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Abstract: Hybrid organo–metal halide perovskite materials,
such as CH3NH3PbI3, have been shown to be some of the most
competitive candidates for absorber materials in photovoltaic
(PV) applications. However, their potential has not been
completely developed, because a photovoltaic effect with an
anomalously large voltage can be achieved only in a ferro-
electric phase, while these materials are probably ferroelectric
only at temperatures below 180 K. A new hexagonal stacking
perovskite-type complex (3-pyrrolinium)(CdCl3) exhibits
above-room-temperature ferroelectricity with a Curie temper-
ature Tc = 316 K and a spontaneous polarization Ps =

5.1 mCcm�2. The material also exhibits antiparallel
1808 domains which are related to the anomalous photovoltaic
effect. The open-circuit photovoltage for a 1 mm-thick bulky
crystal reaches 32 V. This finding could provide a new
approach to develop solar cells based on organo–metal
halide perovskites in photovoltaic research.

Ferroelectric crystalline materials are characterized by
a spontaneous polarization (Ps) that occurs below a Curie
temperature (Tc) and can be switched using an external
electric field.[1] It has been established that the switchable
polarization is sensitive to external stimuli, such as stress,
pressure, temperature, electric field, or chemical substances.
Ferroelectric materials can also respond to light quanta to
generate photocurrent, a phenomenon called the anomalous
photovoltaic effect (APE).[1, 2] Although the APE in ferro-
electrics has been known for more than half a century, it has
not been widely investigated.[2, 3] With the ever-increasing
global concern for clean and sustainable energy, there is now
a renaissance in research on ferroelectric photovoltaics.[4] So
far, research activities have focused mainly on the “bulk”
photovoltaic effect in ferroelectric materials, although the
underlying mechanism for this effect is not very clear.[1, 5] The
effect is believed to be associated with the loss of inversion
symmetry in the distribution of defects, impurities, space
charges, and polarizations in ferroelectrics. The APE in the

typical ferroelectric compound BiFeO3 originates from differ-
ent domain walls and functions in a similar manner to that of
a classical p–n junction, owing to the asymmetry in polar-
ization.[6] The most significant difference between the photo-
voltaic effect in a ferroelectric material and in a conventional
semiconductor p–n junction is the magnitude of the electric
field that separates the photogenerated electron–hole pair;
the effective electric field in a ferroelectric material is
approximately one to two orders of magnitude higher than
that in a p–n junction.

Hybrid organo–metal halide perovskite materials, such as
CH3NH3PbI3, have recently been shown to be some of the
most competitive candidates for absorber materials in crys-
talline thin-film photovoltaic (PV) applications.[7,8] These
materials offer significant advantages, such as an appropriate
direct band gap, a high absorption coefficient and excellent
carrier transport, as well as an apparent tolerance for defects.
Hybrid perovskite solar cells have been reported with
a remarkably high power conversion efficiency (PCE) of
approximately 15 % within the past several years.[7f] More-
over, the composition and structures of the low-cost hybrid
perovskite materials can be easily tuned by adjusting the
metal halide frameworks and the intercalated organic species.
Nevertheless, the materials are not ferroelectric at room
temperature (but are probably ferroelectric at temperatures
below 180 K),[9] and thus lack the anomalously large photo-
voltage required for the process of converting solar light into
electricity. It is predicted[10] that combining the ferroelectric
APE with the advantages of hybrid perovskites would result
in the formation of a new generation of PV solar cells which
would be as cheap as fossil fuels. These systems would also
have a higher PCE approaching those (up to 30%) measured
for silicon or gallium arsenide solar cells.

To obtain a material with a synergetic combination of
a large electron–hole diffusion length (greater than 1 micron)
and a large photovoltage, an above-room-temperature
organo–metal halide perovskite ferroelectric material is
required. Although significant research has focused on
designing organic–inorganic hybrid perovskite ferroelec-
trics,[11] relatively few ABX3-type organo–metal halide per-
ovskite ferroelectric materials are known (see Supporting
Information for literature search details).[12] The character-
istics of the ferroelectric domains of these systems, which are
closely related to the APE, remain unexplored. In this
context, we have synthesized a new hybrid perovskite ferro-
electric compound (3-pyrrolinium)(CdCl3) (1) (Figure 1 a)
which displays an above-room-temperature Curie temper-
ature Tc = 316 K, a large Ps value, and a low coercive field (Ec)
as well as antiparallel 1808 domains. To our knowledge, 1 is
the first example of an organo–metal halide perovskite
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ferroelectric material with an above-room-temperature
Tc value, which allows us to investigate the APE of this
class of materials. Herein, we describe the preparation of
1 and its excellent ferroelectric properties, domain structure,
and APE.

We firstly performed differential scanning calorimetry
(DSC) measurements to detect the structural phase transition
in 1. The DSC curves for polycrystalline samples of 1 showing
cooling and heating runs are presented in Figure 1 b. The DSC
result clearly shows that there is a reversible phase transition
at around Tc = 316 K. The narrow thermal hysteresis (5 K)
reveals a second-order transition. The thermal stability of 1 is
maintained up to at least 573 K (see Figures S3 and S4 in the
Supporting Information).

To understand the origin of the ferroelectric effect,
a precise analysis of the main structural differences was
undertaken between a series of structures of 1 determined by
single-crystal X-ray diffraction at various temperatures.[13]

The structure determined at 346 K is taken as the average
structure of the high-temperature phase (HTP), and the
structure at 293 K is taken as that of the low-temperature
phase (LTP). The HTP crystallizes in the orthorhombic space
group Cmcm. It has been shown that hybrid organic–
inorganic perovskite ABX3 materials can crystallize in two
structural forms.[14] Firstly, materials such as CH3NH3PbX3,
CH3NH3SnX3,

[15] and the metal formate salts[11] may crystal-
lize in a BX6-corner-sharing cubic structure comparable
to that of BaTiO3. Alternatively, materials such as
N(CH3)4CdBr3

[12a] may crystallize in a BX6-face-sharing
hexagonal structure comparable to that of BaNiO3.

[16] The
crystal structure of compound 1 has a hexagonal perovskite-
type structure and contains infinite columns of face-sharing
CdCl6 octahedra (Figure 2 and Figure S5 in the Supporting
Information) which are arranged in the same manner as the
NiO6 moieties in the hexagonal 2-H BaNiO3 structure.[16] The

configuration of the chains are comparable to those in other
ABX3 compounds, such as (CH3)4NCdCl3

[17] and [(CH3)3SO]-
[CdCl3].[18] The cavities between the octahedral columns are
occupied by the 3-pyrrolinium cations, similar to the barium
ions in the BaNiO3 structure (Figure 2). The 3-pyrrolinium
cation is located on a special position with 2mm symmetry.
Although the 3-pyrrolinium cation has intermolecular 2 mm
symmetry with the N atom located on a twofold rotation axis,
the intramolecular symmetry elements do not superimpose
the crystallographic symmetry elements. The crystal symme-
try requirement is satisfied by twofold orientational disorder
with the C2 atom located on the crystallographic twofold axis,
while the N atom is distributed equally over the mirror plane.
As shown in Figure S5 a (Supporting Information), the
elongated displacement ellipsoids of C1 and C2 atoms indi-
cate the unresolved disorder and/or strong dynamics of the in-
plane molecular rotation about the fixed N atom resulting
from the N�H···Cl hydrogen-bonding interactions. Solid-state
NMR spectra show that this effect is related to the in-plane
swing-like motion about the N atom (see Supporting Infor-
mation).

The LTP material crystallizes in the polar space group
Cmc21. The coordination geometry of the Cd atom shows
negligible change within the structure. Correspondingly, the
off-center shift of the central Cd atom along the c-direction is
0.0094 �. The cationic ring remains located on the mirror
plane, while the mirror plane perpendicular to the ring plane
is lost. The cationic ring was assigned and refined in a single
orientation. However, the displacement ellipsoid of the
C1 atom is obviously smaller than those for the other
C atoms. The molecular geometry (indicated by examining
the bond lengths: N1�C1 1.465(7), C1�C2 1.480(15), C2�C3
1.351(18), C3�C4 1.417(17), N1�C4 1.486(12) �) points to

Figure 1. a) Chemical structures of the (CdCl3)n chain and the interca-
lated 3-pyrrolinium cations in (3-pyrrolinium)(CdCl3) (1). b) DSC
curves for polycrystalline samples of 1, revealing a reversible phase
transition at approximately 316 K.

Figure 2. Packing views of 1 in a) the HTP and b) the LTP projected
along the a-axis. The C and N atoms in a 3-pyrrolinium cation are
labeled in both phases. In (a), the N1 and C3 sites are occupied
equally by the C and N atoms. Atoms labelled with the suffix A are
generated by symmetry operators. The hydrogen atoms of the organic
cations were omitted for clarity.
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a somewhat disordered model. Additionally, the C3�C4 bond
length becomes longer as the temperature decreases (Fig-
ure S6). These structural features indicate that as the crystal is
cooled through the transition, it becomes only partly ordered
and the long-range ordering takes place over a broad range of
temperatures. This was further confirmed by solid-state NMR
spectra (see Supporting Information). With the present
ordered model, the average shift of the N atom along the
c-axis is estimated to be 0.76 �, much larger than the
deviation of the Cd atom from the octahedron. This displace-
ment may induce a polarization of approximately 5.6 mC cm�2,
slightly higher than the measured value Ps = 5.1 mC cm�2. This
means that the Ps value derives mainly from the ordering of
the organic cation. The structure is refined with a racemic
twinning model, revealing the existence of 1808 ferroelectric
domains which is supported by piezoresponse force micros-
copy (PFM) imaging experiments (see below).

The ferroelectric nature of the transition is evident from
the large dielectric constant anomalies at temperatures
around the Curie temperature Tc. The temperature-depen-
dent real part (e’) of the complex dielectric constant (defined
as: e = e’�ie’’, where e’’ is the imaginary part) at each
frequency (Figure 3) displays a pronounced l-shape peak

around the Tc value. The large values for e’ of 4500–3000
indicate that 1 is a typical proper ferroelectric material.
According to the Curie–Weiss law (e’= e0 + Cpara/(T�T0) or
e’= Cpara/(T�T0) where (T>Tc) and e’= e0 + Cferro/(T0�T) or
e’= Cferro/(T�T0) (T<Tc), respectively), the reciprocal value
of e’ as a function of temperature is linear. At 500 Hz, it
follows the Curie–Weiss law very well at temperatures above
Tc, while below Tc the law is followed only over a narrow
temperature range. The intercept value T0 (the Curie–Weiss
temperature), obtained by extrapolation, is estimated to be
316 K, equal to Tc, suggesting that this phase transition is
second-order, which is in good agreement with the DSC
measurements. For a second-order ferroelectric transition,
the ratio of Curie-�Weiss constants (Cpara/Cferro) falls in

a range smaller than 4.[19a] In this case, the value of Cpara/Cferro

is estimated to be 2.4, very close to the theoretical value of 2
expected for a second-order phase transition.[19b]

To further verify the ferroelectric effect, P–E hysteresis
loops were measured, where P is the polarization and E is the
electric field. As shown in Figure 4a, at 338 K a linear P–E
curve is measured, revealing that the current state is

a common paraelectric state. The P–E linear curve becomes
a compressed S-shaped curve just below Tc, and then opens to
form a loop upon further cooling, as is the characteristic
feature of a ferroelectric. As the temperature decreases and
the loop expands, the Ps value increases gradually, and
reaches 5.1 mCcm�2 with a remnant polarization (Pr) of
3.8 mCcm�2 at 253 K. The Ps value measured at 253 K is larger
than those found for N(CH3)4CdBr3 (0.12 mC cm�2),[12a]

(C5H9NH3)(CdCl3) (1.7 mCcm�2),[12b] and metal formate per-
ovskites with general formula [NH4][M(HCOO)3] (0.97–
2.2 mCcm�2; where M = Zn, Mn, Co, Fe, Ni, Zn).[11b, d] The
Ps value is also larger than some recently reported small-
molecule organic ferroelectrics (1.2, 0.1, and 1.1 mCcm�2 in
[H-55DMBP][Hia],[20a] [H2-TPPZ][Hba]2,

[20b] and Phz-
H2ca,[20c] respectively), but smaller than those of several of
the organic ferroelectrics (5.2, 22, 7, 55, and 23 mC cm�2 in

Figure 3. Temperature dependence of the real part e’ of the complex
dielectric constant of 1, measured along the c-axis. The complex
electric permittivity is defined as e = e’�ie’’, where e’’ is the imaginary
part. Inset: plot showing the reciprocal of e’ values at 500 Hz as
a function of temperature.

Figure 4. a) P–E hysteresis loops of 1 measured along the c-axis at
various temperatures. b) Plot showing the dependence of the real
part e’ of the complex dielectric constant of 1 on the bias electric field,
measured along the c-axis at various temperatures.
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MBI,[20d] croconic acid,[20e] a-[H-6,6’-dmbp][Hca],[20f]

DHTTF-PMDI,[20g] and DIPAB,[20h] respectively). The rela-
tively low operation voltage is evident from the small coercive
field Ec in the range 1–2 kVcm�1. The Ec value is lower than
those measured for most of the small-molecule organic
ferroelectrics and the metal–organic ferroelectrics,[11, 12] and
is three orders of magnitude lower than those measured for
polymer ferroelectrics.[21] Below 253 K, the Ec value starts to
increase rapidly without significant increases in Pr and Ps,
indicating that the long-range ordering of the cations is almost
complete.

The bias field dependence of the dielectric constant
provides further evidence for reversible polarization switch-
ing. Figure 4b shows butterfly-shaped curves for the depend-
ence of the e’ value on the bias voltage at temperatures below
the Curie temperature Tc. With the changing voltage, peaking
of the e’ value for each run shows hysteresis, similar to the
hysteretic behavior measured in the P–E curve. Above Tc, the
e’ value is independent of the bias field, consistent with the
behavior of a paraelectric material.

The appearance of spontaneous polarization Ps was
further confirmed by pyroelectric measurements. Ps, derived
by integrating the pyroelectric current in a cooling run,
appears at the Curie temperature Tc and then gradually
increases with decreasing temperature (Figure 5). The grad-
ual (not step-like) change near Tc suggests that the phase
transition is of second-order. The Ps value is as large as 2.8–
5.1 mCcm�2 in the temperature range from room temperature
to 255 K, and reaches a maximum value at the lowest
temperature. Both the P–E hysteresis and pyroelectricity
support the above-room-temperature ferroelectricity in 1.

Accompanying the paraelectric-to-ferroelectric
phase transition, there should be a symmetry-breaking
process in the crystal. In this case, this process involves
a centrosymmetric-to-noncentrosymmetric transition.
The loss of the inversion center was confirmed by
measuring the variable-temperature second-order
nonlinear optical coefficient (c(2) ; Figure 5). As
expected, above the Tc, c(2) is almost zero; below Tc,
it gradually increases to a detectable value. The
gradual increase trend indicates a second-order tran-
sition. According to the Landau phenomenological
theory, the two curves of the temperature-dependent
normalized Ps value and c(2) should be overlapped.
This is indeed the case in Figure 5, indicating that 1 is
a typical proper ferroelectric, comparable to BaTiO3.

Macroscopic evidence for the polarization switch-
ing is provided by an examination of the ferroelectric
domains in a crystal of 1 along the c-axis by
piezoresponse force microscopy (PFM) imaging.
PFM is a powerful technique to probe the nucleation,
growth, and switching of nanoscale ferroelectric
domains. The amplitude of the detected piezoelectric
vibration is a direct measurement of the piezoelectric
coefficient of a crystal face, whereas the phase signal
represents the polarization direction. The topology of
the (0 0 1) face and the domain structure are presented
in Figures 6a and b. Formation of electric domains is
a signature of the appearance of spontaneous polar-

ization Ps. The stripe-like domain structure is typical of an
mmmFmm2 ferroelectric, whose ferroelectric domains
should have the mmm symmetry of its prototype, as measured
in Rochelle salt.

The characteristic feature of ferroelectric materials is the
existence of switchable Ps values. To check the effect of the
applied bias on the domain switching, an increasing bias of
about � 40–50 V was applied to a (0 0 1) crystal face. The
remnant phase and piezoelectric switching hysteresis mea-
sured at two spots are shown in Figures 6c and d, respectively.
The amplitude shows a butterfly-like curve comparable to
that measured for the bias-dependent e’ value, revealing the

Figure 5. The temperature dependence of spontaneous polarization
(Ps ; pink), measured by integrating the pyroelectric current along the
c-axis, and the second-order nonlinear optical coefficient (c(2) ; green)
measured on polycrystals of 1.

Figure 6. a) Topology image of the crystal face (0 0 1) of 1. b) PFM image of
a polarization pattern produced by applying a scanning voltage of 3.0 V using
the tip. The brown-stripe regions correspond to downward polarization, while
pale-yellow regions indicate upward polarization. c),d) Phase signal (top) and
amplitude signal (bottom) plotted against DC bias, show local PFM hysteresis
loops measured on the bulk crystal face (0 0 1) at two spots (indicated by the
blue and green dashed arrows).
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switching of the electric domains. The square-shaped phase
hysteresis loop reveals a 1808 domain reversal, further
verifying the ability of the spontaneous polarization Ps to
switch. The formation of 1808 anti-parallel domains along + z
and �z directions decreases the depolarizing field, which
decreases the fatigue of the switching operation. This seems to
be superior to that measured in ceramic perovskite ferro-
electrics, such as BaTiO3 and PTZ (which have 908 domains).
In an ABO3 perovskite ferroelectric, the off-center shift of the
B atom causes a polarity change in the whole lattice, and
correspondingly, polarization switching is realized through
a displacement mechanism. In contrast, the off-center shift of
the Cd atom in this case contributes little to Ps. Ps is derived
mainly from the order–disorder transition of the organic 3-
pyrrolinium cation. Accordingly, the polarization switching is
achieved by the reorientation of the organic cation.[19]

In summary, by deliberate selection of organic cations, we
have successfully designed a hybrid organo–metal halide
perovskite (3-pyrrolinium)(CdCl3) which undergoes a phase
transition at Tc = 316 K and has polarization and amplitude
switching hystereses as well as 1808 antiparallel domains. In
combination, these features demonstrate that (3-
pyrrolinium)(CdCl3) is an above-room-temperature organo–
metal halide perovskite-like ferroelectric. The excellent
above-room-temperature ferroelectric properties may find
application in the electronic and/or optical fields. Moreover,
the material shows an anomalous photovoltaic effect
(Figure 7; see the Supporting Information for further details),
as observed in BiFeO3. The open-circuit photovoltage for
a 1 mm-thick bulky crystal of 1 reaches about 32 V, much
larger than that for the CH3NH3PbI3 thin film (less than 1 V).
These results may provide a new approach to develop solar
cells based on organo–metal halide perovskites in photo-
voltaic research.

Experimental Section
All reagents were analytical grade and used without further
purification. 3-pyrrolinium chloride was purchased from Jingyan
Chemical Co., Ltd. (Shanghai, China), other reagents were purchased
from Aladdin Chemistry Co., Ltd. (Shanghai, China). Distilled water
is prepared in our lab. (3-Pyrrolinium)(CdCl3) (1) was obtained by
slow evaporation of a clear aqueous solution (� 130 mL) containing
equal molar amounts of CdCl2 (200 mmol) and 3-pyrrolinium
chloride (200 mmol) at room temperature. Crystals up to 0.5 cm in
size were formed after 3 weeks. Yield: > 90%. FTIR: n = 3150 (m,
nN-H); 1620 (s; nC=C) cm�1 (Figure S1). The purity of the bulk phase
was verified by powder X-ray diffraction (PXRD; Figure S2).

CCDC 999019, 999020, 999021, 999022, 999023, 999024, 999025
contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/
cif.
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