
 
 

 

 
 

Ferroic alternation in methylammonium lead triiodide perovskite

Qin, Shengjian; Yi, Shenghui; Xu, Yanqing; Mi, Zhou; Zhao, Jinjin; Tian, Xiaobao; Guo,
Huajun; Jiao, Yinan; Zhang, Guanglei; Lu, Jian

Published in:
EcoMat

Published: 01/10/2021

Document Version:
Final Published version, also known as Publisher’s PDF, Publisher’s Final version or Version of Record

License:
CC BY

Publication record in CityU Scholars:
Go to record

Published version (DOI):
10.1002/eom2.12131

Publication details:
Qin, S., Yi, S., Xu, Y., Mi, Z., Zhao, J., Tian, X., Guo, H., Jiao, Y., Zhang, G., & Lu, J. (2021). Ferroic alternation
in methylammonium lead triiodide perovskite. EcoMat, 3(5), [e12131]. https://doi.org/10.1002/eom2.12131

Citing this paper
Please note that where the full-text provided on CityU Scholars is the Post-print version (also known as Accepted Author
Manuscript, Peer-reviewed or Author Final version), it may differ from the Final Published version. When citing, ensure that
you check and use the publisher's definitive version for pagination and other details.

General rights
Copyright for the publications made accessible via the CityU Scholars portal is retained by the author(s) and/or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal
requirements associated with these rights. Users may not further distribute the material or use it for any profit-making activity
or commercial gain.
Publisher permission
Permission for previously published items are in accordance with publisher's copyright policies sourced from the SHERPA
RoMEO database. Links to full text versions (either Published or Post-print) are only available if corresponding publishers
allow open access.

Take down policy
Contact lbscholars@cityu.edu.hk if you believe that this document breaches copyright and provide us with details. We will
remove access to the work immediately and investigate your claim.

Download date: 24/05/2023

https://scholars.cityu.edu.hk/en/publications/ferroic-alternation-in-methylammonium-lead-triiodide-perovskite(41b57118-6687-4d46-9ed8-8b5ccee73395).html
https://doi.org/10.1002/eom2.12131
https://scholars.cityu.edu.hk/en/persons/jian-lu(2e28d779-1155-49a2-bd2a-81aa891225cf).html
https://scholars.cityu.edu.hk/en/publications/ferroic-alternation-in-methylammonium-lead-triiodide-perovskite(41b57118-6687-4d46-9ed8-8b5ccee73395).html
https://scholars.cityu.edu.hk/en/publications/ferroic-alternation-in-methylammonium-lead-triiodide-perovskite(41b57118-6687-4d46-9ed8-8b5ccee73395).html
https://scholars.cityu.edu.hk/en/journals/ecomat(172260d9-d642-4aef-8467-16c14f89486b)/publications.html
https://doi.org/10.1002/eom2.12131


R E V I EW

Ferroic alternation in methylammonium lead
triiodide perovskite

Shengjian Qin1 | Shenghui Yi2,3 | Yanqing Xu1 | Zhou Mi1 | Jinjin Zhao1 |

Xiaobao Tian4 | Huajun Guo1 | Yinan Jiao1 | Guanglei Zhang1 | Jian Lu2,3,5

1School of Materials Science and Engineering, School of Mechanical Engineering, Shijiazhuang Tiedao University, Shijiazhuang, China
2Centre for Advanced Structural Materials, City University of Hong Kong Shenzhen Research Institute, Greater Bay Joint Division, Shenyang
National Laboratory for Materials Science, Shenzhen, China
3CityU-Shenzhen Futian Research Institute, Shenzhen, China
4Department of Mechanics, Sichuan University, Chengdu, China
5Department of Mechanical Engineering, City University of Hong Kong, Kowloon, Hong Kong, China

Correspondence
Jinjin Zhao andGuanglei Zhang, School of
Materials Science andEngineering, School of
Mechanical Engineering, Shijiazhuang Tiedao
University, Shijiazhuang, 050043,China.
Email: jinjinzhao2012@163.com; zhgl@stdu.
edu.cn

JianLu,Department ofMechanical
Engineering, CityUniversity ofHongKong,
Kowloon,HongKong,China.
Email: jianlu@cityu.edu.hk

Funding information
NanjingUniversity of Aeronautics and
Astronautics, Grant/AwardNumber:MCMS-
E-0519G04; National Natural Science
Foundation of China, Grant/AwardNumber:
11772207; Natural Science Foundation of
Hebei Province, Grant/AwardNumber:
A2019210204; ShenzhenMunicipal Science
and Technology InnovationCommission,
Grant/AwardNumber:
JCYJ20190808175801656; Special project of
Hebei provincial central government guiding
local science and technology development,
Grant/AwardNumber: 216Z4302G;
Technology& Innovation Bureau of Futian
District Shenzhen; Technology Innovation
Guide ProgramofHebei Province, Grant/
AwardNumber:20471101D;YouthTop-notch
Talents Supporting Plan ofHebei Province

Abstract

Methylammonium lead triiodide (MAPbI3) perovskite has attracted broad

interest for solar cells, light-emitting diodes, and so forth. Experiments have

captured that the alternative coexistence of polar and nonpolar domains in

MAPbI3 can be switched by photons and phonons. Therefore, it is urgent to

clarify the interplay among the crystal space group, polarity, ferroic properties,

and switching mechanisms for MAPbI3. Herein, we perform a statistical syn-

thesis on ferroelectric and anti-ferroelectric features for tetragonal MAPbI3
perovskite. The polar and nonpolar domains are ferroelectric with the I4cm

space group and anti-ferroelectric with the I4/mcm space group, respectively.

The domain wall (DW) separating nonpolar and polar regions is charged. Com-

bining the effects of the electric properties of ferroic domains and the charged

DWs, novel switching mechanisms are proposed in which photons and phonons

drive alternations between ferroelectric and anti-ferroelectric domains, which

provide a reasonable approach to clarify the ambiguous understanding of ferroic

behavior forMAPbI3 perovskite.

KEYWORD S

anti-ferroelectricity, domain wall, ferroelectricity, ferroic domain, organometal halide
perovskites

Shengjian Qin, Shenghui Yi, Yanqing Xu, and Zhou Mi contributed equally to this work.

Received: 16 April 2021 Accepted: 15 June 2021

DOI: 10.1002/eom2.12131

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2021 The Authors. EcoMat published by The Hong Kong Polytechnic University and John Wiley & Sons Australia, Ltd.

EcoMat. 2021;3:e12131. wileyonlinelibrary.com/journal/ecomat 1 of 20

https://doi.org/10.1002/eom2.12131

https://orcid.org/0000-0001-5362-0316
mailto:jinjinzhao2012@163.com
mailto:zhgl@stdu.edu.cn
mailto:zhgl@stdu.edu.cn
mailto:jianlu@cityu.edu.hk
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/ecomat
https://doi.org/10.1002/eom2.12131
http://crossmark.crossref.org/dialog/?doi=10.1002%2Feom2.12131&domain=pdf&date_stamp=2021-08-11


1 | INTRODUCTION

Perovskite materials have received much attention for
solar cells,1,2 light-emitting diodes,3,4 X-ray detectors,5–12

β-ray scintillators,13 artificial retinas,14–18 intelligent ner-
vous systems,19 cell imaging,20–23 piezoelectricity and
pyroelectricity.24,25 Organometal halide (OMH) perov-
skites are a family with a chemical formula of ABX3,
where A is an organic group, B is Pb or Sn, and X is a
halogen, I, Br, or Cl. Due to their excellent room-
temperature properties, such as tuneable bandgap, large
absorption coefficient, ambipolar charge transport, high
carrier mobility, and long carrier-diffusion length, OMH
perovskites,26–35 especially the methylammonium lead tri-
iodide (MAPbI3),

29,31,32 have attracted the most attention
among photoelectric materials. Since the first application
as sensitizers in mesostructured cells by Kojima and
coworkers in 2009, the power conversion efficiency (PCE)
of OMHs has dramatically increased from 3.8% to more
than 25.5% to date, according to the “Best Research-
Cell Efficiency Chart.”36 The fundamental domains
have been exhibited in OMHs, especially the classical
MAPbI3. There has been a debate whether the OMH is
ferroelectricity, anti-ferroelectricity, or
ferroelasticity.31,32,37,38 The interesting issues on polar
ferroelectricity and nonpolar anti-ferroelectricity are
analyzed in detail as follows.

Ferroelectricity and anti-ferroelectricity are the mate-
rial properties that the spontaneous polarization can be
changed by an external electric field, which has been
theoretically and experimentally observed in MAPbI3
perovskite. The ferroelectricity exhibits spontaneous
nonzero polarization when the applied electric field is
released, while the macroscopic spontaneous polariza-
tion of anti-ferroelectricity is zero.39–41 Ferroelectric
and anti-ferroelectric materials display unique hyster-
etic behaviors in response to external electric fields.
To minimize the free energy, ferroelectric and anti-
ferroelectric domain topographies are formed as a
result of energy competition.42–45 Within each individ-
ual domain, the order parameters are the same and
present a single ordering state. In the early stage,
many researchers attributed the hysteresis behaviors
of MAPbI3 perovskite in the current–voltage (I-V)46–48

and polarization-electric (P-E)48,49 curves to the pres-
ence of ferroelectric domains; however, Beilsten-
Edmands et al. found that the nature of the hysteresis
behavior originates from ionic migration.50 Recently,
evidence of ferroelectricity for MAPbI3 perovskite
with the I4 cm space group emerged from X-ray and
neutron diffraction,49,51,52 optical second harmonic
generation (SHG)53 and microscopic piezoresponse
force microscopy (PFM)54–57 studies. In addition to

experimental evidence, theoretical works also verified
the ferroelectricity in MAPbI3 perovskite and were
used to estimate the ferroelectric polarization. Using
density functional theory (DFT) simulations, Frost
et al.,58 Quarti et al.59 and Stroppa et al.60 predicted
ferroelectric properties of MAPbI3 perovskite and
attributed them to the orientation of polarized organic
cations. However, first-principles calculations found
that an anti-ferroelectric tetragonal structure with
nearly zero polarization was more stable than a
ferroelectric structure.61 Experiments conducted by
Poglitsch et al. have shown a tetragonal phase in the
I4/mcm space group for MAPbI3.

62 For MAPbI3 in the
tetragonal phase, nearly zero ferroelectric polarization
was observed from either the P–E curves or PFM
results for MAPbI3 in the tetragonal phase by Xiao
et al.63 The DFT simulations conducted by Quarti
et al. demonstrated that MAPbI3 in the I4/mcm space
group exhibits anti-ferroelectric semiconducting
behavior, which plays an important role in charge
separation and charge transfer within perovskite
absorbers.59

Theoretical modeling showed that the energetic dif-
ference between ferroelectric polarized and anti-
ferroelectric nonpolarized phases of MAPbI3 perov-
skite is rather small.59,64 Therefore, MAPbI3 perovskite
at room temperature could be either ferroelectric or
anti-ferroelectric, depending on the processing condi-
tions. By virtue of PFM, Kutes et al. first observed fer-
roelectric domains in polycrystalline MAPbI3 grains
with typical sizes of 100 nm.54 Röhm et al.55,56 found
alternating polarization ferroelectric domains in
MAPbI3 thin films. Interestingly, Strelcov et al,65

Huang et al.,25 and Xia et al.66 found alternating polar-
ized and nonpolarized domains with sizes of 1 ~ 10 μm
in a single-crystal OMH perovskite sample. In MAPbI3,
the polarized and nonpolarized structures are found to
belong to I4cm and I4/mcm space groups, which
exhibits ferroelectric and anti-ferroelectric polariza-
tion, respectively.59,61

The ordering of the molecular dipoles has significant
effects in MAPbI3 perovskite on the material structural
symmetry59,67,68 because of polar organic cations.
Polarization,69,70 ferroic,48,53,60,71–74 and photovoltaic
properties75,76 are shown in Figure 1. The alternating
polarized and nonpolarized domains generally exist in
OMH perovskites at room temperature.25,65,66 In
MAPbI3 perovskite, the room-temperature polarized
and nonpolarized structures are verified to be in I4cm
and I4/mcm space groups, which exhibits ferroelectric
and anti-ferroelectric polarizations, respectively.59,61,77

Moreover, the nonpolarized anti-ferroelectric domains
can not only generate a photocurrent but also partially
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or completely switch to ferroelectric domains under
photon or phonon excitation, respectively.25,66 How-
ever, the relationship among the structural symmetry,
polarization, and ferroic property is controversial in
current studies and far from being understood for
MAPbI3 perovskite.

Domain walls (DWs) are fascinating electrical topo-
logical defects that can exhibit unusual properties.
Since the first discovery of ferroelectric domains in
MAPbI3 films,54 a few theoretical studies have focused
on the structural and electrical properties of ferroelec-
tric DWs. Due to the electrical polarization difference
between two adjacent ferroelectric domains, head-to-
tail (H–T), head-to-head (H–H) and tail-to-tail (T–T)
DWs might exist in MAPbI3 perovskite that display
electroneutral, electropositive, and electronegative
properties, respectively. From DFT simulations, Frost
et al.58 proposed that charged ferroelectric DWs lead to
the separation of photoexcited electron and hole pairs.
Liu et al.72 further calculated the structures of both
charged and uncharged DWs and their effects on the
bandgap of MAPbI3 perovskite. In addition, Chen
et al.78 investigated the effect of the DW width on the
electronic properties of domains with charged DWs
in MAPbI3 perovskite. Recently, based on the fascinat-
ing discovery of alternating ferroelectric and anti-
ferroelectric domains and the restorable ferroic
switching, solving the structural features and mecha-
nism of DWs in the switch between ferroelectric and
anti-ferroelectric domains has become urgent.

In this work, on the basis of a detailed elaboration to
the structural and electrical properties of MAPbI3 perov-
skite with ferroelectricity or anti-ferroelectricity, the
mechanisms of photocurrent-, photon- and phonon-
induced polar-nonpolar inversions at room temperature
are summarized for MAPbI3 perovskite.

2 | MULTIPHASE STRUCTURES IN
MAPBI3 PEROVSKITE

As one of the most investigated and typical OMH perov-
skites, the microstructure of MAPbI3 perovskite includes
organic cations embedded within the octahedral cages
formed by inorganic PbI6 octahedra. The dynamic behavior
of mobile MA+ within the inorganic cage plays an impor-
tant role in the structural symmetry,79,80 and material prop-
erties. Various results of structural characterization under
different testing conditions have identified orthorhombic,
tetragonal, and cubic phases in MAPbI3,

49,52,58,81,82 as
shown in Figure 2. In the low-temperature (T < 160 K)
orthorhombic phase, as shown in Figure 2A, the position of
the MA+ cations is almost frozen, and the neighboring
MA+ cations are distributed in an H-T fashion to maximize
the hydrogen bonding with the iodine atoms. Experimental
observations and theoretical calculations have shown that
the symmetrical orthorhombic phase belongs to the Pnma
space group.52 For MAPbI3 in the tetragonal phase stable
at room temperature (160 K < T < 330 K), rotational
dynamics of the MA+ cations have been observed.83 Early
calorimetric studies by Wasylishen et al.84 and Onoda-
Yamamuro et al.85 concluded that the orthorhombic-
to-tetragonal phase transition in MAPbI3 involves large
transition entropies with increasing temperature, as the
transition is accompanied by the partial disordering of the
MA+ cations. Depending on the orientations of the MA+

cations and structural features of the tetragonal phase, the
symmetry of the tetragonal phase includes the I4cm51–53,86

and I4/mcm39,60,62,75,80,85 space groups, as shown in
Figure 2B and Figure 2C, respectively. The MA+ cations in
the I4cm and I4/mcm space groups are crossed and antipar-
allel along the [001] direction, respectively. In addition, the
PbI6 octahedron in the I4cm space group has a larger distor-
tion along the [001] direction than that in the I4/mcm space
group. In the high-temperature (T > 330 K) cubic phase, as
shown in Figure 2D, the MA+ cations are dynamically dis-
ordered with an isotropic potential, and the microstructure
is ideally symmetrical, which obviously belongs to the Pm-
3 m space group. At different temperatures, OMH perov-
skites have three phases, which belong to different space
groups. In particular, for MAPbI3 perovskite at room tem-
perature, the tetragonal phase can exist in either the I4cm
or I4/mcm space group, which have quite different physical

FIGURE 1 Schematic relationship between ferroic

transformation and material structural features under external

excitations
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properties. Consequently, the ferroic features of MAPbI3
and OMH perovskites are interesting and valuable for engi-
neering applications.

3 | FERROIC DOMAIN IN
TETRAGONAL PHASES

Due to the structural symmetry difference between the
I4cm and I4/mcm space groups, the room-temperature-
stable tetragonal phase displays different ferroic proper-
ties, for example, ferroelectricity and anti-ferroelectricity.
This fascinating selectable ferroic property is believed to
play a key role in the efficient separation of light-
activated electron-hole pairs,59,73 which is important to
photoelectric conventions and has attracted considerable
research interest. Various theoretical methods, such as
DFT59–61 and molecular dynamics (MD) simulations,87,88

and experimental approaches, such as X-ray diffraction
(XRD),38,51,70,89 optical SHG,53,70 scanning tunneling
microscopy (STM),90 and microscopic PFM,25,55,57,91–97

have been applied to investigate the ferroic structures
and identify the ferroelectric and anti-ferroelectric behav-
iors of MAPbI3 and other OMH perovskites, as shown in
Table 1. In MAPbI3 perovskite, the tetragonal phase with
polarity is characterized and theoretically predicted to be
in the I4cm space group with ferroelectricity.51,53,59,89

Anti-ferroelectricity is most commonly observed for the
nonpolarized tetragonal phase in the I4/mcm space
group.38,59,70

4 | FERROELECTRICITY AND
ANTI-FERROELECTRICITY

Ferroelectricity and anti-ferroelectricity, as important
types of the primary ferroic features of OMH perovskites,
are manifestations of long-range dipolar ordering with and
without macroscopic net polarization, respectively.104 The
polarization for ferroelectricity and anti-ferroelectricity
correlates with the crystal symmetry, especially the
spatial-inversion symmetry.105,106 Generally, the crystal
lattices for ferroelectricity and anti-ferroelectricity are non-
centrosymmetric and centrosymmetric, respectively. For
MAPbI3 perovskite in the tetragonal phases, the crystal
symmetry depends on the orientation of the MA+ cations.

4.1 | Structural symmetry

The polar I4cm and nonpolar I4/mcm space groups of
the tetragonal phases display ferroelectric and anti-
ferroelectric effects, respectively. Ferroelectricity reflects
the switching ability of the spontaneous polarization
under external electric fields. The criteria for a material to
display the ferroelectric effect are as follows53: (i) absence
of inversion symmetry, which leads to (ii) a unit cell with
spontaneous polarization; (iii) an assembly of polar unit
cells facing the same direction, forming the polar domain;
and (iv) being able to change the polarity of the polar
domains by applying sufficiently high external excitation
fields, as shown in Figure 3A. Anti-ferroelectricity is

FIGURE 2 Atomistic structures of the (A) orthorhombic, (B) and (C) tetragonal, and (D) cubic phases of MAPbI3. All configurations are

visualized using VESTA
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another type of polarization-ordered state where the
arrangement of the adjacent polarization vectors are
anti-parallel under zero external field, as a result, anti-
ferroelectric materials exhibit zero macroscopic polariza-
tion at zero external field, as shown in Figure 3B.
Moreover, due to the field-induced reversible transforma-
tion between ferroelectric and anti-ferroelectric phases,
the anti-ferroelectric materials exhibit double characteris-
tic hysteresis loop in their P–E curves.107–109

For the tetragonal I4cm MAPbI3 perovskite, as shown
in Figure 3C, the C-N dipole shows an H–T alignment
along the [001] direction and is consistently ordered. The
consistently ordered MA+ dipoles lead to the breaking of
the centrosymmetry of the unit cells with spontaneous
polarization,59–61,69 whose value can be 4–8 μC/cm2 for
MAPbI3. The spontaneous polarization mainly originates
from the orientational polarization of the MA+ dipoles
and the ionic polarization caused by the displacement of
the positive charge center of MA+ relative to the negative
charge center of the PbI3

� cage.69 In addition, polar I4cm
domains have been observed in MAPbI3 films,54–56 and

the polarization is tuneable with rotation of the MA+ cat-
ions by changing the temperature.25 As a result, the I4cm
MAPbI3 perovskite shows ferroelectric behavior.

Different from that for ferroelectricity, the unit cell for
anti-ferroelectricity is centrosymmetric without spontane-
ous polarization. The C-N dipole also shows an H-T
alignment along the 1[001] direction but alternatively
oriented along the [100] direction, as shown in Figure 3D.
The cell lattice of the I4/mcm MAPbI3 perovskite is
centrosymmetric, and the local MA+ orientations are
ordered but opposite, so no spontaneous polarization
occurs for the I4/mcm MAPbI3 perovskite.13 The
tetragonal I4/mcm perovskite displays anti-ferroelec-
tric behavior.27,38,51,59,70,71,74,87–90,98–100,110 Because the
MA+ cations are hydrogen-bonded with I atoms in the
PbI6 octahedra, the orientations of the local MA+ cat-
ions in the MAPbI3 tetragonal phase can be changed by
absorbing energy from external electric and thermal
fields.

The main structural difference between the I4cm and
I4/mcm structures in the MAPbI3 tetragonal phase lies in

TABLE 1 Current progress on ferroic structures in perovskite materials

Space group and polarity Ferroic property Technique Composition Reference

I4cm polar Ferroelectricity PFM MAPbI3 25, 55, 91–95

MAPbI3-xClx
a 96, 97

XRD MAPbI3 51, 89

SHG MAPbI3 53

J-V hysteresis MAPbI3-xClx
a 48

DFT MAPbI3 59–61

MAPbI3-xClx
a 61

CsPbI3 98

MAPb1-xBixI3
b 99

I4/mcm nonpolar Anti-ferroelectricity XRD SrZrO3 100

MAPbI3 38, 70, 89

MAPb(I1-xBrx)3
b 29

MAPbI3-xClx
a 74

MAPbBr3 101

J-V hysteresis MAPbI3 50

SHG MAPbI3 70

STM MAPbI3 90

DFT CsPbI3 98

ATiO3 (A = Ca, Sr, Ba, Ra, Cd, Zn, Mg, Ge, Sn, Pb) 102,103

MAPb1-xBixI3
b 99

MAPbI3 60, 71

MD MAPbI3 87, 88

aIndicates 0 ≤ x ≤ 3.
bIndicates 0 ≤ x ≤ 1.
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the orientation of the MA+ cations and the corresponding
polarization. Owing to the hydrogen bond interaction
between MA+ and PbI6, the MA+ cations are rotatable
under external fields, which may result in ferroic domain
switching between the ferroelectric I4cm and anti-
ferroelectric I4/mcm phases.25,59,64,74,110 In the tetragonal
phase of bulk MAPbI3, ferroelectric and anti-ferroelectric
structures with the I4cm and I4/mcm space groups,
respectively, have been captured.59,61 A DW is the polar
transitional region between different ferroic domain
regions. For MAPbI3 tetragonal phases under external
fields with different stimulations, such as photons, elec-
trons, and phonons, DWs essentially play different roles in
ferroic switching.

4.2 | Ferroelectric and anti-ferroelectric
origination

The orientations of the MA+ cations in tetragonal unit
cells play significant roles in the structural symmetry and
ferroic properties for MAPbI3. The local orientations of
the MA+ cations in I4cm ferroelectricity and I4/mcm
anti-ferroelectricity are the same and opposite, respec-
tively, as schematically shown in Figure 3C,D. X-ray

scattering characterization showed that the majority of
the MA+ cations in tetragonal phase in MAPbI3 is disor-
dered with a structural coherence length of 14 Å, which
is equal to the length of two PbI6 cages.86 However,
owing to the rotational flexibility of the MA+ cations, the
specific orientation of the MA+ cations in the tetragonal
phase of MAPbI3 is difficult to characterize in experi-
ments. Fortunately, DFT and MD simulations revealed
the energetic atomistic structures of MAPbI3 in the
tetragonal phase. The inorganic framework of the tetrag-
onal phase111–114 shows a characteristic octahedral tilting
of type a0a0c� 49, expressed by the Glazer notation.115 In
this type of structure, as shown in Figure 4A, the MA+

cations are energetically distributed along specific direc-
tions without considering the thermal effect. With respect
to the (001) plane of the tetragonal structure, the pre-
ferred orientations of the MA+ cations are along the
[110], 110

� �
, 110
� �

, and 110
� �

directions, which means
that the MA+ cations lie within the (001) plane with
angles θ = 45�, 135�, 225�, and 315� with respect to the
[100] direction. With respect to the [001] direction, the
MA+ cations have two symmetric preferred orientations,
that is, ϕ = ±30�, where ϕ is the angle formed by the
C-N axis with the (001) plane. By this method, the orien-
tation of the MA+ cations can be described by a set of

FIGURE 3 The ferroelectric polarization (A) and anti-ferroelectric polarization (B) of PbZrO3-based perovskite to show the ferroic

behaviors. The horizontal axis represents the multiple of lattice parameter. Reproduced with permission: Copyright 2020, Royal Society of

Chemistry.107 (C) and (D) are the atomistic structures of the tetragonal phase with the I4cm and I4/mcm space groups in MAPbI3 as

projected on the [010] direction, respectively. The differently oriented C-N bonds are marked by pink dotted circles
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θ and ϕ angles. Compared with DFT simulations, MD
calculations consider temperature-dependent atomic and
molecular vibrations. In previous MD simulations on
MAPbI3

75 using a classical model potential for hybrid
perovskites (MYP),116 the MA+ cations were oriented
within a much broader distribution of ϕ angles, primarily
along 30�, 50�, and 90�, as shown in Figure 4B. Combin-
ing the experimental results and theoretical predictions,
the MA+ cations in the tetragonal phase of MAPbI3 can
be concluded to possess preferred local orientations.

The preferred orientation of the MA+ cations in the
tetragonal phase directly affects the structure of inorganic
PbI6 octahedra, which determines whether the MAPbI3
microstructure is in I4cm or I4/mcm space group, coher-
ent with a ferroelectric or anti-ferroelectric feature,
respectively. The detailed correlation among the MA+

orientation, space group, polarization orientation and
ferroic behavior investigated by Claudio et al.59 is shown
in Table 2, where MA+-I, MA+-II, MA+-III, and MA+-IV
represent the four MA+ cations in a unit cell of I4cm or
I4/mcm space group. All the considered structures in
Table 2 satisfy the orientation rules shown in Figure 4A.
The results show that a tilted orientation of the MA+

cations with respect to the (001) plane with ϕ = 30�, that
is, structures 1–3, is energetically preferred in MAPbI3.
Owing to the present positions of the MA+ cations, struc-
tures 1–3 are in the I4cm space group showing ferroelectric
polarization, while structures 4–6 are in the anti-
ferroelectric I4/mcm space group without polarization. As
shown in Table 2, the difference in cell parameters a, b,
and c between ferroelectric and anti-ferroelectric structures
is small. In addition, DFT calculations show that the per-
unit cell energy of anti-ferroelectric structures 4–6 is only
0.05–0.09 eV higher than that of ferroelectric structures
1–3. Considering these small differences, both the anti-
ferroelectric and ferroelectric domain structures can coex-
ist in bulk MAPbI3 perovskite from structural and
energetic perspectives. In recent experiments by Huang
et al.,25 alternating anti-ferroelectric and ferroelectric
domains and the corresponding DWs were observed,
which verifies the reliability of the theoretical results.

5 | WHY FERROELECTRICITY
AND ANTI-FERROELECTRICITY
COEXIST

The ferroelectric and anti-ferroelectric structures in the
tetragonal MAPbI3 perovskite correspond to the I4cm and
I4/mcm space groups, respectively. Owing to the different
inversion symmetries of the I4cm and I4/mcm space
groups, the ferroelectric and anti-ferroelectric structures
show completely different photoelectric performances.
Additionally, the flexible rotation of the MA+ cations in
both the I4cm and I4/mcm space groups enable switching
between ferroelectricity and anti-ferroelectricity.

5.1 | Energy level structure

The tetragonal phases of MAPbI3 perovskite in the I4cm
and I4/mcm space groups possess different electronic
properties. Usually, the lack of inversion symmetry and
strong spin-orbit coupling (SOC) give rise to linear
momentum splitting in the energy band structure, which
is called the Rashba effect.117 The Rashba effect splits
energy bands by separating their extrema along with
opposite directions, which can be described as

E� kð Þ¼ℏ2k2

2m* �αR kj j ð1Þ

where k is the wave vector, ħ is the reduced Planck con-
stant, m* is the effective mass of electrons or holes, and
αR is the Rashba parameter. The Rashba parameter αR is
calculated according to the following formula:

FIGURE 4 (A) Preferred orientations of the MA+ cation in the

tetragonal phase of MAPbI3 obtained from DFT calculations.

A, B, C, and D represent the projection of the MA+ cation

orientations within the (001) plane, as measured by the angle θ.
The tilting of the molecule with respect to the [001] direction is

measured by the ϕ angle. Reproduced with permission: Copyright

2014, ACS Publications.59 (B) Probability distributions of the ϕ
angle in the tetragonal phase of MAPbI3 at 200 K, obtained from

MD simulations. Reproduced with permission: Copyright 2014,

Wiley-VCH75
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αR ¼ 2ER=k0 ð2Þ

where ER is the energy difference between the band edge
formed by splitting and the valence band maximum
(VBM) or conduction band minimum (CBM), and k0 is
the momentum offset in the VB or CB. The detailed
description of αR is shown in Figure 5A. If only the CBM
or VBM splits or both split with different amounts, then
the band extrema will show a mismatch, leading to a
slightly indirect band gap for perovskite materials.

In MAPbI3 perovskite, the VBM is formed by anti-
bonding between the I 5p and Pb 6s orbitals, and the
CBM is formed by the Pb 6p orbitals.28,118 In the I4cm
space group, the absence of inversion symmetry together
with the strong SOC resulting from the presence of relatively
heavy Pb and I elements leads to significant Rashba splitting
for both the VBM and CBM,119–121 as shown in Figure 5B.
The CBM and VBM locate at different points, having differ-
ent Rashba momentum offsets. A general conclusion has
been drawn that αR is larger in the CB than in the VB. This
suggests that the SOC is stronger in the CB than in the VB
near the high-symmetry Г point in the Brillouin zone. Fur-
thermore, when taking room temperature into consideration,
the rotational flexibility of the MA+ cations results in a
dynamic I4cm tetragonal structure as well as dynamic Ras-
hba splitting for both the VBM and CBM. Consequently, an
indirect band gap is formed, where the electron transition
cannot occur when induced only by photons. For the
I4/mcm space group, owing to the centrosymmetric unit cell,
no Rashba splitting occurs for either the VBM or CBM, as
schematically shown in Figure 5C. Therefore, the anti-
ferroelectric tetragonal phase in MAPbI3 has a direct band
gap with the photoexcited electron transition.

In addition to the energy band structures, the densities of
states (DOSs) of the VB and CB for the layered ferroelectric
I4cm and anti-ferroelectric I4/mcm tetragonal phases are
also different. Figures 5D,E show the DOS of ferroelectric
structure 1 and anti-ferroelectric structure 4 along the [001]
direction,59 respectively, which are listed in Table 2. In the
case of structure 1, the DOS along the [001] direction, that is,
the directionwith a net alignment of theMA+ cations, shows
a clear gradient for both the VB and CB. By contrast, the
DOS across the slab layers obtained for anti-ferroelectric
structure 4 (no net molecular dipole) is nearly constant along
the [001] direction. According to these results, the VB and
CB of the ferroelectric MAPbI3 perovskite show a consistent
bending in correspondence with a net alignment of theMA+

cations, which is reasonably associated with an easier separa-
tion of the carriers.121 This phenomenon corresponds to the
“ferroelectric highways” proposed by Frost et al.58

In the bulk MAPbI3 tetragonal structure, the I4cm
ferroelectric and I4/mcm anti-ferroelectric domains are
separated by DWs. Moreover, as structural andT
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polarization transitional regions, DWs have different band
structures compared with single ferroic domains. Liu et al.72

investigated the band structures of charged and uncharged
ferroelectric DWs in MAPbI3 perovskite. Compared with
the single ferroelectric domain, the uncharged DW has little
effect on the band gap, while the charged DW significantly
reduces the band gap (20% reduction) by upshifting the
VBM and downshifting the CBM. In addition, some special
ferroelectric DWs (e.g., 180� DWs) may suppress the Rashba
splitting effect. Chen et al.78 investigated the effect of the
width of ferroelectric DWs on the electronic band structure
by DFT calculations. The results show that the band gap
can be linearly decreased from ’1.4 eV to approximately
zero by increasing domain width, resulting in an insulator-
to-metal transition for DWs.

5.2 | Ferroelectricity and anti-
ferroelectricity switching

Owing to the low interconversion barrier between the
polar ferroelectric and nonpolar anti-ferroelectric phases,
the ferroelectric polarization is tuneable by rotating the
MA+ cations under thermal or electrical activation. The

energetic barrier between ferroelectric and anti-
ferroelectric structures in MAPbI3 perovskite mainly origi-
nates from the hydrogen-bonded interaction between the
MA+ cations and the inorganic octahedra. The ferroelec-
tricity and anti-ferroelectricity switching in MAPbI3 has
been observed by Galhenage et al.38 Claudio et al.59 found
an interconversion barrier with a value of less than
0.22 eV per unit cell by DFT calculations. In addition to
MAPbI3 perovskite, Alessandro et al.64 calculated the
interconversion barrier among the strong ferroelectric,
weak ferroelectric and anti-ferroelectric structures in (FA)
SnI3 perovskite, where FA refers to the formamidinium
cation ([NH2]2CH)+. As shown in Figures 6A–C, FASnI3
perovskite successively shows anti-ferroelectric, weak fer-
roelectric and strong ferroelectric properties as the direc-
tion of the C-H bond in FA rotates from 0� to 90�. The
value of the interconversion barrier between the ferroelec-
tric and anti-ferroelectric structures in FASnI3 in
Figure 6D is less than 0.25 eV per unit cell, which is simi-
lar to that in MAPbI3.

59 Besides OMH perovskites, the
reversible switch between ferroelectricity and anti-
ferroelectricity has also been observed in inorganic PbZrO3

perovskites,107,123 organic molecular chains124 and oxide.109

As shown in Figure 6E, the process of switching crystal planes

FIGURE 5 Energy level structure. (A) Schematic diagram of the Rashba splitting effect. (B) and (C) Diagrams of the band structures of

the I4cm and I4/mcm tetragonal phases in MAPbI3, respectively. (D) and (E) Surface plots of the DOS of layered ferroelectric structure 1 and

anti-ferroelectric structure 4 along the [001] direction, respectively. Structures 1 and 4 correspond to those listed in Table 2.59 Reproduced

with permission: Copyright 2014, American Chemical Society59
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between ferroelectricity and anti-ferroelectricity in perovskite
PbZrO3 has also been identified and recorded by large amount
of XRD experimental datum.109

6 | TRANSITIONS BETWEEN
FERROELECTRIC AND ANTI-
FERROELECTRIC DOMAINS

Alternation of ferroelectric and anti-ferroelectric
domains ubiquitously exists in perovskite crystals. The

existence of lamellar domains lowers the free energy by
reducing the electrostatic energy of the spontaneous
polarization charges while also increasing the free
energy by forming DWs. In MAPbI3 perovskite, the fer-
roelectric and anti-ferroelectric domains alternately
coexist in one crystal grain with charged DWs separat-
ing them.49,58,59,61,71,72 Owing to the effects of the
charged DWs, the switching between ferroelectric and
anti-ferroelectric domains under photon and phonon
excitations is fascinating, which will be discussed in
this section.

FIGURE 6 (A)-(c) Structure and

(D) interconversion barrier of the strong

ferroelectric, weak ferroelectric and anti-

ferroelectric structures in (FA)SnI3
perovskite. The green, blue, black, light

gray and dark gray spheres represent the

carbon, iodine, hydrogen, nitrogen and

tin atoms, respectively. The red arrows

represent the relative orientation of the

molecular dipole. Reproduced with

permission: Copyright 2014, Springer

Nature.64 (E) Evolution of XRD peaks in

in PbZrO3 based perovskite during the

process of applying forward and reverse

electric fields.107 The characteristic

peaks of ferroelectric structure are

marked by black ellipses. “EF” and “EAF”
represent the external electric intensity

for ferroelectricity and anti-

ferroelectricity, respectively. Reproduced

with permission: Copyright 2020, Royal

Society of Chemistry107
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6.1 | Alternative coexistence of
ferroelectricity and anti-ferroelectricity

Experimental results and theoretical predictions have
suggested the possibility of the coexistence of I4cm ferro-
electricity and I4/mcm anti-ferroelectricity in MAPbI3
perovskite.49,58,59,61,71,72 Ferroic materials usually possess
complex domain structures, with DWs separating regions
of homogeneously polarized domains. The first observa-
tion of ferroelectric domains with typical sizes of 100 nm
in MAPbI3 grains was reported by Kutes et al.54 Kim
et al.125 found stripe domain patterns within grains of
(FAPbI3)0.85(MAPbBr3)0.15 thin films by high-resolution
AFM, as shown in Figure 7A. Using PFM, Colsmann
et al.55,56 observed highly ordered patterns of ferroelectric
domains in polycrystalline hybrid MAPbI3(Cl) thin films,
as shown in Figure 7D. Combining AFM (Figure 7B),
PFM (Figure 7C), SEM (Figure 7E) and polarized optical
microscopy (Figure 7F) characterizations, Huang et al.25

first revealed the coexistence of lamellar polarized and
nonpolarized ferroic domains in MAPbI3 films. Based on
the aforementioned conclusions, the polarized and non-
polarized tetragonal structures in MAPbI3 perovskite cor-
respond to the ferroelectric I4cm and anti-ferroelectric
I4/mcm tetragonal phases, respectively. Because of the
small energetic and structural differences, that bulk
MAPbI3 perovskite contains both ferroelectric I4cm and
anti-ferroelectric I4/mcm tetragonal phases, which are

present in a lamellar form, at room temperature is
reasonable.

As shown in Figure 5B,C, the ferroelectric I4cm and
anti-ferroelectric I4/mcm tetragonal phases in MAPbI3
perovskite present different energetic band structures,
which result in distinct photocurrent responses in the
alternative ferroelectric and anti-ferroelectric domains.
The nearby domains in polycrystalline OMH perovskites
are separated by DWs. Figure 8A shows the typical PFM
pattern due to the coexistence of ferroelectric and anti-
ferroelectric domains, which are marked by II and I,
respectively.25 The corresponding photoconductive AFM
mapping is shown in Figure 8B. Combining the PFM and
photoconductive AFM characterizations, the photocur-
rent in ferroelectric domains II is obviously smaller than
that in anti-ferroelectric domains I, suggesting that
the ferroelectricity reduces the photocurrent in MAPbI3
perovskite. Such a correlation between the ferroic
domains and photocurrent characteristics is also
supported by another simultaneous mapping of PFM
and photoconductive AFM patterns of chloride-deposited
methylammonium lead iodide (MAPbI3(Cl)),

55 which are
shown in Figure 8F and Figure 8G, respectively.

Whether a photocurrent is generated in the ferroic
domains of MAPbI3 perovskite depends on the band
structures of the ferroelectric I4cm and anti-ferroelectric
I4/mcm tetragonal phases. Owing to the absence of inver-
sion symmetry and the strong SOC, the band edges of the

FIGURE 7 Ubiquitous ferroic domain patterns of OMH perovskite crystals. (A) AFM topography of (FAPbI3)0.85(MAPbBr3)0.15 from

Kim et al.. Reproduced with permission: Copyright 2019, Springer Nature.125 (B) AFM, (C) SEM, (e) PFM, and (F) polar microscopy patterns

of MAPbI3 from Huang et al. Reproduced with permission: Copyright 2018, Springer Nature.25 (D) PFM pattern of MAPbI3(Cl) from

Colsmann et al.. Reproduced with permission: Copyright 2017, Royal Society of Chemistry55
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VBM and CBM of the ferroelectric domains split with dif-
ferent amounts, as shown in Figure 8D, leading to an
indirect bandgap. The electrons in the VBM cannot tran-
sit to the CBM to form a current when excited only by
photons. Consequently, the ferroelectric domains show
no photocurrent. Without the Rashba splitting effect, the
band structure in the anti-ferroelectric domains has a
direct bandgap, as shown in Figure 8C,E, which enables
the electrons in the VBM transit to the CBM, forming a
current under photoexcitation.

6.2 | Photo-induced ferroelectric domain
switching

In addition to the photocurrent, photons can also induce
transformation of the polar atomic structure.126 Kim

et al.125 and Xia et al.66 measured the AFM surface varia-
tion and PFM pattern of the tetragonal OMH perovskite
in the dark and under light, which are shown in
Figure 9A and Figure 9c, respectively. The height differ-
ences in the stripe domains under light illumination are
larger than those in the dark. The PFM patterns show
that the region of the polar domains considerably
increases upon turning on the light excitation. Based on
the previous discussions, the polarized and nonpolarized
structures of MAPbI3 perovskite at room temperature corre-
spond to the ferroelectric I4cm and anti-ferroelectric I4/mcm
tetragonal phases, respectively. Therefore, light illumination
induces the transformation of the tetragonal MAPbI3 perov-
skite from I4/mcm anti-ferroelectricity to I4cm ferroelectric-
ity. Compared with the I4/mcm anti-ferroelectric phase, the
local consistent orientation of the MA+ cations in the I4cm
ferroelectric phase breaks the centrosymmetry of the unit

FIGURE 8 (A) Typical PFM pattern with the coexistence of ferroelectric and anti-ferroelectric domains in room-temperature MAPbI3
perovskite. (B) Photoconductive AFM pattern. I and II represent the anti-ferroelectric and ferroelectric domains, respectively. Reproduced

with permission: Copyright 2018, Springer Nature.25 (C), (D) and (E) Diagrams of the band structures of the I, II, and I domains in (A) and

(B). (F) and (G) PFM and photoconductive AFM patterns of ferroic domains in room-temperature MAPbI3(CL) perovskite, respectively.

Reproduced with permission: Copyright 2017, Royal Society of Chemistry55
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cells and causes polarization, which contributes to the obvi-
ous height difference of the stripe domains and the enhanced
polarization under light illumination. Some nonpolarized
domains are noted to remain nonpolar under light illumina-
tion, indicating no transformation in such regions. The dif-
ferent transformation effects of light illumination in the
I4/mcm anti-ferroelectric domains are interesting. The ferro-
electric and anti-ferroelectric domains in the tetragonal
MAPbI3 perovskite are separated by DWs. A DW is consid-
ered to be a 2D topological defect, which may play a key role
in the ferroelectric transformation of polycrystalline OMH
perovskites under light illumination.

DWs exist not only between ferroelectric domains72,78

but also between alternating ferroelectric and anti-
ferroelectric domains.25 From previous studies of DWs
separating ferroelectric domains,72,78 the DWs in the
tetragonal MAPbI3 perovskite are charged, which
depends on the orientational order of the polar MA+ cat-
ions near the DWs. Owing to the polarization difference
between the domains near the DWs, H-H and T–T DWs
arise that display electropositive and electronegative
properties, respectively. Under the electrostatic force of
the charged DWs, the photoexcited electrons in the

internal domains migrate to positive DWs, accompanied
by the migration of holes to negative DWs,58,72 which is
shown in Figure 9B. In the MAPbI3 structure containing
both ferroelectric and anti-ferroelectric domains, due to
the specific orientation of the MA+ cations near DWs, it
has H-H positive and T–T negative DWs separating the
ferroelectric and anti-ferroelectric domains, as shown in
Figure 9D.

Under light illumination, the ferroelectric domains can-
not generate photoexcited electrons due to the Rashba effect.
As a result, the structure and polarity of ferroelectric domains
remain constant during light illumination. However, owing
to the direct band gap, electrons can be excited by light illu-
mination in the anti-ferroelectric domains.Whether the elec-
trons in anti-ferroelectric domains migrate depends on the
internal electric field formed by the adjacent charged DWs.
When an adjacent positive DW is present, the electrons
migrate out of the anti-ferroelectric domains to the positive
DW under the electrostatic force. As a result, the original
centrosymmetric I4/mcm structures change to offset themis-
match of the positive charge and negative charge centers,
leading to the structural transformation from the centrosym-
metric I4/mcm phase to the noncentrosymmetric I4cm

FIGURE 9 AFM surface variation125 and PFM pattern66 of the tetragonal OMH perovskite in the dark (A) and under light (C).

Reproduced with permission: Copyright 2019, Springer Nature.125 Reproduced with permission: Copyright 2019, Wiley-VCH.66 (B) Diagram

of the electron and hole channels in multidomain MAPbI3 perovskite. Reproduced with permission: Copyright 2014, American Chemical

Society.58 (D) Diagram of the transformation between the ferroelectric I4cm and anti-ferroelectric I4/mcm tetragonal phases induced by

illumination. T–T and H–H represent tail to tail and head to head, respectively
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phase. In addition, an adjacent DWwith a negative potential
prohibits the migration of photoexcited electrons,
resulting in the phenomenon that some of the anti-
ferroelectric domains remain anti-ferroelectric under
light illumination. Notably, the light-induced structural
transformation from the centrosymmetric I4/mcm phase
to the noncentrosymmetric I4cm phase is reversible.

6.3 | Thermally-induced ferroelectric
domain switching

In contrast to the switching from anti-ferroelectric
domains to ferroelectric domains with increasing polari-
zation for MAPbI3 perovskite under photoexcitation, the
phonons provided by increasing temperature can switch
ferroelectric domains into anti-ferroelectric domains with
depolarization phenomenon. Figure 10A shows the evo-
lution of the PFM patterns of MAPbI3 perovskite within
the thermal cycle between 35 and 70�C. With increasing

temperature to 60�C, the ferroelectric domains gradually
transform to anti-ferroelectric domains exhibiting polari-
zation fading phenomenon, while the polarization of the
initial anti-ferroelectric domains decrease due to the ther-
mally induced organic cation rotations. With further
increasing temperature to 70�C, the polarization of all
domains is homogeneous, as shown in Figure 10C. Upon
cooling to 35�C, the coexistence state of anti-ferroelectric
and ferroelectric domains is recovered, as shown in
Figure 10B. Notably, the tetragonal-to-cubic phase trans-
formation begins at approximately 60 �C (~330 K). Dur-
ing thermal cycling, phonons induce reorientation of the
MA+ cations, resulting in the transformation between
the anti-ferroelectric and ferroelectric phases and show-
ing a ferroic memory effect. The phonon-induced trans-
formation between the anti-ferroelectric and ferroelectric
phases can be explained from an energetic perspective.
As shown in Table 2, the per unit cell energy of the anti-
ferroelectric structure is 0.05–0.09 eV higher than that of
the ferroelectric structure.59 When the temperature

FIGURE 10 (A) Evolution of PFM patterns of MAPbI3 perovskite within the thermal cycle between 35 and 70�C. Reproduced with

permission: Copyright 2018, Springer Nature.25 (B) and (C) Diagrams of the atomistic structure of ferroic domains at low and high

temperatures, respectively
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increases upon heating, the energetic ferroelectric phase
tends to transform to the high-energy anti-ferroelectric
phase upon phonon excitation. When the cooling process
begins, the anti-ferroelectric phase is likely to transform
back to the low-energy state. Interestingly, most initial
stripe ferroelectric and anti-ferroelectric domains are
recoverable upon thermal cycling. The DWs undoubtedly
play a significant role in the thermal cycling; however,
the detailed mechanism is far from understood.

As a type of ferroic material, MAPbI3 perovskites have
drawn widely attention in various areas. The recently
observed feature of MAPbI3 perovskites is the lamellar struc-
ture with alternating polarized and nonpolarized ferroic
domains, which are switchable under external stimulations.
Unveiling of the crystal structure, ferroic properties, and the
ferroic switchingmechanism is of great significance to further
optimize the service performance of MAPbI3 perovskites. We
review the structural feathers of MAPbI3 perovskites from
crystal lattice, microscopic and macroscopic to explain the
ferroic essence and the ferroic switching mechanism, as is
shown in Figure 11. Based on a large number of studies on
MAPbI3 perovskite, the effects of perovskite structural sym-
metry on ferroic properties can be obtained.

(1) The I4cm and I4/mcm space groups in the tetrago-
nal MAPbI3 perovskite are polar and nonpolar, respectively,
which originate from the different orderings of the local ori-
entations of the organic cations, that is, the MA+ cations

for MAPbI3, and result in ferroelectricity and anti-ferroelec-
tricity, respectively. The alternative ferroelectric and anti-
ferroelectric domains universally coexist in one crystal
grain. DWs separating ferroelectric and anti-ferroelectric
domains in MAPbI3 perovskite are charged. The negatively
and positively charged DWs, depending on the orientation
of the MA+ cations and polarization difference near DWs,
are channels for holes and electrons, respectively. (2) In
MAPbI3 perovskite, photons induce a partial switching
from anti-ferroelectricity to ferroelectricity. The anti-
ferroelectric domains generate photoelectrons that migrate
when the adjacent DW is positively charged. Once the elec-
trons migrate to the DWs, the initial anti-ferroelectric
domains distort and switch to ferroelectric domains. This
ferroelectric switching can be taken advantage for light
information processing, such as tuneable photoreceptors,
optical signal storage, and so forth. (3) The light and ther-
mal excitation induced switches between ferroelectric and
anti-ferroelectric domains, completing through photoelec-
tron transition and organic cations rotations, respectively.

7 | CONCLUSION

The broken symmetry of structure in organometal halide
perovskite is often ignored. The ferroelectricity, anti-fer-
roelectricity, and DW charges depend on the organic

FIGURE 11 Perovskite

ferroic alternation. Schematic

relationship between structures

and ferroic properties in

perovskite MAPbI3 film. The

structures are presented

progressively from crystal lattice,

microscopic to macroscopic
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group state and the space group, attribute to the perov-
skite structural symmetry alteration. The light and
thermal excitations change the domain polarization,
inducing the ferroic domain alternation. As a newly dis-
covered DW, ferroelectric/anti-ferroelectric DWs exhibit
attractive photoelectric and thermal memory properties,
where the DWs working mechanism should be further
investigated. Moreover, stimulated by this review, DW
engineering would be the efficient way to improve the
photoelectric and thermomechanical performances.
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