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Abstract
In recent years, the investigation of low-dimensional ferroelectrics has attracted great attention
for their promising applications in nano devices. Piezoelectricity is one of the most core
properties of ferroelectric materials, which plays an essential role in micro-electromechanical
systems. Very recently, anomalous negative piezoelectricity has been predicted/discovered in
many quasi-two-dimensional layered ferroelectric materials. In this Topical Review, we will
briefly introduce the negative piezoelectricity in quasi-two/one-dimensional ferroelectrics,
including its fundamental concepts, typical materials, theoretical predictions, as well as
experimental phenomena. The underlying physical mechanisms for negative piezoelectricity are
divergent and vary case by case, which can be categorized into four types: first, the soft van der
Waals (vdW) layer is responsible for the volume shrinking upon pressure while the electric
dipoles are from the non vdW layer; second, the noncollinearity of local dipoles creates a
ferrielectricity, which leads to orthogonal ferroelectric and antiferroelectric axes; third, the
electric dipoles come from interlayer/interchain couplings, which can be enhanced during the
volume shrinking; fourth, the special buckling structure contributes to local dipoles, which can
be enhanced upon pressure. In real materials, more than one mechanism may work together.
Finally, future directions of negative piezoelectricity and their potential applications are
outlined.
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1. Introduction

Ferroelectrics are functional materials that have spontan-
eous macroscopic polarization and the polarization can be
reversed by an externally electric field. Due to the charac-
teristics of non-volatility when power is turned off, and the
fact that the phase transition temperature can generally reach
room temperature, the study of ferroelectrics has received

∗
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widespread attention [1, 2]. Over the past century, many
advances have been made in ferroelectric physics and mater-
ials research. From the perspective of physical mechanism.
Crystal symmetry group theory, phonon soft mode theory,
and Landau phase transition theory support the framework
of traditional ferroelectric physics and successfully describe
a series of physical effects including ferroelectricity, piezo-
electricity, and ferroelectric photovoltaic effects. From the
perspective of materials, various types of ferroelectrics have
been reported, including three-dimensional oxides/fluoride
ferroelectrics, organic ferroelectrics and so on [3–8]. From
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the perspective of applications, ferroelectrics can be used in
non-volatile memories, field-effect transistors, ferroelectric
photovoltaic devices, sensors and so on [9–14].

The piezoelectric effect describes the linear electromech-
anical interaction between the mechanical and electrical states
in materials without inversion symmetry, which has attracted
great attention [15–18]. It is known that ferroelectrics must
be piezoelectrics, but piezoelectrics are not necessarily ferro-
electrics. In other words, piezoelectricity is a property asso-
ciated closely with ferroelectricity. There are many applica-
tions based on piezoelectricity, including the detection/gener-
ation of sonar waves, piezoelectric motors, various sensors and
so on [9, 19, 20]. The reverse piezoelectric effect illustrates
the internal creation of a mechanical strain resulting from an
externally electric field. The positive and negative piezoelec-
tric effects describe the change of polarization with deform-
ation. Specifically, the positively piezoelectric effect widely
exists in traditional perovskite ferroelectrics [21], namely the
dipole of the system decreases with the compressive stress,
while the negative piezoelectric effect is less common and
exists in certain compounds [22–25]. The piezoelectricity of
ferroelectrics is interesting and requires further exploration.

1.1. Ferroelectricity in low-dimensional materials

Since the graphene was exfoliated mechanically, two-
dimensional materials have also attracted great interest
owing to their distinctive properties [26]. Thousands of two-
dimensional materials exfoliated from van der Waals (vdW)
systems beyond graphene have been reported, which were
first used to study the transport and photoelectric proper-
ties [27, 28]. In addition, due to the reduction of dimension,
the vdW two-dimensional materials can lose some symmetry
compared with bulk structures, which may provide a poten-
tial way to design low-dimensional ferroelectrics. The rapid
development of two-dimensional materials has also expanded
the study of ferroelectrics to two-dimensional and even quasi-
one-dimensional systems, which maintains the advantage of
ferroelectrics in the post-Moore era [29–33].

Based on the characteristics of two-dimensional mater-
ials close to the surface and easy to passivate, Wu et al
proposed to convert non-ferroelectric materials into ferro-
electrics through surface functionalization [34]. Specifically,
transition-metal molecular sandwich nanowires are function-
alized, which break the spatial inversion symmetry and exhibit
molecular reorientation in response to an external electric
field. In addition, graphene modified by hydroxyl is one of
the two-dimensional ferroelectrics, and the direction of polar-
ization is controlled by that of hydroxyl molecular [35, 36].
Furthermore, more two-dimensional materials have been func-
tionalized by various organic molecules, which is a general
approach to design the two-dimensional ferroelectrics in vdW
systems [37–40].

In addition to using functional molecular modification to
design two-dimensional ferroelectric materials, researchers
have been committed to the search and design of intrinsic two-
dimensional ferroelectric materials. Shirodkar and Waghmare

have observed the unstable phonon vibration modes in mono-
layer MoS2, which induces the ferroelectric phase of d1T-
MoS2 [41]. Several intrinsic two-dimensional ferroelectric
materials have been confirmed by experiments. In 2015,
Belianinov et al found that the layered material CuInP2S6
holds the room-temperature ferroelectricity [42], and the effect
of nanocrystal thickness on ferroelectric properties was stud-
ied [43]. In the following experiment it has been shown that
ferroelectricity is also maintained even when the thickness of
CuInP2S6 films is reduced to 4 nm [44]. The unusual ferroelec-
tric properties for the uniaxial quadruple potential well have
been reported [45]. In addition, Chang et al observed the in-
plane ferroelectric polarization in monolayer SnTe [46], and
the two-dimensional ferroelectricity has also been reported in
other group IV monochalcogenides including GeS, GeSe, SnS
and SnSe monolayers [47, 48]. In 2016, Ding et al predicted
the out-of-plane polarization in monolayer In2Se3 and other
III2-VI3 materials [49]. Soon after, the two-dimensional fer-
roelectricity in monolayer In2Se3 was confirmed by experi-
ments [50, 51]. Recently, the single element bismuth mono-
layer was synthesized and confirmed as a two-dimensional
ferroelectric in experiment [52]. The structure is similar to
buckled black phosphorus and the origin of ferroelectricity is
a combination of charge transfer and conventional atomic dis-
tortion [53]. Furthermore, many intrinsic two-dimensional and
quasi-one-dimensional ferroelectrics have been predicted the-
oretically [54–61].

The concept of sliding ferroelectricity was proposed by Li
and Wu in 2017 [62]; it indicates that the unique stacking
modes among the layers can break the spatial inversion sym-
metry and induce the out-of-plane polarization, which can be
reversed by interlayer sliding. This discovery extends the study
of two-dimensional ferroelectrics from a few specific materi-
als to most of the currently known two-dimensional materials.
Soon after, the sliding ferroelectricity in bilayer BN has been
verified by experiments [63, 64]. More and more interlayer
sliding ferroelectrics have been predicted and confirmed [65–
85]. The layer group of possible bilayer stacking ferroelec-
trics and the rules for the creation and annihilation of sym-
metry operations can be listed by performing group theory
analysis [86].

1.2. Negative piezoelectricity

Research on piezoelectricity has a 100-year history, demon-
strating that materials expand from conventional bulk materi-
als to low-dimensional systems. Piezoelectric properties dif-
fer slightly in the previous two kinds of materials. First,
the traditional bulk materials including perovskite oxide and
fluoride are mainly connected through ionic or covalent
bonds, which are ‘hard’, while the layers/chains in most low-
dimensional systems are bonded by the weak vdW interac-
tion, which are ‘soft’. The difference in structure can strongly
affect the change in polarization due to structural relaxa-
tion in response to strain, namely the internal-strain term.
This may result in the ubiquity of negative piezoelectricity in
layered ferroelectric materials [87]. Second, piezoelectricity
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Figure 1. (a) Draft of positive and negative piezoelectricity. Assuming the z-axis is the direction of exterial strain. (b) Draft of
heterostructure constructed by positive and negative piezoelectric layers. Reprinted (figure) with permission from [93], Copyright (2023) by
the American Physical Society.

in low-dimensional materials exhibits strong anisotropy due
to the reduced dimensionality [88–90]. Third, morphotropic
phase boundary (MPB) has been widely used to explain the
giant piezoelectricity in conventional bulk materials, while
MPB in low-dimensional systems has received very little
attention, perhaps due to challenges in achieving phase coex-
istence and possible polarization rotation [48, 91, 92].

Piezoelectricity is usually estimated by the piezoelectric
coefficient that describes how the polarization changes in
response to stress or strain. We derive two physical quantities,
namely the piezoelectric stress coefficient dij and the piezo-
electric strain coefficient (eij). Specifically, dij describes the
induced polarization in the direction i (∆Pi) with an applied
stress (σj), which can be gauged by ∆P = dijσj. And eij links
∆Pi with strain (ηj) given by ∆Pi = eij ηj. Both dij and eij
are third-rank tensors, and they can be linked via elastic com-
pliances by dij = Sjk eik [25]. The positive (negative) longit-
udinal piezoelectric coefficients (e33 and d33, assuming the
z-axis is the direction of the polar axis) represent a positive
(negative) piezoelectric effect. As depicted in figure 1(a), a
uniaxial tensile strain increases (decreases) the polarization
due to positive (negative) piezoelectric effect [93]. From the
perspective of materials, positive piezoelectrics are common.
There is an exception, namely the ferroelectric polymerpoly
(vinylidene fluoride) (PVDF), which exhibits negative piezo-
electric effect [22, 94]. From the perspective of applications,
negative piezoelectrics are unique and promising in the devices
used for electromechanical systems. As depicted in figure 1(b),
the heterostructure constructed by positive and negative piezo-
electrics can achieve better ductility.

Recently, more and more quasi-two/one-dimensional fer-
roelectrics have been reported, and the unique negative piezo-
electric mechanisms have also been discovered [93, 77, 95–
97]. In this brief review, the negative piezoelectricity in quasi-
two/one-dimensional ferroelectrics reported recently will be
introduced and categorized.

2. Negative piezoelectricity in low dimensional
ferroelectrics

In the following, we review several works on negat-
ive piezoelectricity in low dimensional ferroelectrics with

different physical mechanisms. The origin of negative piezo-
electricity is closely related to that of ferroelectricity. The fol-
lowing examples include vdW layered ferroelectric CuInP2S6,
noncollinear, sliding, and elemental ferroelectrics.

2.1. Giant negative piezoelectricity in CuInP2S6

2.1.1. Ferroelectricity of CuInP2S6. The ferroelectricity of
CuInP2S6 (CIPS) has been confirmed experimentally and the-
oretically, which has attracted intensive attention recently [42–
44, 45]. CIPS is one of the vdW layered materials that
retains room-temperature ferroelectricity when the thickness
is reduced to ∼4 nm, whose structure can be depicted in
figures 2(a) and (b).Monolayer of CIPS contain a sulfur frame-
work stuffed with Cu and In ions, and P–P pairs. The bulk sys-
tem is made up of monolayers assembled by -A-B-A-B- mode
along the z-axis, which can be coupled by vdW interaction.
The site exchange between the Cu and P–P pair causes two
different layers, A and B. The displacement of Cu and other
cations converts the space group from C2/c (non-polar) to Cc
(polar) with spontaneous out-of-plane polarization.

An important criterion for ferroelectrics is whether
the polarization can be switched by an electric field.
Piezoresponse force microscopy (PFM) measurements have
been used as depicted in figures 2(c) and (d). The butterfly
loop of the PFM amplitude signal and the obvious 180◦ flop-
ping of the phase signal indicate the out-of-plane ferroelectric
polarization in CIPS even when the thickness is reduced to
∼4 nm. In addition, second-harmonic generation (SHG)meas-
urements have been used to probe the phase transition from
the ferroelectric to paraelectric state in experiments, as shown
in figures 2(e) and (f). These experimental results verify the
ferroelectricity in few layer CIPS.

2.1.2. Negative piezoelectricity of CIPS confirmed by experi-
ment. Piezoelectricity is a key property associated with fer-
roelectricity, and it is natural to investigate the piezoelectri-
city of CIPS [87, 95]. In addition, the anomalous polariza-
tion enhancement in CIPS under pressure has been reported
by the previous experiment [98]. The converse piezoelectric
effect of CIPS is measured by experiment. For comparison,
the results of two other prototypical ferroelectric materials
are exhibited, i.e. PVDF and Pb(ZrxTi(1−x))(PZT) thin films.
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Figure 2. (a) Side view and (b) top view for the structure of bulk CIPS. The arrow indicates the polarization direction. (b) The PFM phase
image for 4 nm. (d) The phase (blue) and amplitude (black) hysteresis loop from PFM for 4 nm. (e) SHG intensity in horizontal (H) and
vertical (V) directions for a 100 nm. (f) Temperature dependence of SHG intensity with different thickness. Reproduced from [44].
CC BY 4.0.

These two materials are known examples of negative piezo-
electric and positive piezoelectric, respectively. The polariza-
tion, strain and longitudinal piezoelectric coefficient d33 as a
function of electric field are synchronously recorded as depic-
ted in figure 3.

In the PVDF system, the polarization is downward at the
beginning. When the electric field increases from zero to the
maximum pointing upward, polarization is switched at the
coercive field (Ec). Simultaneously, the strain increases from
zero to the peak at theEc, and flips the symbol after the polariz-
ation is completely switched. This phenomenon indicates that
the lattice expands (contracts) if the electric field is opposite
(same) to the direction of polarization. The electromechan-
ical response of PVDF is consistent with negative piezoelectric
effect. On the contrary, the strain–electric field loop for PZT is
opposite to PVDF, characterized as the positive piezoelectric
effect. While for CIPS, its electromechanical response seems

to be similar to PVDF, indicating that it is a negative piezo-
electric material.

To double-check this discovery, the piezoelectric coeffi-
cients of d33 are measured by experiment. PVDF and CIPS
show the same behavior, which agrees with the negative piezo-
electric effect, while PZT exhibits the positive piezoelectric
effect. The effective d33 in the zero-field case of PVDF, CIPS,
and PZT are about −25, −95, and 48 pm/V, respectively.
The large piezoelectric coefficient d33 of CIPS indicates a
giant negative piezoelectric effect, whose physical mechanism
should be revealed.

2.1.3. Phenomenological theory of the negative piezoelec-
tricity in CIPS. The negative piezoelectric effect can be
revealed by phenomenological theory. A ferroelectric crystal
changes from the paraelectric phase to the polar state, which
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Figure 3. (a)–(c) Polarization-electric field curves for PVDF (a), CIPS (b),and PZT (c). (d)–(f) Corresponding strain-electric loops for
PVDF (d), CIPS (e), and PZT (f). (g)–(i) d33 of PVDF (g), CIPS (h), and PZT (i), from [95]. Reprinted with permission from AAAS.

can induce the longitudinal strain named as S33. It can be
estimated by the Taylor expansion of the electric distortion
named as D3 as shown in the following equation [99]:

S33 = Q33D
2
3 = Q33

(
P⃗s + P⃗i

)2
= Q33

(
P⃗s + ϵ33E⃗3

)2

= Q33P⃗s
2
+ 2Q33ϵ33P⃗sE⃗3 +Q33ϵ

2
33E⃗3

2
(1)

where Q33 is the coefficient of longitudinal electrostriction,
ε33 is the dielectric permittivity, P⃗s and P⃗i are the spontan-
eous and induced polarization. The spontaneous strain induced
by the paraelectric-to-ferroelectric phase transition can be
described in the first term. The main electromechanical coup-
ling component can be represented by the second term, in
other words, piezoelectric coefficient of d33 can be defined as
2Q33ϵ33Ps. Quadratic electrostriction effect can be shown in
the last part [100]. The negative piezoelectricity in ferroelec-
tric systems is the spontaneous negative electrostriction, which
can be seen as the expansion of lattice constant along the polar
axis when there is a drop of polarization.

2.1.4. Revealing negative piezoelectricity from dimensional-
ity. Unlike perovskite oxide three-dimensional ferroelec-
trics, the dipole in CIPS exists in isolated layers, which can be

stacked together via vdW interaction to form a discontinuous
(broken) lattice. The ions and bonds have been simplified to
the ball-and-spring model as depicted in figure 4. In PZT, the
electric field and polarization are assumed to be along the same
direction, and the positive (negative) ionsmove along (against)
the electric field. However, due to the bond anharmonicity
of the spontaneous displacement, namely, the compression is
harder than the expansion. This results in∆r1 >∆r2, and the
lattice parameter expands with the enhancement of polariza-
tion. Therefore, there is a positive piezoelectricity. However, in
CIPS, the isolated dipoles are held together via the vdW inter-
action, which is very soft. As a result, the elastic compliance of
k4 is very small, resulting in ∆r4 >∆r3. This means that the
lattice parameter shrinks with the enhancement of polarization
in CIPS, namely the negative piezoelectricity.

2.1.5. Microscopic origin of negative piezoelectricity in CIPS
from computational modeling. Single-crystal x-ray diffrac-
tion and first-principles calculations have been performed to
reveal the giant negative piezoelectric effect from a micro-
scopic perspective. There are four Cu sites in one of the polar-
ization states, as shown in figure 5(a). In addition, experiment
results suggests there is a possible metastable Cu site in the
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Figure 4. Simplified rigid ion model for piezoelectrics. (a) Positive piezoelectrics with continuous lattice. (b) Negative piezoelectrics with
discontinuous lattice. The dashed box indicates the unit cell. The black arrows indicate the directions of polarization and electric field. The
pair potential energy profiles of the relevant chemical bonds are shown by the lower parts. From [95]. Reprinted with permission from
AAAS.

Figure 5. (a) Refined structure of CIPS in unit cell viewed from the b axis. The occupation can be indicated by the Cu atoms’ size. (b) The
free energy E (left vertical coordinate) and polarization P (right vertical coordinate) changing with lattice constant c in different cases:
triangle, metastable state occupied by all Cu ions; circle, metastable state occupied by 1

4 Cu ions; square, ground-state. Insets: the relevant
structures. From [95]. Reprinted with permission from AAAS.

vdW gap. The occupancy of the interlayer site is estimated to
be 0.08.

From the first-principles calculation, the piezoelectric coef-
ficient d33 of the ground state is −18 pCN−1, which is far
from the experimental value (d33 ≈−95 pCN−1). The giant
piezoelectricity in CIPS cannot be explained just by the ground
state. Then, the partial occupancy is taken into consideration,
as depicted in figure 5(b). In addition, taking the occupancy
(8%) observed by experiment into consideration, the estim-
ated polarization is ∼4.15µCcm−2, which is consistent with
the experimental value. Furthermore, the approximate d33 is
about −110 pCN−1. The first-principles calculations confirm
the shrinking of the distance of vdW layers d results in most
of the change in c lattice constant, while the CIPS layer thick-
ness r barely changes, which is consistent with revealing the
negative piezoelectricity of dimensionality.

Two important conclusions from the first-principles cal-
culations are presented. First, the shrinking of the vdW lay-
ers plays an important role in the negative piezoelectricity
of CIPS. Second, the giant magnitude of the piezoelectric

coefficient originates from the large displacive instability of
the Cu atoms.

2.2. Negative piezoelectricity in noncollinear ferrielectrics

2.2.1. The noncollinear ferrielectricity in monolayer MO2X2.
Magnetism and polarity are homotopic according to the

Landau theory, which should display the one-to-one cor-
respondence among many physical properties. Examples
are ferromagnetic vs ferroelectric states and antiferromag-
netic vs antiferroelectric states. The spin noncollinearity
has been widely studied for magnets, while the noncollin-
ear dipole orders are very rare except for a few ferrielec-
trics, such as three-dimensional materials of BaFe2Se3 [101],
Pb2MnWO6 [102], and monolayer MO2X2 (M: group-VI
transition metal; X: halogen) [96]. The noncollinear ferrielec-
tricity associated with negative piezoelectricity in monolayer
MO2X2 will be reviewed in the following.

The paraelectric structure of MO2X2 indicates that all M
ions are located at the center of the O4X2 octahedra with the
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Figure 6. Phonon spectra and structures for different phases of monolayer MO2X2. Brillouin zones are represented by the grey squares or
rectangles. (a) The paraelectric phase. The imaginary-frequency modes (X+

2 and Γ−
5 ) are indicated. (b) The unstable antiferroelectric state

accompanying the distortion mode named X+
2 . (c) The unstable ferroelectric state accompanying the distortion mode named Γ−

5 . (d) The
final ferrielectric ground state. The angles marked by θ between nearest neighbor dipoles (black arrows) align the b axis are ∼129◦. (e)
Partial charge density diagram of valence electrons. Reprinted (figure) with permission from [96], Copyright (2019) by the American
Physical Society.

space group of P4/mmm (shown in figure 6(a)). The phonon
spectrum indicates that the paraelectric structure is unstable
with two imaginary-frequency modes, which can result in
spontaneous structural distortions. As depicted in figures 6(b)
and (c), the unstable mode named X+

2 at X (and Y) induces
antiferroelectric distortions and another unstable mode named
Γ−
5 at Γ point results in ferroelectric distortions.
Only one of the phonon modes cannot construct a stable

phase. The cooperation of these two modes can lead to a stable
phase with a net ferroelectricity (figure 6(d)), whose beha-
vior is similar to the exchange frustration in magnets. The
dipole moments at the local sites are noncollinear, and the
canting angle of WO2Cl2 (MoO2Br2) is about 129◦ (128◦)
as depicted in the bottom of figure 6. The directions of fer-
roelectric and antiferroelectric ordering are orthogonal, along
the b and a axes. The polarizations along the b-axis of mono-
layer MoO2Br2 and WO2Cl2 are estimated to be 32.09 and
26.36µCcm−2 respectively when the distance between adja-
cent layers is the thickness of the monolayer.

The driving force for polar distortions of these transitional
metal oxyhalides should be the d0 rule fromM6+, whichmeans
strong coordination bonds can be formed between the empty
d orbitals of M ions and 2p orbitals of O ions. As shown in
figure 6(e), there is a few valence electron transfers from O2−

to M6+ and this induces ferroelectric distortions.

2.2.2. Negative piezoelectricity induced by the noncollinear
ferrielectricity in monolayer MO2X2. Different from the plain
ferroelectrics, the 180◦ flipping of the net polarization does
not need the 180◦ switching of all local dipole moments. On
the contrary, the collaborative ∼50% rotations of the dipole
moments on all local sites can also work (figure 7(a)). In addi-
tion, the energy barriers induced by the nonpolar transition
states for MoO2Br2 and WO2Cl2 monolayers are 0.399 and
0.158 eV, respectively (figure 7(b)).

Furthermore, the 90◦ switching of polarization also works,
which can be achieved by exchanging the a and b axes.
We show that two assuming two-step paths can be seen in
figure 7(c). The energy barriers can be depicted in figure 7(d),
which induces a slightly lower energy barrier in path II. This
unique 90◦ switching of polarization can further result in the
negative piezoelectricity. The reason can be explained as the
following. The lattice constants a and b in the orthorhombic
ferroelectric phase are unequal, i.e. a> b, and the net polariz-
ation is along the b-axis. The component of local dipoles along
the a-axis is larger than that along the b-axis. Thus, when the
net residual polarization undergoes the 90◦ switching process
from the b-axis to a-axis, the lattice constant along the polariz-
ation increases, whichmeans thatPa decreases with increasing
a (figures 7(e) and (f)) and an anomalous behavior, namely the
negative piezoelectricity appears. In other words, the negative
piezoelectric effect can be induced by the 90◦ switching of
polarization. However, the specific magnitude of the negative
piezoelectric coefficient has not been proven by calculation or
experiment, which needs further study.

2.3. Negative piezoelectricity in sliding ferroelectrics

2.3.1. Ferroelectricity in interlayer sliding ferroelectrics.
Interlayer sliding ferroelectricity widely exists in two-

dimensional vdW materials, which describes the unique phe-
nomenon of the induced ferroelectric polarization perpendic-
ular to the interlayer sliding direction. Sliding ferroelectrics
have received extensive experimental and theoretical attention.
The origin of sliding ferroelectricity and negative piezoelec-
tricity will be reviewed.

Taking β-ZrI2 bulk as an example of sliding ferroelec-
tric [77], whose polarization is calculated as 0.39µCcm−2 by
first-principles calculations; the polarization direction is along
the c-axis. The planar-averaged differential charge density
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Figure 7. (a) The 180◦ switching path of the net polarization: ferroelectric-antiferroelectric-ferroelectric. (b) The corresponding energy
barriers of the 180◦ switching of polarization. (c) Two assuming paths (labeled as Path I and Path II) of the 90◦ switching of polarization by
interchanging the a and b axes. (d) The corresponding energy barriers of the 90◦ switching. (e), (f) The change of local dipoles along the a
(Pa) and b (Pb) directions as the function of lattice constant a. The general trend is that Pa reduces with the enlarge of a, namely the negative
piezoelectricity. (e) Path I. (f) Path II. Reprinted (figure) with permission from [96], Copyright (2019) by the American Physical Society.

Figure 8. (a) The planar-averaged differential charge density (∆ρ) projecting along the c-axis, with parent phase (space group: Pnma) as
the reference. The case of opposite polarization can be shown in the inset. (b) The corresponding structure of (a). (c) Two possible
ferroelectric switching paths in β-ZrI2. (d) The corresponding energy barriers. (e) The polarization and dipole moment of β-ZrI2 as the
function of lattice constant c. Reprinted (figure) with permission from [77], Copyright (2021) by the American Physical Society.

between the ferroelectric and paraelectric (with space group
of Pnma) has been calculated and can be shown in figure 8(a).
It is obvious that there is charge transfer between the upper
and lower Zr–I bonds in each layer, which should be induced
by the special stacking method with symmetry breaking. In
other words, the inequivalent of the chemical environment
makes upper Zr–I bonds more charge positive but the lower
side more negative and it naturally induces an electric dipole
moment in each ZrI2 layer. Unlike the ZrI2 bulk, the ZrI2
bilayer owns both in-plane and out-of-plane polarization. The

in-plane polarization can be offset between nearest-neighbor
bilayers in the bulk (figure 8(b)).

The direction of polarization can be switched by interlayer
sliding. The two ferroelectric switching paths are named as
path I and path II as depicted in figure 8(b). Path I is only
related to the interlayer sliding among the vdW layers. Path
II involves not only interlayer sliding but also changes of the
crystallographic axis angle. Both paths can achieve ferroelec-
tric switching but have different energy barriers as depicted
figure 8(d).
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Figure 9. (a) Side view of NbI4 bulk. Each unit cell contains two chains. (b) View of NbI4 from the c-axis. The longer dl and shorter ds
indicate the structural dimerization. (c) Left panel: top view of chains, the blue and red arrows indicate the dipoles. Right panel: The
planar-averaged differential electron density [∆ρ=

˜
[ρ(+P)− ρ(−P)]dxdy] along the c-axis. The blue and red arrows indicate pab and pc

respectively. (d) Three possible ferroelectric switching paths in NbI4 bulk. (e) Corresponding P and energy barriers for switching paths.
Reprinted (figure) with permission from [105], Copyright (2024) by the American Physical Society.

2.3.2. Negative piezoelectricity in sliding ferroelectrics. The
polarization can be regulated by the uniaxial stress (chan-
ging the lattice constant) aligning the c-axis as depicted in
figure 8(e). It is obvious that the polarization increases as the
lattice constant decreases, which indicates β-ZrI2 has the neg-
ative piezoelectric effect. Furthermore, the piezoelectric coef-
ficient dij has been calculated as

dij =
∑6

k=1eikSkj (2)

where S = C−1 is the elastic compliance coefficient, and C
is the elastic tensor. The results show d33 is −1.445 pCN−1,
which further confirms the negative piezoelectric effect by
first-principles calculations.

There are two contributions to the enhancement of polar-
ization accompanying the compression of the lattice constant
c. The first term is the decreased volume due to the easily
compressible soft vdW layers, which is similar to CIPS [95].
The second term is the increased dipole moment of each unit
cell, which is due to the unique origin of interlayer sliding
ferroelectricity. Specifically, the closer adjacent ZrI2 layers,
the larger the interlayer sliding, and the greater the vertical
polarization. For example, in β-ZrI2, the contributions of these
two parts to negative piezoelectricity are ∼5% and ∼95%,
respectively. In addition, recent reports indicate that the neg-
ative piezoelectric effect widely exists in sliding ferroelec-
trics, including bilayer BN, bilayer WTe2, 2D Tellurene [65,
66, 103, 104] and quasi-one-dimensional sliding ferroelectric
NbI4 [105].

2.4. Quasi-one-dimensional sliding ferroelectricity and
negative piezoelectric effect

There is an obvious advantage of high storage density due to
quasi-one-dimensional characteristics, for example, the theor-
etical upper-limit for ferroelectric memory density can reach
∼100 Tbits in−2 [106]. Naturally, generalizing the concept
of sliding ferroelectricity to quasi-one-dimensional systems is
necessary and promising. Recently, the quasi-one-dimensional
ferroelectricity in NbI4 bulk has been reported [105].

Two NbI4 chains are assembled by vdW force in the primit-
ive cell of NbI4 bulk. Within each chain, all Nb ions are caged
within the I6 octahedron and the neighboring octahedra are
edge-sharing. In addition, the adjacent Nb ions are dimerized
as depicted in figures 9(a) and (b). The space group of NbI4
bulk is Cmc21, which belongs to the polar point group mm2.
The polarization can be calculated to 0.11µCcm−2, whose
direction of polarization is along the c-axis. Similar to the two-
dimensional interlayer sliding ferroelectrics, the special bind-
ing mode of the isolated two chains can induce perpendicu-
lar components (pc & pab). Furthermore, the pc’s are paral-
lel between nearest-neighbor pairs, while pab’s are antiparal-
lel and canceled between nearest-neighbor pairs along the c-
axis (Left panel of figure 9(c)). The microscopic origin of the
dipoles is the bias of the electron cloud as described in the right
panel of figure 9(c).

Unlike interlayer sliding ferroelectrics, there are more
degrees of freedom regarding the sliding modes due to the
quasi-one-dimensional characteristics of NbI4. Specifically,
we show that three paths can reverse the polarization as depic-
ted in figure 9(d), including sliding along the direction of the
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Figure 10. (a) Top view of group-V elemental monolayer. The unit cell is framed by the black dashed rectangle. (b) Side views of
ferroelectric states (phases A and A’) and paraelectric state (phase (B). (c) Free energy contour for As monolayer as the function of buckling
heights (hU, hL). (d) The electron localization function for phases A, B, and A’. [53] John Wiley & Sons. [© 2018 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim].

chain (labeled as I), perpendicular to the chain (labeled as
II) and intrachain ion displacements (labeled as III). The cor-
responding polarization and energy barriers for these three
switching paths are shown in figure 9(e). In addition, the neg-
ative piezoelectric effect has also been observed in NbI4 sys-
tems with d33 = −0.42 pCN−1, and the mechanism is sim-
ilar to that of interlayer sliding ferroelectricity. Namely, the
electric dipoles come from interchain couplings, which can be
enhanced during volume shrinking. However, the polarization
and negative piezoelectric coefficient are very small, which
may limit the practical application. Thus, finding systems with
better negative piezoelectric properties is one of the research
tasks.

2.5. In-plane negative piezoelectricity in elemental
ferroelectrics

2.5.1. Theoretical prediction of ferroelectricity in elementary
ferroelectric monolayers. In recent years, intrinsic two-
dimensional ferroelectricity has been discovered for single-
element monolayers by first-principles calculations and exper-
iments, which include group-V elements including As, Sb, and
Bi [53, 93, 97, 107]. The structure of elemental monolayers
is similar to that of buckled black-phosphorene as depicted
in figure 10. Due to the partial sp2 character other than the
homogeneous tetrahedral sp3 hybridization. The space group
of the distorted elemental monolayers is Pmn21, which is the

polar group. The buckling can be characterized by two heights
labeled hU and hL. The structure tends to a phosphorene struc-
ture (Pmna) with centrosymmetry. There are also two stable
energy-degenerate polar phases called phase A and A’. The
electron localization function shows the distinct localized lone
pair in these two polar states. The polarizations estimated are
46, 75, and 151 pCm−1 for monolayer As, Sb, and Bi, respect-
ively. The polarization can be switched through the paraelec-
tric phase B with a moderate energy barrier. Furthermore, the
in-plane polarization of the single-element bismuthmonolayer
has been confirmed by experiment [52].

2.5.2. Large in-plane negative piezoelectricity. Special
buckling distortion induces ferroelectricity in single-element
materials, which can be significantly affected by external
strain. The piezoelectric strain coefficients d33 of the two-
dimensional elemental-ferroelectrics can be calculated by
first-principles calculations, which are −19.2 and −25.9
pCm−1 for α-Sb and α-Bi monolayers, respectively. The res-
ults indicate a large in-plane negative piezoelectricity in these
two-dimensional elemental-ferroelectrics [93].

The mechanism of in-plane negative piezoelectricity in
these materials may be tracked back to the origin of ferro-
electricity. As mentioned before, the ferroelectric phase with
buckling distortion breaks the space inversion symmetry and
induces charge asymmetry in the puckered monolayer. From
another perspective, the buckling is similar to sliding, which
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Figure 11. Left panels: the ferroelectric distortion parameters, namely h, l = l1+l2. l is the sliding distance. The black arrows indicate the
directions of atomic movement. Green arrows show the direction of polarization. Right panels: ferroelectric order parameters and
polarization as a function of uniaxial strain. (a) Monolayer α-Bi. (b) ZrI2 bulk. Reprinted (figure) with permission from [93], Copyright
(2023) by the American Physical Society.

can be considered as a kind of intercolumn sliding as shown
in figures 11(a) and (b). The origin of negative piezoelectri-
city can be revealed qualitatively. The relative sliding between
columns induces a polarization perpendicular to the column
direction. The neighboring columns become closer with com-
pressive strain along the direction of the polar axis, and the
polarization enhances with greater ferroelectric displacement.

Furthermore, the piezoelectric stress coefficients e33 can
consist of two terms, namely the clamped-ion part ē33 and the
internal-strain part e ′33. Specifically, ē33 indicates the variety
of polarization induced by the distortion of lattice with atomic
sites fixed, which indicates the effect of electrons’ redistri-
bution and the variety of Born effective charge under uni-
form strain. And e ′33 is the piezoelectric reply to the struc-
tural optimization that emancipates the internal strain, which
means that the Born effective charges are fixed. The coeffi-
cients of monolayer α-Bi are ē33 = 0.6, e ′33 =−5.7 in unit
of 10−10 Cm−1. The internal-strain is negative with larger
values while the clamped-ion is positive with smaller values.
Thus, it is obvious that the negative internal-strain e ′33 plays
the major role in the negative piezoelectricity. This behavior is
similar to that of the vdW layered polar material BiTeX [108],
but different from the negative piezoelectricity in the three-
dimensional ABC ferroelectric [25]. In addition, the negative
piezoelectric effect caused by the negative clamped-ion term
being larger than the internal strain term can exist in mono-
layer arsenic chalcogenides and monolayer group IV–V MX2

[89, 109, 110].

Similar toWO2X2 monolayer asmentioned above, a shrunk
lattice constant along the polar axis is also discovered in ele-
mental ferroelectrics as an interesting consequence of negat-
ive piezoelectricity. As described in figure 11(c), the lattice
constant c of paraelectric state is longer than the ferroelec-
tric state, which induces a tensile strain to decrease the energy
gain from the ferroelectric displacement. This can reduce the
energy loss when the ferroelectric switching process is shown
to be in figure 11(d).

2.5.3. Nonanalyticity of piezoelectric response. The non-
analyticity of piezoelectric response is a previously unknown
phenomenon, which means that the (negative) piezoelectric
coefficients of tensile and compressive strains are differ-
ent [97]. The origin of this unique property will be explained
in detail as follows.

Taking theMymirror symmetry of the single-element ferro-

electrics into consideration, the internal-strain term e(i)11 (same
as e33 due to the different crystal axes in different papers) can
be decomposed into two terms e(i)11,x and e

(i)
11,z. Therefore, the

piezoelectric coefficient e11 can be wrote as:

e11 = e(0)11 + e(i)11,x+ e(i)11,z, (3)

where

e(i)11,x =
qa
Ω

∑
n

Z∗11
∂u1 (n)
∂η

,e(i)11,z =
qc
Ω

∑
n

Z∗13
∂u3 (n)
∂η

, (4)
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Figure 12. The movements of Wannier center and atomic positions. (a)–(c) η > 0. (d)–(f) η < 0. The displacement of Wannier center at the
clamped-ion state can be shown by the green dashed oval. The new and initial sites of Wannier center are indicated by the green solid and
hollow circle, respectively. The charge center of ions is represented by the orange solid square. The sign of Born effective charges are
represented by ‘+’ and ‘-’. The movement of anions and cations are indicated by the blue and orange arrows. Reprinted (figure) with
permission from [97], Copyright (2023) by the American Physical Society.

Figure 13. (a) Projected charge densities of pz orbital for Bi monolayer under different stress conditions. (b) Buckling height∆z with the
strain η. Reprinted (figure) with permission from [97], Copyright (2023) by the American Physical Society.

the electron charge is marked by q, a and c are the lattice con-
stants along the x and z axes, Ω and Z∗ij are the area of the unit
cell and the Born effective charge, respectively. ui is the frac-
tional coordinate along i direction.

Both the clamped-ion term and the internal-strain term is
negative. First, the negative clamped-ion term indicates ‘lag
of Wannier center’ effect. Specifically, the Wannier center
stays away from the center of positive charge and then shifts
in the −x direction in the ferroelectric state as depicted by
figure 12(a), inducing a polarization along the +x direction
(+PS). Imposing a uniform tensile strain η > 0, Wannier cen-
ter lags behind and has a relative movement in the direction of
polarization, which reduces the net polarization and results in
negative e(0)11 . The second is the negative internal-strain terms

e(i)11,x and e(i)11,z are related to the special buckled distortion.
There is charge transfer in the ferroelectric state (figure 12(b)),
orange and blue sites represent positive and negative charges,
respectively. When η > 0, internal-strain allows the shift of
ions along x and z (figures 12(b) and (c)). Two sublattices
move toward each other in the x direction, which decreases the

polarization PS. The ions move toward the paraelectric state in
the z direction, which also reduces the polarization.

The calculations indicate that in Bi monolayer both the
clamped-ion term e(0)11 and the internal-strain term e(0)11,z are
very different under tensile and compressive strains, but
e(0)11,x is almost unchanged [97]. This phenomenon can be
named as the nonanalyticity of piezoelectric response, which
is closely related to the buckling in Bi monolayer. There
is a weak hybridization between 6s and 6p orbitals in the
Bi monolayer, and that the p orbitals mainly contribute to
the bonds between the Bi atoms. Since the Bi monolayer is
extended in the x− y plane, the bonds are mainly determ-
ined by px and py orbitals and pz electrons form lone pairs,
which is the driving force of the buckling (∆z). In addi-
tion, the energy difference of pz levels on the two sublat-
tices acutely affects the distribution of lone-pair electrons,
which can be regulated by strain. For small tensile strain, the
energy difference of pz orbitals on the two sublattices can be
reduced, which induces charge redistribution and decreases
the charge transfer (figure 13(a)). However, for compressive
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strain, there is no obvious charge redistribution. The lone-
pair electrons also affect the height (∆z). Figure 13(b) indic-
ates ∆z under compressive strain changes more rapidly with
η, which can explain the nonanalyticity of the piezoelectric
response.

3. Summary and outlook

Negative piezoelectric systems not only have common applic-
ations in piezoelectric materials but also have unique and
promising potential applications in devices used in elec-
tromechanical systems. Firstly, piezoelectric materials can
produce an electrical voltage in response to an externally
mechanical force, which means energy conversion between
mechanical energy and the electrical energy can be achieved.
Piezoelectric nanogenerators are the main choice to harvest
mechanical vibration energy from the surrounding environ-
ment, which has been received great attention due to the higher
energy density and conversion efficiency [111]. PVDF, a typ-
ical negative piezoelectric material, has been widely used in
piezoelectric nanogenerator devices [112] including piezo-
photodetectors [113, 114], self-powered sensors [115], piezo-
electric fibers [116], and triboelectric textile sensors [117].
In addition, the negative piezoelectricity can be an import-
ant factor for the output performance of PVDF-based piezo-
electric hybrid nanogenerators [118]. Secondly, the negat-
ive piezoelectric effect has exclusive and promising poten-
tial applications owing to the difference between the response
of negative piezoelectric materials to external electric fields
and that of positive piezoelectric materials. As depicted in
figure 1(b), a heterostructure composed of ultrathin positive
piezoelectric and negative piezoelectric layers can be designed
when an externally electric field is applied to this heterostruc-
ture, then the lattice of normal piezoelectric layers expands
but that of the negative piezoelectric layer shrinks. Thus, very
large bending in materials can be achieved by constructing the
above heterojunctions [93].

In this topical review, the concept of negative piezoelec-
tric effect and the research progress of two-dimensional fer-
roelectrics were introduced. Furthermore, the negative piezo-
electricity in quasi-two/one-dimensional ferroelectrics repor-
ted in recent works was reviewed case by case. The mechan-
isms of negative piezoelectricity are highly different, which
are closely related to the origin of ferroelectricity. It can be
roughly categorized into the following four types. First, in the
CIPS system, the soft vdW layer is responsible for the volume
shrinking upon pressure while the electric dipoles are from
the non vdW layer. Second, the negative piezoelectricity in
two-dimensionalMO2X2 is due to the noncollinearity of local
dipoles, which results in the orthogonal ferroelectric and anti-
ferroelectric axes. Third, the origin of negative piezoelectricity
in interlayer/quasi-one-dimensional sliding ferroelectrics are
the joint contribution of dipole moment increase and volume
decrease. Fourth, the large in-plane negative piezoelectricity
in monolayer Bi is highly related to the buckling structure.

Research on piezoelectric properties in low-dimensional
ferroelectrics is in the ascendant, and experience can be
learned from perovskite systems. Previous studies indicate that
the high piezoelectricity in traditional ferroelectrics including
Pb(Zr,Ti)O3 (PZT) [119], Pb(Mg1/3Nb2/3O3)-PbTiO3 (PMN-
PT) [120] and Sm-doped PMN-PT system [121–123] bene-
fits from the morphotropic phase boundary (MPB) and nano-
scale structural heterogeneity [121]. Although some works
have focussed on MPB in the low-dimensional ferroelectrics
[48, 91, 92], achieving phase coexistence and designing pos-
sible polarization rotation are still a challenges for vdW fer-
roelectrics. Whether a giant negative piezoelectric effect in
low-dimensional ferroelectrics can be obtained through MPB
remains to be further studied. In addition, previous work
has reported that a highly polarizable ionic-covalent mat-
rix benefits from the giant piezoelectricity in a non-MPB
ferroelectric xBi(Ni0.5Hf0.5)O3-(1-x)PbTiO3, which has been
revealed by techniques such as neutron pair distribution func-
tions and complementary Raman scattering measurements
[124]. In addition, domain switching and lattice strain are
important processes contributing to the large electromech-
anical response of perovskite-based piezoelectrics, and the
coupling between them has also been reported in previous
works [125, 126]. These research experiences can be used
as a reference in the study of two-dimensional piezoelectric
materials.

With the exception of CIPS and the two-dimensional ferro-
electric metal distorted MoS2 [127] reported by recent exper-
iments, these studies of the negative piezoelectric effect are
mainly performed by first-principles calculations. In other
words, there are still very few negative piezoelectrics that have
been experimentally verified, which requires further explor-
ation. In addition, the mechanisms of negative piezoelec-
tric effect should be more diverse with the increasing num-
ber of discoveries of low-dimensional ferroelectric materi-
als. Finally, device design related to the negative piezoelectric
effect in low-dimensional ferroelectrics is lacking, which will
open a new scientific era.
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