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Hybrid organic-inorganic perovskites is a class of materials with diverse chemically tunable properties
and outstanding potential for multifunctionality. We use first-principles simulations to predict room
temperature ferroelectricity in a representative of the formate family, ½NH2NH3�½CoðHCOOÞ3�. The
ferroelectricity arises as a “by-product” of structural transition driven by the stabilization of the hydrogen
bond. As a consequence the coupling with the electric field is relatively weak giving origin to large intrinsic
coercive fields and making material immune to the depolarizing fields known for its detrimental role in
nanoscale ferroelectrics. Insensitivity to the electric field and the intrinsic dynamics of the order-disorder
transition in such material leads to the supercoercivity defined as significant increase in the coercive field
with frequency. Room temperature polarization measurements provide further support for the predictions.
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Hybrid organic-inorganic perovskites (HOIPs) are a
versatile subclass of ABX3 materials with many desirable
properties such magnetism, ferroelectricity, ferroelasticity,
and multiferroicity [1]. The topological similarity with
conventional inorganic ABX3 oxide perovskites and the
compositional flexibility to accommodate diverse organic
or inorganic components, make these materials a perfect
playground for exploring new multifunctional properties,
like the coexistence of ferroelectricity and magnetism, i.e.,
multiferroicity [2]. Low synthesis temperature, flexibility,
lack of toxic elements—all make them very attractive for
the replacement of some of the inorganic functional
perovskites. For example, to date the best piezoelectrics
and ferroelectrics are inorganic and often contain lead.
They are sought to be replaced. While quite a few HOIPs
have been reported to exhibit ferroelectricity and piezo-
electricity, their spontaneous polarization and Curie tem-
peratures are typically low [3]. The best materials exhibit
high Curie temperature but still low polarization [4,5].
Among different HOIPs, hybrid formate perovskites, e.g.,
A½MðHCOOÞ3�withM ¼ Mn, Fe, Co, Ni, Zn, Mg, are very
attractive as the formate group linker on the X site opens up
the space to accommodate much larger varieties of organic
A-site cations, e.g., ðCH3Þ2NH2, NH3NH2 [6,7]. Several
ferroelectric or antiferroelectric formates have been
reported [8]. The structural transitions leading to ferro-
electricity in these materials is of order-disorder type due to
the disorder of the cation [1]. The ordering of the cation
stabilizes hydrogen bonding and could give rise to sponta-
neous polarization [1,6]. Their typical polarization
is ≈1 μC=cm2 and Curie temperature is in the range of
150–200 K [3]. A few exceptions are ½CH3NH2NH2�×
½MðHCOOÞ3� with M ¼ Mn, Mg, Fe, and Zn [9–11] that

undergo phase transition into a polar phase above room
temperature.
In this work we combine theoretical and experimental

investigations (i) to predict room temperature ferroelectric-
ity in the recently synthesized ½NH2NH3�½CoðHCOOÞ3�
[12]; (ii) to predict the unusual intrinsic features of such
hydrogen-bonded ferroelectric, namely, supercoercivity
and immunity to the depolarization effects; (iii) and to
propose a first-principles-based methodology to predict
electric properties of order-disorder HOIP ferroelectrics.
All the electronic structure calculations were performed

using a plane wave based spin-polarized density functional
theory (DFT) as implemented in Vienna ab initio simu-
lation package (VASP) [13,14]. Electron-ion interactions
were described by projector augmented wave (PAW)
potentials [15] and generalized gradient approximation
(GGA) with Perdew-Burke-Ernzerhof (PBE) parameter-
ization [16] was used for the exchange-correlation part. A
Monkhorst-Pack [17] k-space mesh of 5 × 5 × 3 in recip-
rocal space was used for the Brillouin zone integration. The
plane wave cutoff energy (Ecut) of 700 eV for the basis set
was used throughout the simulation. The van der Waals
interactions were incorporated within the GGA using the
zero damping DFT-D3 method of Grimme et al. [18]. The
Hubbard U correction was also introduced to take care of
the Coulomb repulsion between the localized d electrons
of Co, using the method proposed by Dudarev et al. [19].
We used Ueff ¼ 2.0 eV as proposed in previous studies
[20,21]. Full structural relaxation (ionic positions and
lattice vectors) had been carried out using conjugate
gradient algorithm until the residual forces and stress were
less than 0.005 eV=Å and 0.01 GPa, respectively. The unit
cell was subjected to full structural relaxation using GGA,
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GGAþ D3, GGAþ U, and GGAþ U þ D3 approaches.
Structures used in computations are provided in Ref [22].
Experimentally, ½NH2NH3�½CoðHCOOÞ3� was syn-

thesized by mild solution method. To promote solvent
diffusion, CoðNO3Þ 2.6H2O (1.0 mmol, 0.291 g) in 5.0 mL
methanol solution was layered onto 5.0 mL methanol with
95% (78 mmol, 3.2 mL) formic acid and 98% (6.2 mmol,
0.6 mL) hydrazine monohydrate. After 24 h, magenta-
colored large rectangular crystals emerged. The rectangular
crystals were isolated from the bulk phase and washed with
reagent grade ethanol after the mother solvent was
removed. Single crystal x-ray diffraction measurements
were applied to validate the perovskite structure.
For the polarization measurements the ½NH2NH3� ×

½CoðHCOOÞ3� crystals were embedded into polyvinylpyr-
odine fluoride (PVDF). It is a ferroelectric polymer that
exhibits weak piezoelectric properties. PVDF has been
used as a binder to form nanocomposites of many inorganic
ferroelectrics [23,24]. In the present work, a 2 wt% solution
of PVDF was prepared by dissolving 2 g PVDF in 100 mL
of N-N dimethylformamide which was used as the ferro-
electric binder. The composite was prepared by mixing
0.05 g of the crushed ½NH2NH3�½CoðHCOOÞ3� crystals
with 1 mL of the PVDF solution, and sonicated for 2 h.
Films for measurements were prepared by drop casting
10 mL of the crystal solution top of ITO coated borosilicate
glass and drying in air at room temperature. Multiple silver
contacts of 0.2 mm diameter were made on the films as the

top contacts for the electrical measurements. Polarization
measurements were performed at room temperature using
a commercial Precision LC Ferroelectric tester with a
Trek 609D-6 High Voltage Amplifier, equipped with a
probe station. ITO was used as the bottom contact. A
bipolar input profile of 58.8 Hz was applied while varying
the driving voltage from 25 V to 200 V. The contact area was
determined via scanning electron microscopy (SEM)
(JEOLJSM-6390LVK). Repeatability of the values was
confirmed by using multiple contacts on the same sample
and by checking again on a second sample prepared in the
same manner.
Experimentally the ½NH2NH3�½CoðHCOOÞ3� undergoes

structural phase transition from nonpolar (Pnma) to polar
(Pna21) phase around 343 K [12]. The high temperature high
symmetry phase is associated with the dynamical disorder
of the cation similar to the other members of this family
[7,10,25]. The structure obtained by in situ single crystal x-
ray diffraction analysis at 100 K was used to compute the
ground state of ½NH2NH3�½CoðHCOOÞ3� [22]. We have
considered ferromagnetic (FM) and antiferromagnetic con-
figurations for Co ions (A-, C-, and G-type AFM) as shown
in Fig. 1(f). The G-AFM configuration is found to be most
stable irrespective of adopted computational methodology
as evident from Fig. 1(e) which reports relative cohesive
energies. Note, that the energy difference between different
magnetic configurations is under 0.016 eV=f:u:, which
suggests their energetic competitiveness and, also, the

FIG. 1. Lattice parameters (a)–(c), volume (d), and energy gain with respect to G-AFM for different magnetic configurations and
computational approaches (e). Horizontal lines give experimental values at 100 K [12]. Schematics of magnetic configurations
considered in the work (f).
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possibility to induce FM ordering by magnetic field.
Figures 1(a)–1(d) compare structural parameters obtained
with different computational approaches with experimental
data. We find that GGAþU þ D3 provides the best overall
agreement with experiment and, therefore, will be used for
the rest of the presentation. The computations predict the
magnetic moment on the Co2þ is 2.69 μB. Interestingly, we
notice a slight difference between the structural parameters
[see Figs. 1(a)–1(d)] for different types of magnetic ordering
which suggests weak magnetostructural coupling.
To compute the polarization in this material from first-

principles we construct the roto-distortion path associated
with the polarization reversal following the approach
suggested in Ref. [26]. Note, that the path includes rotation
of the ½NH2NH3�þ molecule and distortion of the
CoðHCOOÞ3 framework [as shown in Figs. 2(a)–2(b)].
Technically, the experimental high temperature (353 K)
phase (HTP) that is associated with the disorder of the
½NH2NH3�þ is decomposed into two structures, both
having Pna21 space group. Next the roto-distortion path
is constructed between these two structures [see Fig. 2(b)]
and polarization is computed along the path [see Fig. 2(c)].
The predicted value is 1.81 μC=cm2 (along c axis).

We have also computed polarization for the experimental
low temperature phase (LTP), that is 100 K, [see Fig. 2(c)]
and found the value of 2.41 μC=cm2. The ground state
polarization is 2.56 μC=cm2 which is comparable with
experimental measurements (2.6–3.6 μC=cm2) on similar
materials [7]. We expect at finite temperatures the polari-
zation to range between 1.81 and 2.56 μC=cm2. Analysis
of HTP phase and the ground state reveals that structural
phase transition is associated with ordering of ½NH2NH3�þ
driven primarily by the stabilization of the H bond. In both
phases there are five H bonds per ½NH2NH3�þ molecule, the
length of bond ranging from 1.7 to 2.5 Å [27]. The average
length of the H bond decreases by 3% in the ground state.
Note, that hydrogen-bonding strengths of formate perov-
skites range from 0.36 to 1.40 eV=cation [27].
The energy evolution along the polarization reversal path

in both the LTP and HTP phase is given in Fig. 2(d). Both
phases exhibit two degenerate energy minima associated
with the opposite polarization direction, however, in the
HTP the minima are significantly shallower suggesting the
possibility of hopping between them at finite temperatures.
The presence of the two minima above the TC differentiates
this material from the inorganic ferroelectric perovskites,

FIG. 2. Roto-distortion path [presented as normalized coordinate (λ)] of LTP (a) and HTP (b). Color scheme: Co, blue; O, red; C,
brown; N, light blue; H, gray. The end points of the path, λ ¼ 0 and 1, correspond to the phase and its inversion. Polarization along the
roto-distortion path for LTP and HTP (c). Energy as a function of polarization along the roto-distortion path for different phases (d).
Points represent computational data while solid lines give fit by the fourth order polynomial as described in the text. LTPþ depolarizing
indicates the LTP with the addition of the depolarizing field contribution; the dependence of the coercive field on the frequency of the
applied electric field (e); hysteresis loop computed at 300 K (f). Inset gives the PðEÞ associated with the equation of state.
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whose high temperature phase is typically associated with a
single minima at P ¼ 0. It is possible that the presence of
the two minima originates from lower symmetry of the
organic molecule. The hopping between the minima is also
characteristic of order-disorder phase transitions.
To estimate the hopping rates between the two minima

we use transition state theory within the framework of
“Bennet-Chandler” approach [28]. The model predicts
the barrier crossing rate, khop ¼ 1

2
j _qj½ðe−βUðq�ÞÞ=

ðR q�
∞ dqe−βUðqÞÞ�, where q is the dipole moment of the

formula unit, β ¼ ½1=ðkBTÞ�, and q� is the location of the
energy barrier. We follow the derivations of Ref. [29]
to obtain khop ≈ νe−βΔU, where ΔU is the height of the

barrier and ν ¼ ½ðQN
i¼1 νiÞ=ð

Q
N−1
k¼1 ν

†
kÞ� is the “effective”

vibrational frequency of the ½NH2NH3�þ molecule in the
minimum. In the latter expression νi is the frequency of the
ith normal mode of the molecule in the energy minimum,
while ν†k is the kth normal mode of the molecule at the
transition state (energy maximum), N is the number of
normal modes for the molecule in the energy minimum.
Note, that at the transition state, one of the normal mode’s
frequencies is imaginary so the product includes only
N − 1 terms. It is established that the hopping rate is rather
insensitive to prefactor ν, so the common practice is to
use simple estimates of 1–10 THz [29]. To ensure that such
estimates are valid in our case we computed the
½NH2NH3�þ frequencies and found them to be in the range
of 3.7–100 THz in agreement with experimental data [30].
Technically the frequencies were computed by diagonal-
izing the block of the dynamical matrix associated with the
molecule [29]. As in our model polarization reversal
originates from mostly rigid rotation of the ½NH2NH3�þ,
the “effective” frequency of the normal mode polarized
along the rotation path is at the lowest end of the spectrum.
These considerations suggest using ν ¼ 1 THz for the
prefactor in the khop expression. Following the Landau
theory of phase transitions we interpolate DFT energies
with fourth order polynomial [see Fig. 2(d)] UðPÞ ¼
Umin½2ðP=PminÞ2 − ðP=PminÞ4�, where Umin and Pmin are
the energy and polarization values in the minima. Note that
the hopping rate is only sensitive to the height of the energy
barrier and not the fit. The application of this approach to
obtain hopping rates for the LTP and HTP phases yielded
of 0.0 s−1 and 1.6 × 104 s−1, respectively. The rates predict
ferroelectric and paraelectric phases at 100 and 353 K,
respectively. Since at room temperature the structure is in
the Pna21 space group we used the LTP energy profile to
estimate room temperature hopping rates and found that
rate to be 0.0 s−1, which predicts the ferroelectric phase.
This prediction has been further validated through compu-
tations on room temperature structure from experiment.
Next we extend the order-disorder model to the case

when the material is subjected to electrical field, E, and
write the enthalpy as HðP;EÞ ¼ UðPÞ − PEV, where V is

the supercell volume. The electric field term removes
the energy degeneracy for the �Pmin shifting one of the
minima up while another one down. The former one
becomes the metastable phase, while the latter one is the
stable one. The hopping rates between the two minima can
now be approximated as khopðEÞ ≈ νe−βðΔUþPEVÞ. At the
coercive field, Ec, the sample undergoes transition from the
metastable to the stable phases. If the applied field is an ac
field with frequency νE then for the transition to occur
νE ≈ 2khop ≈ 2νe−βðΔU−jPjEVÞ. Conceptually, the field low-
ers barrier for the metastable phase and, therefore, increases
the hopping rates as compared to the field-free case. Note
that the factor of 2 in front of the khop is because during one
cycle of the field the system has to complete two hops
between the metastable and stable phases. For the transition
to occur for the given νE the field has to increase until
the hopping rates become comparable with the electric
field frequency. The smallest field to allow for the transition
is the coercive field and can be estimated as Ec ¼
½ΔU − kBT lnð2ν=νEÞ�=jPjV. The expression predicts that
in agreement with experiment [31] the coercive field
exhibits frequency dependence, that is, it increases with
the frequency [31]. To incorporate temperature dependence
into ΔU we recall that within the Landau theory of phase
transitions some coefficients of the energy expansion UðPÞ
are taken to be linearly dependent on temperature. In this
spirit we assume linear dependence on temperature for
both Pmin and Umin and fit it to the HTP and LTP values.
Figure 2(e) shows the dependence of the coercive field on
the frequency for two temperatures, 300 and 320 K. There
are three features to note from the data. The first one is
that below a certain frequency the coercive field could
become zero which means that the frequency is lower
than the intrinsic hopping rate and the material may
appear as paraelectric. Second, if the applied field is
lower than the coercive field for a given temperature the
ferroelectric loops cannot occur (or will be highly dis-
torted). Indeed it was observed experimentally, that below
40 kV=cm no hysteresis loops occur [31]. We can also see
that increase in frequencies causes an increase in the
coercive field, that is supercoercivity, reported experi-
mentally [31]. Third, the intrinsic coercive field is very
large. The origin of this can be traced to the fact that
ferroelectricity is induced by the structural transition due
to H-bond stabilization rather than the dipole-dipole
interaction as in inorganic displacive ferroelectrics.
Consequently, the net dipole moment comes as a bonus
but is rather small. As a result the energy contribution due
to interaction with the applied electric field is small in
comparison with the barrier due to H-bond breakage so
that the applied field has to be really large to switch the
direction of polarization. Such supercoercivity is likely to
be a general feature of the hybrid organic-inorganic
ferroelectrics whose polarization arises from structural
phase transition due to H-bond stabilization.
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Interestingly, such “insensitivity” to the applied field
suggests that the material may exhibit similar insensitivity
to the depolarizing field that is inherent to ferroelectric
nano-structures. The depolarizing field arises due to the
presence of uncompensated surface charge and is detri-
mental to the ferroelectricity of nanostructures [32–34]. In
fact, the depolarizing field is the sole reason for ferroelec-
tricity disappearance at the nanoscale in inorganic perov-
skites. To explore the role of the depolarizing field in
hybrid ferroelectrics we augment UðPÞ with the depolariz-
ing energy term 2πP2V=ε0 associated with two-dimen-
sional, or thin film, geometry. The resulting LTP energy is
plotted in Fig. 2(d) and demonstrates the presence of two
minima even in the absence of any surface charge screen-
ing. The addition of depolarizing energy renormalizes the
polarization and energy in the minima as follows: Pdep

min ¼
Pminð

ffiffiffiffiffiffiffiffiffiffiffi
1þ a

p Þ and Udep
min ¼ Uminð1þ aÞ2, where a ¼

πP2
minV=ε0Umin. Application of our model to the renor-

malized energy profile predicts a zero hopping rate, that is
the ferroelectric phase, at 100 K even in the presence of
fully unscreened depolarizing field. On the other hand,
in the absence of surface charge screening their inorganic
counterparts lose net polarization [35] along the direction
associated with the depolarizing field. It should be noted
that both unusual properties, supercoercivity and immunity
to the depolarizing field, revealed here are the intrinsic
effects. The extrinsic effects that will contribute in mea-
surements include polarization reversal via domain for-
mation and propagation, which will lower the coercive
field. The depolarizing field could be at least partially
compensated by the surface charge screening (due to
either presence of the sample defects or the surface
adsorbates) which will further stabilize the ferroelectricity
in nanostructures.
Finally, we extend our approach to predict finite-

temperature intrinsic hysteresis loops from first-principles
calculations. We first plot PðEÞ from the interpolated
dependence HðP;E; TÞ following the approach of
Ref. [26]. In particular, we obtain the equation of state
from ð∂H=∂PÞE;T ¼ 0 which yields PðEÞ given in the
inset to Fig. 2(f). Next EcðT; νEÞ is computed from our
model and used to connect metastable and stable phases
as shown in Fig. 2(f) for νE ¼ 10 Hz at room temperature.
Of course, inclusion of the depolarizing field will further
decrease the coercive field [36].
To verify some of the predictions experimentally we

have measured the dependence of the polarization on
the electric field for the ½NH2NH3�½CoðHCOOÞ3� films
embedded in PVDF under different electric field amplitude
and frequencies. In particular, the amplitudes ranged from 5
to 34.5 kV=cm while the frequency varied in the range
of 0.125 to 1000 Hz. Figure 3 shows one representative
dependence for the largest electric field that we were
able to apply to the sample and compares it with that of
pure PVDF. Indeed, in agreement with our computational

predictions as well as Ref. [31] no hysteresis loops were
observed for this field. The finding provides experimental
support for our computational prediction of a large intrinsic
coercive field. As a note, no significant dependence on the
frequency in the low field regime was found.
In summary, we investigated ferroelectricity in

½NH2NH3�½CoðHCOOÞ3� HOIP using a combined compu-
tational and experimental approach. We predicted the room
temperature ferroelectricity in this material which is rare
among the formate family. The ground state polarization
was found to be 2.56 μC=cm2. The ferroelectricity in this
material is due to alignment of ½NH2NH3�þ molecules and
occurs as a bonus from the structural phase transition driven
by the H-bond stabilization. Consequently, the material
exhibits relatively weak coupling with the electric field
which leads to the large intrinsic coercive field and super-
coercivity. The other consequence of the weak coupling
to the electric field is the immunity to the depolarizing
field. Such field is known to be detrimental to the nano-
scale ferroelectricity in inorganic ferroelectrics. The first-
principles model is developed to predict the dynamics of
the order-disorder phase transition in such materials. The
model is capable of predicting the dependence of the
intrinsic coercive field on the applied field frequency
and of ferroelectric hysteresis loops.
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