⍺-In2Se3 nanoflakes with thicknesses
down to ∼10 nm. The PFM hysteresis loops at individ-
ual points of the ⍺-In2Se3 flakes was measured on a 20-
nm thick sample presented in Fig. 4 g and h, where a
stiff cantilever with a spring constant of 40 N/m was
used and the DC bias voltage was swept between −3 V
and +6 V with an AC voltage of 800 mV. The ampli-
tude response shows a butterfly loop in Fig. 4g with an
opening of ∼ 1.5 V, whereas the phase switches 180° at
the same turning points. The corresponding phase hys-
teresis loop also presented in Fig. 4h. The unsaturated
amplitude signal is likely due to the significant leakage
(high concentration of free carriers) of the samples, al-
though it is difficult to exclude the possibility of surface
charging and other possible extrinsic effect. The
piezotronic effect is also demonstrated in two-terminal
FET devices, where the Schottky barrier was modulated
by the strain-induced piezo-potential. This demonstrated
that the ⍺-In2Se3 has potential applicat ion for
piezotronics.

0° 90° 135°

B

A

B

A

B

A

30°

0 60 120 180 240 300 360

–10

0

10

20

88

96

104

112

Polarization angle (°)

T B
 –

 T
A
 (

a
.u

.)
T A

, T
B

(
a
.u

.)

 T
A

 T
B

150° 330°30°

225°45°

210°

45°

In

Se

(a) (b)

(c)

(d) (e)

Fig. 3 Linear dichroism of
In2Se3. a Crystal structure of
layered β-In2Se3. b Schematic of
the linear polarization optical
microscopy measurement. c
Optical image sequence of β-
In2Se3 imaged by light of
different polarization angles.
Scale bar, 25 μm. d Polarization
angle dependence of the light
transmission of the regions A and
B as shown in c a.u., arbitrary
units. e Schematic of the optical
axes of regions A and B. The
figures are obtained with
permission from Reference [52]

emergent mater.



5 Ferroelectricity and domain wall structure
in monolayer SnSe

Microscopic imaging and controlled manipulation of the out-
of-plane polarization in few atomic layer ferroelectric mate-
rials via PFM have been demonstrated above in In2Se3 and
also reported in layered materials like MoTe2 and CuInP2S4
[42, 57–59]. However, although PFM studies of in-plane fer-
roelectricity have been reported in several Van der Waals-
layeredmaterials, PFM studies of in-plane polarized ferroelec-
trics have not reported in the single atomic layer thick sample
due to the difficulty in the measurement associated with AFM
tip. The in-plane component of the electric field which is
sensed by the AFM tip is much weaker than the signal out
of plane. On the other hand, the imaging of in-plane polariza-
tion in 2D ferroelectric in a monolayer sample is relatively
easy for scanning tunneling microscopy (STM) method.

Figure 5 presented a variable temperature STM scanning
method to controllably switch the in-plane polarization via
domain manipulation in single atomic layer SnSe sample at

room temperature and demonstrated its ferroelectric transition
temperature to be as high as 380−400 K, close to that of
BaTiO3 [61]. Figure 5 a and b show that the topographic
and dI/dV mapping images clearly display opposite charge
accumulation on the surface of SnSe from one side to another
with red and blue contrast resulting from band bending.
Figure 5 a displays the topography image of height contrast
1Å that verified the monolayer of the SnSe. Figure 5 b shows
the contrast of conductance dI/dV = 0.6 pS with ratio of the
conductance for up and down polarization (dI/dV)up / (dI/
dV)down = 2.3 which both confirms the in-plane polarization.
Figure 5 c shows that the 180° domain wall (straight white
line) separates the two domains (black arrows) with opposite
in-plane polarity. Figure 5 d shows the zig-zag domain wall
with tail-to-tail connection (white lines) and forms three do-
mains on the surface. Interestingly, they manipulated the fer-
roelectric domain walls by applying a pulse of electric field,
which is discussed below.

Figure 6 a shows the schematic of applying voltage pulse to
the sample through STM tip do = 20 nm distance far from the

BA

60°
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Fig. 4 PFM measurements. a
AFM topography image of β′-
In2Se3. Inset: optical image of the
cantilever and the exfoliated
crystal. The horizontal scanning
direction is indicated by the black
double-headed arrow. b and c
PFM amplitude and phase of ver-
tical signal. d and e PFM ampli-
tude and phase of lateral signal. f
Schematic of the example optical
axis (white double-headed arrow)
and ferroelectric polarization di-
rections (white/black arrows) of
the domains. Scale bars, 5 and
30 μm (inset). g and h display the
polarization reversal under an ex-
ternal electrical field. On-field (g)
PFM amplitude and (h) PFM
phase hysteresis loops on a 20-nm
thick flake. (a)–(f) obtained with
permission from Reference [52]
and (g) and (h) obtained from
Reference [54]
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Fig. 5 Ferroelectric domain study
through STM tip on monolayer
SnSe sample at room temperature.
a AFM topography image and b
recorded dI/dV image of the
monolayer SnSe flake at Vs =
−0.2 V, It = 2 pA. c and d are the
dI/dV image which shows straight
and zig-zag domain walls, re-
spectively, measured at Vs = −0.2
V, It = 2 pA for (c) and Vs = −0.35
V, It = 2 pA for (d). DWs are in-
dicated by white dashed lines.
The figures are obtained with
permission from Reference [60]

Fig. 6 Controllable ferroelectric switching of SnSe monolayer. a
Schematic of ferroelectric switching achieved by applying a bias
voltage pulse VP at a point on the graphene substrate close to a SnSe
monolayer plate. The corner of SnSe closest to the STM tip was set as d =
0, and the upper surface of graphene was set as z = 0. b Rising edges of
the bias voltage pulses. Dashed lines indicate the onset and maximum
values of the bias voltage. c−g Consecutive dI/dV images of a

ferroelectric switching sequence in a SnSe monolayer plate. Set points:
Vs = −0.35 V, It = 2 pA. The pulses were applied at the same point
indicated in (c). The widths of all the pulses were 50 ms. The direction
of the in-plane components of tip-induced electric fields is indicated by
the white arrows. All of the data in this figure were collected at room
temperature. The figures are obtained with permission from Reference
[60].
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sample edge, where SnSe was placed on the metallic graphene
sheet. The applied pulse width was 0.14 ms, which is much
longer than the relaxation time of the charge carriers in
graphene, which is 250–450 fs; thus, the electric field induced
by the pulse can be regarded as quasi-static. The duration of
the pulse voltage is 50 ms (Fig. 6b). Figure 6 c shows the 180°
DW which separates the two domains of opposite polarity.
The cross mark indicated the position of the applied voltage
pulse at distance do = 20 nm from the edge of the sample. By
applying the voltage pulse of Vp = -5 V, the 180° DW was
pushed away from the middle of the sample to the side as
shown in the Fig. 6 d. The domain of polarization direction
along the direction of the applied electric field expanded by
pushing the DW towards the domain of opposite polarity of
the applied electric field. Applying a second voltage pulse of
Vp = −5 V, the 180° DW completely pushed to the edge of the
sample and annihilated the 180° DW completely and changed
to a single domain as shown in the Fig. 6e with polarization
following the direction of the applied electric field. The volt-
age pulse not only annihilates the DWs but also rotates the
DWs to different angles. Author also showed that the 180°
DWs can be created by applying the voltage pulse with oppo-
site polarity. In Fig. 6f, by applying Vp = +8V, they created
again a new 180° DW with two domains of opposite polarity.
When they applied a second voltage pulse of Vp = +8V, the
newly created 180° DW pushed to the edges and annihilated
to form a single domain with the polarization following the
direction of the applied electric field [Fig. 6g]. The great con-
trol over the DWs creation and annihilation leads to the appli-
cation of these materials as domain or DW-based non-volatile
memory devices in many electronics. Each polarity of the
domains and each different configuration of the DWs have
potential to store data providing the opportunity to store mul-
tiple data in one structure for the application of random access
memory devices.

2D ferroelectrics have a unique polarization profile which
does not exist in oxide perovskite ferroelectrics. They may
exhibit in quadruple-well ferroelectric Van der Waals crystals
reported recently by Brehm et al. [62] in copper indium
thiophosphate (CuInP2S6). It is shown that the potential ener-
gy for Cu displacements is strongly influenced by strain in
accounting for the origin of the ferroelectricity. The low-
and high-polarization states depend upon the magnitude of
the displacement of Cu atoms. The low-polarization (LP) state
was achieved by small displacement of Cu atom (1.62 Å)
corresponding to the polarization P = ±4.93 μC/cm2.
Similarly the high-polarization (HP) state was obtained by
the displacement of Cu ion to ~2.25 Å corresponding to P =
±11.26 μC/cm2. Depending upon the alignment of the ferro-
electric domains (polarization) either parallel or antiparallel,
one can achieve four different polarization states giving multi-
well ferroelectricity. These polarization states can be tuned by
the temperature, pressure, and bias voltage.

2D material with coexistence of reversible polar distortion
and metallicity leads to ferroelectric metal. For piezoelectric-
ity, noncentrosymmetric crystal structure is the only require-
ment. In contrast, for a polar material to show ferroelectric
behavior, noncentrosymmetric and existence of a unique polar
axis are required. A material to be considered ferroelectric, it
needs both polar to show bistability of the polarization along
the polar axis. Traditionally, ferroelectricity has been observed
in materials that are insulating or semiconducting rather than
metallic because conduction electrons in metals screen out the
static internal fields arising from a long-range dipolar order.
There was long sought for the understanding of the existence
of both metallicity and ferroelectricity in a single phase of the
materials. Recently, Sharma et al. [63] observed the coexis-
tence of metallicity and ferroelectricity in the bulk single crys-
tal WTe2 at room temperature. WTe2 single crystal is a mate-
rial from transition metal dichalcogenide groups with ortho-
rhombic phase and shows metallic behavior [64]. This mate-
rial also shows Shubnikov-de Haas van oscillation (SdH) due
to its high carrier mobility. Sharma et al. [63] demonstrated
the existence of ferroelectric switchable domain walls using
PFM measurements and by applying external electric fields.
They also demonstrated theoretically using DFT calculation
that the anisotropy of the crystal structure of WTe2 plays an
important role for showing the ferroelectricity. A 2D material
that is both metallic and ferroelectric in its bulk crystalline
form at room temperature has the potential application for
new nanoelectronics.

6 Two-dimensional multiferroics in violation
of the d0 rule

The existence of coupling between magnetism and polariza-
tion is the key physical property of multiferroic materials. The
origin and mechanism behind the multiferroic can be very
different in a plethora of multiferroic materials systems and
need to be investigated. The magnetic moments for any mag-
netic materials originate from the partially occupied unpaired
d and/or f orbital electrons. For the formation charge dipole, it
needs to have empty d-orbitals to satisfy the condition of co-
ordinate bond which is called the d0 rule. Tan et al. [65] stud-
ied the two-dimensional multiferroics in violation of the d0

rule using first principle calculations.
This violation d0 rule is required to see both ferroelectricity

and magnetism behavior. Multiferroic properties of monolay-
er materials (TiOI2, VOI2 and CrOI2) with the combination of
Type I multiferroics (the origin of ferroelectricity and magne-
tism in large polarizations and very weak magnetoelectric
coupling at high transition temperatures) [66] and Type II
multiferroics (ferroelectricity is a derivative of magnetism in
small polarizations and strong magnetoelectric coupling at
low transition temperatures) are discussed [66].The local
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geometries of the (a) TiOI2, (b) VOI2, and (c) CrOI2 are shown
in Fig. 7. In TiOI2, d orbital is absent which is consistent with
the d0 rule (Fig. 7a lower panel). The origin of ferroelectricity
is the same with the perovskite BaTiO3 [67] due to the d0

nature of the Ti ions. This happens due to the soft phonon
mode associated with covalent bonds between Ti and anions.
In VOI2, dxy singlet is occupied and distributed in the plane
perpendicular to the V-O chain (Fig. 7b lower panel). The
occupation of d orbital increases the ferroelectric polarization
in VOI2 because of an extra d electron in V and the d orbital
cation splits into four subgroups [65]. Two features can be
distinguished in VOI2, Type I and type II multiferroics. One
is the presence of conventional polarization for Type I
multiferroics. Another is that the occurrence of both ferroelec-
tric and magnetic properties arises due to the same V cation
and parasitic nature of polarization from the d orbitals for
Type II multiferroics. Such type of duality in VOI2 makes it
possible to combine large polarization as well as strong mag-
netoelectric coupling. If one more d electron is added, the
occupation of dxz/dyz will occur which causes the suppression
of polarization. This is shown in CrOI2 monolayer (Fig. 7c)
where the off-center displacement of the Cr cation is almost
removed with bond angle O-Cr-I close to 90°. Thus, CrOI2 is a
half-metal [65]. The violation d0 rule in VOI2 shows the in-
teresting ferroelectricity and ferromagnetismwhile TiOI2 does
not violate d0 and shows only ferroelectric nature.

7 Multiferroicity double-perovskite (DP)
bilayer RP structure Ca3FeOsO6

The Ruddlesden-Popper (RP) phase [69] having general for-
mula An+1BnX3n+1 where A (alkali metal, alkali earth metal,
rare earth metal) and B (transition metal) are cations, X is an
anion i.e., oxygen, and n is the number of octahedral layers

like perovskite stack [70] which possess interesting properties
such as colossal magnetoresistance, ferroelectricity, ferromag-
netism, and multiferroics. The transition metals which have
partially filled d orbitals in the B-site play important roles for
the useful properties. Recently, the B-site substituted double-
perovskite (DP) bilayer RP structure of the type A3B2O7 has
been of great interest among researchers due to its high ferro-
electric polarization [69, 70]. Zhang et al. [68] studied the
designing of the two-dimensional multiferroics with the cou-
pling of polarization and magnetization by taking a double-
perovskite (DP) bilayer Ca3FeOsO6 where Ca is at A-site Fe
and osmium (Os) are at B-site and X is an anion as per RP
phase. The transition metal ions at the B-site have the rock-salt
structure [71]. This B-Site-ordered DP oxide in Fig. 8 a shows
the magnetic anisotropy calculation of Ca3FeOsO6, and it
shows that the easy-magnetization axis always lies in the
plane perpendicular to the polarization. The direction of the
easy axis changes slightly when Dzyaloshinsky-Moriya (DM)
interaction is taken into account [72, 73]. This type of changes
is similar to the reported prototype multiferroic BiFeO3 where
the antiferromagnetic plane is always perpendicular to the
polarization [74]. Further, in Ca3FeOsO6 bilayer, the polari-
zation reversal yields a change in a direction symmetric about
the c-axis to its original direction. As polarization reverses,
switching magnetization leads to the reversal of the in-plane
and out-of-plane magnetization [as in Fig. 8b]. Figure 8 c
shows the magnetic anisotropy energy surface of a series of
intermediate structures along the switching path from the ini-
tial state to the orthogonal twin state. It is seen that the easy
axis rotates continuously around the c axis. This type of
change with respect to the initial state is related to the mag-
netic phase transition. From the above results, the magnetiza-
tion direction always changes in the upper hemisphere without
crossing the ab plane and magnetization can be reversed in
ferroelectric switching in-plane. The coexistence of

(a) TiOI2 (b) VOI2 (c) CrOI2

d , , ,

Fig. 7 2D multiferroics in
violation of the d0 rule. Local
geometries of (a) TiOI2, (b) VOI2,
and (c) CrOI2. The bond lengths
(in Å) and O-metal-I bond angles
are denoted. Lower panels: the
corresponding d-orbital splitting
and occupation, where an arrow
means an electron. In (b), at the
center, the decomposed charge
density of the occupied dxy orbital
is plotted in yellow color with an
isosurface of 0.018 e/Bohr3. The
figures are obtained with permis-
sion from Reference [65].
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ferroelectricity and ferromagnetism along with the mechanism
ofmagnetoelectric coupling is also theoretically verified in the
DP bilayer Ca3FeOsO7 [68].

8 Multiferroic properties of iron-doped 2D
In2Se3

Yang et al. [75] have studied the iron-doping induced
multiferroic in two-dimensional In2Se3, i.e., Fe0.16In1.84Se3
(FIS). Theoretical and experimental study confirms the
multiferroic nature in Fe0.16In1.84Se3 (FIS). The synthesized
exfoliate flake of FIS was initially investigated via PFM study
and presented in Fig. 9a–d. Figure 9 a shows the AFM topog-
raphy image of the exfoliated flakes of having several num-
bers of layers on a Pt/Si substrate.

The corresponding polarization phase image shown in Fig.
9b reveals that two color contrasts verified the two opposite
out of plane polarizations (up and down) originated from the
2D flakes. These two ferroelectric domains from the sample
upward and downward polarization were also manipulated by
applied electric fields and simultaneously measuring the phase
image. Figure 9 d shows the two squares of two distinct

regions biased by applied opposite voltages (−5 V and +6V)
by the metallic AFM tip and scanned over the sample. As one
can see the two distinct phase contrasts from the region of
negative and positive applied voltage indicate the two differ-
ent out of plane polarizations of the sample. Thus, one can
manipulate the polarization of the sample whether it’s upward
or downward by selecting ±Ve bias voltage, which can be
used to read and write the information for nonvolatile memory
devices. The domain manipulation is also demonstrated by
acquiring the PFM amplitude as a function of applied bias
voltage between the AFM tip and the conducting substrate.
The amplitude and phase signals were plotted in Fig. 9d as a
function of applied bias from −5V to +5V. The butterfly-like
amplitude and hysteresis phase signal indicate that the do-
mains can be easily reversed from upward to downward or
vice versa by just applying ±5V bias voltage perpendicular to
the 2D surface of the FIS. Further, the magnetic properties of
FIS are explored at low temperature. The magnetic measure-
ments of undoped In2Se3 show diamagnetic behavior [Fig.
9e], whereas doped crystal Fe0.16In1.84Se3 (FIS) shows ferro-
magnetic behavior with anisotropy along parallel and perpen-
dicular to the 2D plane measured at 2 K [Fig. 9g]. The Curie
temperature of the FIS measured using FC and ZFC shows TC
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Fig. 8 Magnetic anisotropy calculation of double-perovskite (DP) bilayer
RP structure Ca3FeOsO6 where Fe and Osmium Os are at the B-site: a
magnetic anisotropy energy of the initial (P//b), orthogonal twin (P//a),
and final (P//-b) states in ferroelectric polarization switching, where P
represents the ferroelectric polarization. Here, the change in energy is
shown as a function of the angle between the spin direction and the basis

vector. When the spins lie in the ab (ac) and bc planes, the angle refers to
the a and b axes respectively. b Schematic diagram of the change of
direction of magnetization with the reversal polarization. c Magnetic an-
isotropy energy surface of a series of intermediate structures along the
switching path from the initial state to the orthogonal twin state. The
figures are obtained with permission from Reference [68].
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~8 K [shown in Fig. 9f]. The expanded view of the M-H loop
is shown in Fig. 9h. The saturation magnetization MS =
9.77×10−4 emu g−1 (in the perpendicular) and MS=
1.57×10−3 emu g−1 (in parallel direction) of the magnetic
field. The remnant magnetization MR=5.52×10

−4 emu g−1

(in perpendicular direction) and MR= 1.16×10−3 emu g−1 (in
parallel direction) of magnetic field for FIS. The coercivity
field measured from the M-H loop is Hc= 241 Oe and is the
same for both perpendicular and parallel direction. The origin
of the magnetization, which is also investigated using first-
principles based theoretical DFT calculation, confirms the fer-
romagnetism. The predicted magnetic moment of the FIS
sample is 5 μB per Fe atom when Fe substitutes In atoms in
In2Se3 [75]. The Fe substitution in pristine In2Se3 alters the
magnetic as well as ferroelectric properties of the material to
show multiferroic nature.

There have been a number of 2D multiferroics predicted
with the co-existence of ferroelectricity and ferroelasticity
and ferromagnetism and ferroelasticity [76–80]. Recently,
some artificial multiferroics have been developed. Lu et al.
[81] studied the artificial 2D multiferroics through Van der
Waals (vdW) heterostructure formed by FM bilayer chro-
mium tri-iodide (CrI3) and FE monolayer Sc2CO2 with
enhanced magnetoelectric effect and can be useful for
nanoelectronics. Gong et al. [82] predicted that two-
dimensional multiferroics show switching ON and OFF
behavior through heterostructure by stacking the atomic
layers of ferromagnetic Cr2Ge2Te6 and ferroelectric
In2Se3 for logic applications. This indicates the strong
magneto-electric coupling between ferromagnetic and fer-
roelectric layers.

Magnetic tunneling junctions (MTJs) are the key building
blocks of non-volatile random access memory devices
(MRAMs). The basic principle of this MTJ is changing the
relative magnetoresistance, called tunnel magnetoresistance
(TMR) between two ferromagnetic layers with the orientation
of their spin moments. MTJ consists of two magnetic layers
separated by a thin insulating layer, where the changes of
magnetic alignments in the two ferromagnetic layers from
parallel to antiparallel causes the sizable change in TMR,
which has tremendous application in data storage andmemory
devices. This MTJ effect can be enhanced using a ferroelectric
barrier layer between two ferromagnetic layers. The benefits
of introducing a ferroelectric barrier layer between two ferro-
magnetic layers are the coupling effect between electric polar-
ization and magnetic moments at the interface. The electric
polarization can be tuned by applying an electric field, which
produces a sizable change in resistance of the junction, called
tunneling electrostatic resistance (TER) and this phenomenon
could enhance the TMR effect inMTJ. Recently, Su et al. [83]
have theoretically demonstrated a tunnel junction by introduc-
ing a thin 2D ferroelectric layer of In2Se3 between two layers
of 2D magnetic materials FemGeTe2 and FenGeTe2, where
m,n = 3,4,5 and m≠n are called multiferroic tunnel junctions
(MFTJs). Out of plane or in-plane ferroelectric polarizations
of In2Se3 has been achieved by applying in-plane or out of
plane electric fields [57]. Thus, we can realize a novel MFTJ
by introducing In2Se3 between two FenGeTe2 layers. Parallel
and antiparallel magnetization alignment between two ferro-
magnetic layers and weak exchange interaction between them
was controlled through a thin ferroelectric In2Se3 layer.
Therefore, nonvolatile multiple states with switchable

Fig. 9 Ferroelectric and ferromagnetic characterizations of Fe-doped 2D
In2Se3 crystals. a AFM topography image of the flake containing various
layers. b The PFM phase image. c Phase image of 6.8 nm thick flake
shows out of plane polarizations at applied voltage −5V and +6 V. d PFM
amplitude data of a 20-nm thick flake as a function of sweeping voltage
from −6V to +6V shows hysteresis loops. eMagnetic hysteresis loops at

2 K for undoped In2Se3. f Field-cooled and zero-field-cooled magnetiza-
tion as a function of temperature for Fe0.16In1.84Se3 (FIS) from 2 to 100 K.
gMagnetic hysteresis loops of FIS, when the applied magnetic field is in
parallel and perpendicular to the 2D plane measured at T = 2 K. h
Expanded view of the loop of Fe0.16In1.84Se3 (FIS) in (g). The figures
are obtained with permission from Reference [75]
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ferroelectric polarization of In2Se3 can be realized. Further,
theoretically it also investigated the TMR effect in Van der
Waals MTJs which consist of ferromagnetic electrodes
(Fe3GeTe2) and a graphene or hexagonal boron nitride (h-
BN) layer. TheseMTJs depend on the spin electronic structure
of ferromagnetic Fe3GeTe2 electrodes. Further investigations
are required to understand the intrinsic properties of 2D vdW
MTJs for spintronics applications [84]. In addition to this, the
Table 1 contains a number of recently developed 2D ferro-
electric and multiferroics using theoretically as well as exper-
imental techniques.

9 Challenges, opportunity, and future
direction

Ferroelectricmaterials with stable and switchable spontaneous
polarization and can be controlled by an external electric field
are potential candidates for many technological applications,

including nonvolatile memories, field-effect transistors, solar
cells, and sensors. The nanoscale ferroelectrics have been well
proven bymany theoretical predictions. However, it should be
mentioned that either the careful selection of the substrate to
grow the materials with less lattice mismatch is required for
fabricating high-quality ferroelectric thin films at the nano-
scale level. This might need a lot of time to overcome this
challenge. Though 2D ferroelectric materials were predicted
long before, there are still huge challenges to be observed in
stable polarization along the plane and out of the plane in
atomic layer materials. The ability to preserve pristine nature
of 2D ferroelectricity and producing defect-free materials are
the great challenge to the scientific community and need to be
addressed for practical applications. The integration of 2D
materials with three-dimensional (3D) systems is still a signif-
icant challenge, limiting device performance and circuit de-
sign [94].

The successive study on structure, electronic, ferroelectrics,
and magnetism of 2D oxyhalide VOF2 and VOI2 monolayer

Table 1 The recent development
of 2D ferroelectric and
multiferroics using theoretically
as well as experimental
techniques

Materials Type Curie temperature
(TC)

Mechanism Year and
reference

CuInP2S6 Ferroelectric 320 K Structure distortion 2016 [59]

CuInP2S6 Ferroelectric Room temperature
and above

Ion displacement 2020 [62]

SnTe Ferroelectric 270 K Structure distortion 2016 [85]

GeSe Ferroelectric 2300 K Structure distortion 2016 [86]

SnSe Ferroelectric Room temperature
and above

Structure distortion 2016 [86]

SnSe Ferroelectric 380-400 K Domain walls by external applied
pulse voltage

2020 [60]

GeS Ferroelectric 6400 K Structure distortion 2016 [86]

SnS Ferroelectric 1200 K Ion displacement 2016 [86]

α-In2Se3 Ferroelectric Room temperature Structure distortion 2017 [54]

α-In2Se3 Ferroelectric Room temperature Dipole effect 2018 [56]

In2Se3 Ferroelectric 700K Dipole locking/covalent bond
configuration

2018 [57]

α-In2Se3 Ferroelectric Room temperature Structure distortion 2018 [87]

α-In2Se3 Ferroelectric Room temperature Dipole Effect 2018 [88]

β′-In2Se3 Ferroelectric 473 K Structure distortion 2018 [52]

2H
α-In2Se3

Ferroelectric Room temperature Non-equivalent interlayer spacing 2018 [89]

WTe2 Ferroelectric 350 K Electron-hole correlation effects 2018 [42]

BA2PbCl4 Ferroelectric 453 K Structure distortion 2018 [90]

d1T-MoTe2 Ferroelectric Room temperature Structure distortion 2019 [47]

Bi2O2Se Ferroelectric Room temperature Structure distortion 2019 [91]

β′-In2Se3 Antiferroelectric Room temperature Lattice distortion 2020 [92]

BLG/BN Ferroelectric 4K Moiré Heterostructure 2020 [43]

GeS Multiferroic Room temperature Structure distortion 2016 [93]

SnS Multiferroic Room temperature Structure distortion 2016 [93]

GeSe Multiferroic Room temperature Structure distortion 2016 [93]

SnSe Multiferroic Room temperature Structure distortion 2016 [93]
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with the coexistence of both ferroelectricity and ferromagne-
tism has been demonstrated theoretically but required experi-
mental work to confirm this theoretical finding. The existence
of ferroelectricity in VOI2 is due to the violation of d0 rule.
There might be several other materials that need to be inves-
tigated whichwere in the same category of violation of d0 rule.
It needs experimental investigation of ferroelectricity and fer-
romagnetism as well as magnetoelectric effect for convention-
al multiferroics. Further, we discussed a theoretical prediction
of multiferroic properties with strong magnetoelectric cou-
pling of double-perovskite bilayer Ca2FeOSO6 RP structure.
A systematic experimental study is sought for thorough un-
derstanding of anisotropic nature and its role in the
multiferroic properties.

The room temperature out-of-pane ferroelectricity is ob-
served in the monolayer MoTe2 using theoretical calculation
as well as experimental findings. This also shows Curie tem-
perature above room temperature. Still, there is a huge chal-
lenge to understand the stability of ferroelectricity in mono-
layer samples. The interaction of monolayer with the substrate
plays an important role to maintain the ferroelectric nature and
needs further investigation. The substitution of Fe in the site of
In2Se3, i.e., Fe0.16In1.84Se3 (FIS), exhibits ferroelectricity, and
ferromagnetism simultaneously means it is a multiferroic ma-
terial. But, the ferromagnetic effect is observed only at low
temperature and not at room temperature, which limits the
multifunctional application of this material. Therefore, devel-
oping FIS with suitable substitution of Fe in In2Se3 is needed
which can increase the TC of FIS. This also opens up other
materials like rare-earth elements that may be doped in In2Se3
which can showmultiferroics with TC. There might be several
2D materials that could show multiferroic behavior with suit-
able doping which needs substantial future research work.

As discussed above, the discovery of stable ferroelectricity
in layered In2Se3 materials at room temperature has potential
advantage for many electronic applications. But still there are
many challenges to overcome for a wide range of applications.
With the applied temperature, the domain in In2Se3 grows
very anisotropically where length of the domain grows much
faster than the width giving stripe domain feature, which
limits the application for high density devices. Thus, a method
needs to be developed to control the size of the domains with
possible nanofabrication techniques. The ferroelectricity is al-
so not measured in very thin samples like monolayer to few
atomic layers, which may have a wide range of applications in
nanoelectronics such as memory, sensor, and photovoltaic as
compared to the bulk. The challenging part is to grow the large
area monolayer In2Se3 crystal. One of the critical issues for
ultrathin ferroelectric materials is the depolarization effect. It
is known that the ferroelectricity of conventional ferroelectric
thin films is usually suppressed, as the films are thinner than a
critical thickness due to the effects of a depolarizing field
induced by uncompensated charges in the presence of metal

electrodes. This issue needs to be addressed with careful mea-
surements as a function of the number of layers. It is known
that all ferroelectric materials show both piezoelectric and
pyroelectric effects. The phenomenon of piezoelectricity
arises from the release of electric charge under the application
of mechanical stress and vice-versa, and pyroelectricity comes
from the release of charge due to a material’s change of tem-
perature. As we know, the 2D materials, due to their large
surface to volume ratio, were prone to deform and change
their electronic properties with mechanical stress as well as
change in temperature. Thus, a systematic study of piezoelec-
tric and pyroelectric properties will lead to the potential for
applications in nanoscale electromechanical devices and
piezotronic sensors.

Most of the 2D materials possess large density of defects,
particularly chemical vapor deposition (CVD) grown samples
have higher density of defects than the chemical vapor trans-
port (CVT) grown crystals. Domain walls pinning in thin fer-
roelectric materials such as SnSe is an important drawback
which might arise due to the defects, wrinkle, and step, non-
uniformity of the sample. It was a great achievement to ma-
nipulate the DWs in a monolayer SnSe sample by applying an
electric field close to the sample. The creation of DWs and
annihilation could depend upon the narrow voltage range Vp

applied to the sample which might also depend upon the crys-
tal quality, fabrication defects, etc. DWs can easily be pinned
at the defect side and need larger applied electric fields to
switch the DWs with different chirality. Thus, reproducibility
of DWs manipulation is one of the major challenges in thin
layer samples. The temperature is also an important factor to
destroy the DWs in high-density electronic devices. Thus, a
thorough temperature-dependent study will explore the DWs
evolution in thin ferroelectric materials. The quality and na-
ture of the substrate could drastically affect the ferroelectric
DWs on a monolayer sample. Flat surface with large ferro-
electric coupling would be better for the DWs manipulation
for a monolayer sample. The collective measurements from a
large-scale sample would pave the way towards practical ap-
plications. The discovery of ferroelectric behavior in moiré
heterostructure of h-BN/graphene/h-BN is one of the interest-
ing developments in the field of 2D ferroelectricity, where
bilayer graphene shows hysteresis behavior as a function of
applied electric field when the top and bottom h-BN are
stacked in particular orientation [43]. This could lead to the
exploration of the ferroelectric behavior of many other 2D
heterostructure materials beyond graphene, and we might
see many interesting developments in this field in the next
few years. There is a great opportunity to explore new 2D
ferroelectricity and multiferroics for multifunctional applica-
tions both theoretically and experimentally. One can also
study two-dimensional multiferroics in violation of the d0 rule
experimentally. Also, researchers can design and develop a
high-quality interface with MoS2 2D electronic devices

emergent mater.



particularly for field-effect transistor (FET) through experi-
ment. One can develop and design 2D multiferroics with in-
trinsic magnetoelectric coupling and 2D magnetism by the
application of electric field experimentally.
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