
Ferroelectric Polarization of CH3NH3PbI3:

a Detailed Study Based on Density Functional Theory and

Symmetry Mode Analysis

Alessandro Stroppa,1 Claudio Quarti,2 Filippo De Angelis,2 and Silvia Picozzi3

1Institute for SuPerconductors, oxides and other INnovative

materials and devices, CNR-SPIN, 67100 L’Aquila, Italy∗

2Computational Laboratory for Hybrid/Organic

Photovoltaics (CLHYO), CNR-ISTM, 06123 Perugia Italy

3CNR-SPIN, 67100 L’Aquila, Italy

Abstract

Ferroelectricity in halide perovskites currently represents a crucial issue, as it may have an

important role for the enhancement of solar cells efficiency. Simulations of ferroelectric properties

based on density functional theory are conceptually more demanding compared to “conventional”

inorganic ferroelectrics, due to the presence of both organic and inorganic components in the same

compound. Here we present a detailed study focused on the prototypical CH3NH3PbI3 perovskite.

By using density functional theory combined with symmetry mode analysis, we disentangle the

contributions of the methylammonium cations and the role of the inorganic framework, therefore

suggesting possible routes to enhance the polarization in this compound. Our estimate of the

polarization is ∼ 4.42 µC/cm2, which is substantially lower than that of traditional perovskite

oxides.
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Introduction. In recent years, organohalide lead perovskites have represented a break-

through in the field of photovoltaics. From their first application in 2009 by Kojima and co-

workers as sensitizers in mesostructured cells,1 showing a power conversion efficiency (PCE)

of 3.81%, these materials have been widely investigated in a large variety of device config-

urations, ranging from mesostructured solar cells to planar heterojunction architecture.2–11

The most performing material is CH3NH3PbI3, that is methylammonium (MA) lead iodide,

here on, named MAPbI3, and its chlorine doped analogue CH3NH3 PbI3−xClx, that reached

a PCE of 15% respectively in TiO2 mesostructured solar cells12 and in planar heterojunc-

tion configuration.2 A recent paper by Zhou et. al. reported a PCE exceeding 19% for this

material.3 The key of the impressive PCE lies in desirable properties such as band gap ∼ 1.5-

1.6 eV, high absorption coefficient,1 inherent and ambipolar charge transport properties,4,7

long carrier diffusion lengths,5,6 small charge recombination rate,8 together with the pos-

sibility to resort to low cost synthesis techniques for their production. Several theoretical

works have addressed the electronic structure of these materials.13–21

A fundamental issue that has been recently discussed in the literature is the possible

ferroelectricity of hybrid halide perovskites and their role on the photovoltaic performances.

Interestingly, ferroelectric properties have been already shown in very similar class of com-

pounds, i.e. perovskite metal-organic frameworks, both from theoretical predictions26–28 and
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confirmed by experiments.30–32 MAPbI3 shows two phase transitions, one at 327.4 K from

tetragonal to cubic (α) structure and one at 162.2 K from orthorhombic to tetragonal (β)

structure.33 The presence of the polar CH3NH+
3 cation was proposed to give rise to exotic

dielectric properties.33–36 In particular, Gesi et al. suggested a possible ferroelectric behav-

ior of MAPbI3
37 and Stoumpos et al. have first reported on the ferroelectric properties of

MAPbI3 by observing an hysteretic behavior in the current-voltage curve of the tetragonal

β phase of this material.38 On the other hand, a recent work exclude the possibility of fer-

roelectric ordering at room temperature.39 Frost et al. have theoretically investigated the

ferroelectric ordering in MAPbI3 perovskite with periodic Density Functional Theory (DFT)

simulations.40 Using a cubic structure where all the molecules are aligned along the same

direction, they estimated a polarization of 38 µC/cm2, i.e. comparable to traditional fer-

roelectric oxide perovskites (27 and 30 µC/cm2 respectively for BaTiO3 and KNbO3).
41,42

In addition, they have also suggested a possible mechanism highlighting the key role of

ferroelectricity for the photovoltaic performances in this class of materials.43 The same au-

thors have also investigated the possible formation of domains with a ferroelectric alignment

of the MA cations as a function of temperature and of an external electric field, using a

semiclassical hamiltonian.44 However, calculations performed by Zheng et al. on MAPbI3

and by some of the present authors on a similar hybrid halide perovskite, CH(NH2)2SnI3,

provided an estimate of the polarization of 4-5 and 5.35 µC/cm2, respectively,45–47 much

smaller than what reported by Frost et al.40 Furthermore, the tendency of β-MAPbI3 to

show a global alignment of the MA cations, i.e. a long range ferroelectric ordering of the

MA cations, has been also investigated by some of us by means of DFT calculations and

Car-Parrinello molecular dynamics simulations.45 It was found that structures showing a

ferroelectric order of the MA cations are the most stable ones, while structures showing an

antiferroelectric alignment of the MA cations, are close in energy within a range of kT per

MAPbI3 units, and thus they are accessible at room temperature. Very recently, Kutes et

al. have experimentally observed the presence of ferroelectric domains of the dimension of

the grains (nearly 100 nm) in β-MAPbI3 perovskite, by using piezoforce microscopy (PFM)

on a sample prepared using a new solution-processing protocol.48 Very recently, Liu et al.

pointed out the importance of the ferroelectric domain walls on the photovoltaic efficiency

of hybrid perovskites.49

Despite these preliminary studies, the specific role of ferroelectricity on the working mech-
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anism of MAPbI3-based solar cell has not been clarified yet and a detailed analysis of fer-

roelectric polarization in this class of materials is still lacking. In the present work, we

performed periodic DFT simulations on the MAPbI3 perovskite, focused on the evaluation

of ferroelectric properties. We have found that the MA cations and their relative position

within the A-site of the ideal perovskite structure play an important role for the ferroelec-

tric polarization. If the relaxations in the BX3 framework are neglected, the results can

be interpreted in terms of a point charge model,50 but have to include at least a dipole

moment term to account for the non-spherical nature of organic cations. In general, the

inorganic framework introduces also important structural effects which influence the final

value of the polarization and, therefore, cannot be neglected in the calculations. Most im-

portantly, our estimate of the polarization is 4.42 µC/cm2, which is significantly lower than

the one reported for standard inorganic ferroelectrics, like BaTiO3 and previous calculations

for MAPbI3.
40

Our results are organized as follows. First, we give a brief account of the computational

details. Then we start discussing our results. Specifically, we first consider a simple model

of a cubic cell containing one MA cation per unit cell, in order to have a first estimate of the

polarization in MAPbI3 and to easily disentangle the contributions of the MA cation and of

the inorganic BX3 framework. For the simple cubic case, we proceed step-by-step by adding

complexity to the study: we consider the BX3 framework centric and the mid point of the CN

bond of the MA cation fixed at the center of the cubic cell. In this way, we provide a rough

estimate of the polarization of 5.56 µC/cm2; furthermore, in order to gain more insights in

the role of the MA cation, we investigate the effect of the position of the MA cation in the

cubo-octahedral cavity with respect to the BX3 centrosymmetric framework. We interpret

the results in terms of point charge model which suggests that, in this case, the molecular

dipole, contributes negligibly to the final polarization; than we relaxed both the MA cation

and the BX3 framework, addressing the role of relaxations in terms of contributions of

the organic/inorganic component to the final polarization. Furthermore, we analyzed the

distortions of the framework by symmetry mode analysis, in order to highlight the interplay

between the MA cation and the framework. We also consider different structures of the room

temperature tetragonal β phase of MAPbI3 and we provide an estimation of the polarization

for the most stable structure of 4.42 µC/cm2, which is much smaller than the polarization

in standard inorganic oxides. Finally we draw our conclusions.
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Computational details. For the simple cubic case, we started our calculations from

the experimental crystallographic data given in Ref. 38, optimizing the structure until

Hellmann-Feynman forces were smaller than 0.02 eV/Å. Kohn-Sham equations were solved

using the projector augmented-wave (PAW) method with the PBEsol exchange-correlation

functional,53 as implemented in VASP.54 The energy cutoff for the plane wave expansion was

set to 600 eV ; a 8 × 4 × 8 Monkhorst-Pack grid of k-points was used for 1×2×1 supercell.

The Berry phase approach has been used to evaluate the ferroelectric polarization.55,56 The

calculation of ferroelectric polarization does not include spin-orbit interaction. Test calcu-

lations show its inclusion change the polarization by less than 0.24 µC/cm2. Details for the

computational parameters used for the structures of the β phase are given in Ref. 45. In

the present work, we neglect the van der Waals interactions. In fact, we demonstrated in

Ref. 45 that within the employed computational set up the inclusion of these effects does

not affect the relative energetics, the shape of the crystallographic cell (i.e. the c/a ratio)

and the orientation of the cations for a set of investigated structures.

Results. The cubic case. The α-phase of MAPbI3 refined at T=400 K with lattice

constant a=b=6.311 Å and c=6.316 Å is reported in Ref. 38. If the small tetragonal

distortion (about 0.07 %) is neglected, the cell is called pseudo-cubic, which is considered

here with a=b=c= 6.313 Å. The center of the CN bond lies exactly at the ideal A-site

position of the perovskite structure, i.e. at the center of the cube, with the bond aligned

along the c-axis. We recall that the MA cation is polar, so that, upon long range ordering

of MA cations, a ferroelectric (FE) polarization is to be expected along the c axis. The

simple cubic cell, with one MA in the unit cell, is not sufficient to evaluate the polarization,

as, according to the modern theory of polarization,55,56 a reference antiferroelectric (AFE)

structure must be introduced, in terms of which the low symmetry phase can be described

through symmetry breaking distortions.28 The comparison with the AFE structure allows to

monitor the spurious presence of polarization quanta, that would lead to erroneous estimates

of polarization, and to analyze the atomic displacements responsible for ferroelectricity. In

our case, the simplest reference structure is obtained by doubling the cubic cell along the

b-axis, and considering the two MA cations in antiparallel and parallel orientations, that

correspond respectively to the AFE and the FE arrangement (see Fig. 1 a and b). Therefore,

the FE state is obtained simply by rotating one MA cation by 180◦ within the bc plane, while

the other MA cation is kept fixed. We consider step-wise rotations by 10◦, i.e. θ from 0◦
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(AFE) to 180◦ (FE). During this “rotational path”, we consider two different cases. The BX3

framework is kept in centrosymmetric positions. In this way, one can perform a functional

group analysis which allows to analyze the contributions to polarization coming from the

MA cation, PMA, while the centric BX3 does not contribute; both the MA cations and BX3

framework are allowed to relax: now it is possible to analyze the coupling between the MA

and BX3 and its effect on the final polarization.

Centric BX3 framework. With the BX3 framework being kept centrosymmetric, we have

evaluated the polarization along the path from the AFE to the FE structure in Fig. 1 c.

The H atoms are relaxed upon rotation of the MA cation. By construction, the polarization

of the system during the “rotational path” lies in the bc plane. The polarization along the

c-axis for the FE structure is 5.56 µC/cm2. The smooth variation of the polarization curve

in Fig. 1 c guarantees that the present estimation is not affected by polarization quanta.

Assuming that the ammonium group NH3 is positively charged the electric dipole asso-

ciated to the MA cation is oriented from the carbon to the nitrogen atom i.e. in the same

direction of the c-axis, see Fig. 1 b. Such assumption, based on simple chemical arguments,

has been verified with quantum-chemical calculations. The Mulliken population analysis has

been performed with the Gaussian09 code,29 for the isolated MA cation, at similar level of

theory used for periodic calculations (PBE/6-311G**). Such an analysis demonstrated that

62% of the positive charge of the MA cation is localized on the NH3 group, in particular

on the hydrogen atoms. Hirshfeld population analysis predicts a localization of the 70%

of the positive charge on the NH3 group. Thus, the polarization of the system lies in the

same direction of MA electric dipole. Along the path, simple geometrical considerations

suggest that the Pb component can be expressed as Pb=P0sen θ, where P0 is the dipole

moment associated to the MA cation per unit volume, as clearly reproduced in Fig. 1 c.

On the other hand, Pc=P0(1-cos(θ))=2P0sen2(θ/2). The following relation should also hold:

Pc(θ=180)=2*Pb(θ=90), almost perfectly reproduced in Fig. 1 c. When fitting the P0 value

from these graphs, one obtains P0=Pb(θ=90)=2.67 µC/cm2. Since the BX3 centric, the

ionic contribution of the framework to polarisation is zero by symmetry, but its electron

density can still be polarized by the dipole of the MA cation; as a result, the polarization

associated to the MA cation (PMA), 5.56 µC/cm2, inherently considers also a contribution

from the polarization of the electron density of the inorganic framework.

Point charge model and the role of molecular dipole. We now discuss in closer detail the
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FIG. 1. a) Reference centric structure with MA cations in AFE arrangement; b) FE structure,

obtained by rotating one cation by 180◦; c) FE polarization along the a,b,c axis.

role of the MA cation on the polarization of MAPbI3. By fixing the center of the CN bond

at the ideal A-site, we found a polarization P=5.56 µ C/cm2 along the c axis, i.e. parallel to
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the C-N bond. However, the MA cation shows an asymmetric charge distribution, with the

positive charge localized mainly on the NH3 group. This is different from standard inorganic

compounds, where one deals only with spherically symmetric units, i.e. atoms. In general,

a multipole expansion of the charge distribution of MA cation gives a monopole, dipole and

higher order terms. The monopole term will carry a positive charge, i.e. q=+e, where e

is the electron charge, mainly localized on the NH3 group. On the other hand, the BX3

centric framework has no intrinsic dipole by symmetry, but shows a monopole term carrying

a negative charge, q=-e, localized by symmetry at ideal perovskite A-site which coincides

with the inversion symmetry center. Thus, the polarization in the MAPbI3 shows in general

two contributions: an intrinsic cation electric dipole moment, d1, as widely supposed in

the literature28,37,40,44 and a geometric dipole moment arising from the relative positions (r)

of opposite charged monopole terms of the cation and the framework, say qr. Therefore,

in a simplified picture, the polarization can be thought as P=(d1+qr)/V, where V is the

volume of the unit cell. In order to disentangle these contributions, we have performed

the following computational experiment. Starting from the computed Mulliken charges, we

have computed a hypothetical center of charge for the MA, which lies along the CN bond,

at 0.42 Å of distance from the N atom (see inset in the Figure 2). Starting with this center

of charge lying exactly at the ideal A-site, we rigidly translate the MA cation along the

direction of the CN bond. The results are shown in Fig. 2 a. In our reference system, a

positive shift corresponds to the nitrogen moving towards the right, while a negative shift

corresponds to an opposite movement. As shown in Fig. 2 a, the shift of the MA cation

results in an almost linear variation of the polarization. Interestingly, when the center of

charge is at the ideal A-site, the system shows a total polarization of P=(d1+qr)/V∼ 2.3

µC/cm2, despite the FE alignment of MA cations. Since the case with the center of charge

at ideal A-site coincides with the position of the monopole term of the BX3 framework, i.e.

r is equal to zero, the qr/V contribution is zero. It follows, that the only contribution to

the polarization in this case comes from the molecular dipole of the molecule d1/V , that

is around 2.3 µC/cm2. Note that the actual position of the charge center depends on the

scheme used for the atomic population analysis, in this case the Mulliken scheme. It is likely

that other population analyses may deliver different charge distributions, but their impact

on the dipole polarization is expectedly small.

If the total energy is monitored as a function of the MA displacement, a minimum appears
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for a displacement of ∼ 1.2 Å, in a configuration where the MA cation maximizes the

hydrogen bond interactions with the iodine atoms. In this configuration, a final polarization

of ∼ 11 µC/cm2 is obtained. Thus, even if the contribution of the molecular dipole to the

final optimization in this case is conceptually non negligible (2.3 µC/cm2), the contribution

from the monopole term is, in this case, more important.

In order to confirm our interpretation, we have carried out the same analysis by substi-

tuting the MA with a Na cation, see Fig. 2 b. It is important to note that the Na cation

replacing the MA has only a role of charge balance and no relaxations have been considered

for the NaPbI3 system. Now, only the monopole term carried by the cation due to the spher-

ical symmetry survives, i.e. d1 is equal to zero. When the Na position is at ideal A-site,

the polarization is zero. If the Na is displaced, the usual linear trend of the polarization is

observed,50 with almost the same slope found for the case of the MA cation (8.92 µC/cm2Å

vs 8.02 µC/cm2Å). This comparison suggests that, in this case, the contribution to the

polarization from the dipole of the organic MA cation gives an overall small contribution.

Finally we note that the driving force that displaces the MA cation from the ideal A-

site position is due to the hydrogen bonding between the organic moiety and the inorganic

framework. In fact, the formation of hydrogen bond between the NH3 group of the organic

cation and of the iodine atoms has been demonstrated in the literature by the analysis of

structural parameters like NH3 to I distance, for both static DFT and ab-initio molecu-

lar dynamic structural models.45,51,52,58,59 In particular, recent ab-initio molecular dynamic

investigations suggested the transition from the cubic to the tetragonal structure being as-

sociated to a transition between a phase with nearly rotating molecules to a phase with

molecules jumping from one direction with a strong hydrogen bond network to another.52

Therefore, there are two possible routes to tune ferroelectricity in MAPbI3: either one can

act directly on the A-site, by atom substitution, in order to increase the dipole term of the

organic cation, as initially suggested in the context of perovskite metal-organic framework,28

and recently applied to perovskite halides;44 or one can fine control the hydrogen bonding

network, for instance, by substituting the iodine with more electronegative atoms in selected

positions.

Relaxations of framework and organic cation. We now consider the case where the BX3

and the MA cation are allowed to relax. First, we fully relax the FE cubic structure of

MAPbI3 and then we consider a path between this one and the AFE structure used before.
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FIG. 2. a) Polarization of the cubic model (inorganic atoms fixed in cubic positions) as a function

of the displacement of the MA cation from the center of the cell along the direction of the CN axis.

In zero, the center of charge calculated from the Mulliken population analysis lies at the center of

the cell (ideal A-site). Positive/negative values of the displacement refer to rigid shift of the MA

from the center; together with the polarization, we report the energy of the system. b) same as a)

but with the MA substituted by a Na cation and only the polarization is shown.

The polarization along the path from the AFE to the relaxed FE system is reported in Fig.

3. The coupling of MA cations with the framework via hydrogen bonding induces, on one
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hand, a shift and tilting of the MA cation within the cubo-octahedral cavity and, on the

other hand, the distortions of the inorganic framework. As a result of atomic relaxations,

the polarization largely increases, up to a final value of ∼ (0,−3.45,13.37) µC/cm2. Inter-

estingly, a Pb component orthogonal to the main alignment of the MA cation arises, due to

both the tilting of the MA cation with respect to the c axis and to the distortions of the

framework which reduce the I-Pb-I angles with respect to the ideal 180◦ value. Since the

FIG. 3. Polarization of the cubic model, with all atoms allowed to relax. The upper, central and

lower panels show the polarization components along a, b and c, respectively.

11



electronegativity of Pb and I are 2.33 and 2.66 respectively, the Pb-I bonds are slightly polar.

These structural relaxations leave uncompensated dipoles, both parallel and perpendicular

to the MA direction.

Note that the space group for the relaxed unit cell is Pm. This space group allows a

monoclinic axis along a in our case and a mirror plane perpendicular to it. The polarization

is allowed on the plane perpendicular (mirror plane) to the monoclinic axis. Therefore,

according to symmetry arguments, one would expect the polarization in the bc plane, in

excellent agreement with our ab-initio calculations.

Finally, in order to disentangle the contribution of MA and BX3 to the total polarization,

we have again replaced the MA cation with a Na cation at the ideal cubic position, keeping

the BX3 relaxed positions as in fully relaxed MAPbI3. Since the Na atoms occupy the

A-site, they do not carry contribution to the FE polarization. For the NaPbI3 system, we

obtain a polarization of (0,-2.88,8.11) µC/cm2, that corresponds to the contribution from the

inorganic BX3 framework, i.e. P∼PBX3 . It is now interesting to compare with the previous

case, when the BX3 was centric. Clearly, the relaxation of the BX3 is the main responsible

for the appearance of the Pb component, i.e. perpendicular to the MA dipole moment. On

the other hand, Pc in NaPbI3 is smaller than Pc in fully relaxed MAPbI3. In particular,

Pc(MAPbI3)∼Pc(NaPbI3)+PMA ∼Pc(NaPbI3)+5.56 µC/cm2. Therefore, the relaxations of

the framework induce a polarization component both perpendicular and parallel to the C-N

dipole, where the parallel component is even larger than the contribution carried by the MA

cation. This suggests that, in principle, the BX3 contributions cannot be neglected in the

evaluation of the FE polarization and that the use of different halogen atoms, i.e. changing

the polarizability of the BX3, may introduce an additional degree of freedom in tuning the

FE polarization.

Finally, we analyze the atomic displacements by symmetry mode analysis. Since we want

to focus on the role of the framework, as before, we replace MA with Na at ideal perovskite

structure. The space group of NaPbI3 is pseudosymmetric to a centric Pm3̄m space group of

the inorganic ABX3 perovskite. Since there exists a group-subgroup relation, it is possible to

express the high-symmetry phase using the subgroup basis. After establishing a one-to-one

map between the atomic positions of the two phases, we calculate the atomic displacements

connecting the centric structure to the distorted one. The collective atomic displacements

have a maximum amplitude of 0.72 Å and they can be classified according to two symmetry
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FIG. 4. Symmetry mode analysis of atomic displacements of BX3 induced by the rotations on the

MA cations. From left to right: GM4-, GM5- symmetry modes and resulting distortions on the

framework with bending of the I-Pb-I bonds. The absolute values of the displacements are from

0.57 to 0.72 Å for I, and ∼ 0.48 Å for Pb.

modes such as GM5- and GM4-. The former acts only on the I atoms, while the latter

acts on both Pb and I atoms. Both modes have isotropy subgroup Pm, i.e. both of them

break inversion symmetry thus confirming that the BX3 indeed contributes to polarization.

In Fig. 4 we show the atomic displacements for both distortion modes with respect to ideal

centric structure. The atomic displacements are mainly localized on iodine atoms and they

are responsible for the bending of the I-Pb-I bonds, with deviations from the ideal 180 by ∼

3◦ and ∼ 10◦. This bending, in turn, leaves uncompensated dipoles along the C-N direction,

(shown by black arrow), as well as perpendicular to it. In particular, the larger (smaller)

bendings correlate with uncompensated Pb-I dipoles parallel (perpendicular) to MA cations.

In summary, a final polarization value of ∼ 13.37 µC/cm2 is reported for the cubic

MAPbI3 system. Our estimate is much smaller than that provided by Frost et. al. (38

µC/cm2)40 for the same reference system. The discrepancy with the previous study40 may

be possibly due to the neglect of the relaxations and/or the possible inclusion of polarization
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quanta in Ref. 40.

The β phase of MAPbI3. Here, we report the polarization of MAPbI3 by considering re-

alistic DFT structures for the β phase,57–60 as investigated in Ref. 45 where different guess

structures characterized by different orientations of the MA cations, and their relative sta-

bility and evolution at room temperature, have been investigated by static DFT calculations

and Car-Parrinello molecular dynamics simulations.45 Here, we evaluate the polarization of

the three structures reported in Fig. 5 a, b and c, optimized at the DFT level.45 They

correspond to a
√

2×
√

2× 2 supercell with respect to the simple cubic.

The structure in Fig. 5 a, here on named structure a, is the most stable structure. The

MA cations are FE coupled within planes perpendicular to c axis and they are tilted by

36◦ with respect to the ab plane showing a preferential alignment along the c-axis, while

there is no preferential alignment within the ab plane. Therefore, structure a shows a net

polarization along the c-axis as a result of the tilting of the MA dipole moments, i.e. it is a

weak-ferroelectric. As already pointed out in Ref. 28, the presence of weak-ferroelectricity is

not unusual in hybrid-organic compounds, at variance with standard inorganic compounds,

where it is a rare phenomenon. It is worth to note that this structure is in very good

agreement with the structure recently proposed by Weller et al. from neutron diffraction

measurements for the tetragonal phase at low (180 K) temperature.61 The structure shown

in Fig. 5 b, here on named structure b, has MA dipoles AFE coupled within plane perpen-

dicular to the c axis, they are tilted with respect to the ab plane. Therefore, structure b

is expected to show negligible polarization in all the crystalline directions. This structure

lies just 23 meV per MAPbI3 unit higher in energy with respect to structure a. Finally,

the structure shown in Fig. 5 c, here on named structure c, has all molecules oriented in

the direction of the c-axis. Although it may be described by using a simple cubic cell as

discussed before, we considered it again in order to consistently compare the total energies

of the different structures using the same unit cell. Structure c is very unstable, lying 117

meV per MAPbI3 unit higher in energy than structure b one, but it is considered here as

an upper limit of the polarization for MAPbI3.

To evaluate the polarization of the three structures in Fig. 5 a, b and c, we followed the

same procedure outlined for the cubic phase, defining an AFE reference structure used to

describe the three structures of interest. The AFE reference phase has been obtained by

centrosymmetrizing the BX3 framework and by imposing the same inversion center of the
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FIG. 5. Reference structures used to evaluate the polarization of the MAPbI3 perovskite. a, b,

and c shows respectively structure a,b,c used to estimate the polarization; d depicts the reference

AFE structure, with the black cross showing the inversion symmetry center.

framework to the MA organic cations as depicted in Fig. 5 d by a black cross. In the centric

structure, the MA cations are parallel to the a-axis forming FE alignment in a plane parallel

to bc plane, which is coupled AFE with next plane along the a axis (see Fig. 5 b).

We now focus on the most stable structure, i.e. structure a, for which we give a de-

tailed analysis. We estimate a polarization of Pa ∼ Pb ∼ 0, while Pc=−4.42 µC/cm2. It

is interesting to evaluate the contribution PMA and PBX3 . As before, for PBX3 we consid-

ered the substitution of MA with Na at ideal A-site, but keeping the BX3 positions of the

relaxed structure a. For PMA we consider centric BX3 framework. For PBX3 we obtain

(−2.04,3.10,0.23) µC/cm2 while for PMA we obtain (2.60,−3.28, −4.47) µC/cm2. Inter-

estingly, PMA+PBX3∼(0.56,−0.18,−4.24) is very close to P evaluated by considering the
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distortions of both the organic cation and the framework. This result demonstrates, on one

hand, the main role of the MA cations on the polarization of the MAPbI3 for the tetragonal

phase and, on the other, it points out the additivity of the polarization contributions from

the different functional units, such as organic cations and framework.

Finally we analyze the atomic displacements with respect to the reference centric phase.

We focus on atomic displacements of the inorganic component, thus we consider NaPbX3

with the framework frozen at the relaxed atomic positions of structure a. In Fig. 6 we

show the centric reference structure and the atomic displacement field as vectors. The

displacement field can be decomposed according to two symmetrized modes: GM1+ and

GM1-. The former keeps inversion symmetry but it introduces large atomic displacements

for both Pb and I atoms responsible for the bending of the Pb-I-Pb. In particular the

displacements are ∼ 0.2-0.3 Å for I and 0.03-0.06 Å for Pb. The bond angle is now ∼ 155◦.

Furthermore, the 6 Pb-I bond length’s initially equal to 3.130 Å, are now distorted leading to

six different bond length’s, i.e. 3.145,3.220,3.175,3.180,3.186,3.271 Å. Since the Pb-I bonds

are polar with different lengths, this leaves an uncompensated dipole moment associated to

each perovskite unit. Therefore, the GM1+ forces an AFE arrangement of octahedra dipole

moments. The GM1- breaks the inversion symmetry with atomic displacements mainly in

the ab plane. The displacements are ∼ 0.1-0.2 Å for Pb and I and they further affects the

Pb-I bond lengths, thus leaving an uncompensated dipole moment in the unit cell which

accounts for the estimated PBX3 . The GM1- is clearly responsible for the contribution to the

polarization in the ab plane. As last note, we notice that the present calculations neglects the

contribution on the polarization due to the van der Waals interactions, which some recent

studies pointed out being important for the correct prediction of the crystalline structure

of the MAPbI3 perovskite.23 To investigate this point, we have re-optimized the structure a

including the van der Waals interactions through the Grimme DFT-D approach,62 and then

we have calculated the polarization from the paraelectric structure d to the new structure

a, following the well known modern theory of the polarization.55,56 We found that the value

of the polarization with the van der Waals interactions is -4.37 µC/cm2, that is the nearly

the same than without the van der Waals interactions. On the other hand, such result is not

unexpected. In fact, in Ref. 45 we had already pointed out the limited effect of van der Waals

interactions for the MAPbI3 perovskite, with respect to the energetics, the crystallographic

shape (the c/a ratio) and orientation of the molecules. For instance, consider that the tilting
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of the molecule in the ”a” structure with respect to the crystallographic ab-plane is decreased

on the average by only 1 degree. For structure b, a final polarization of ∼ 0 µC/cm2 along

FIG. 6. Symmetry mode analysis of atomic displacements of BX3 induced by the rotations on the

MA cations. From left to right: GM1+ fully symmetric mode which preserves inversion symmetry

but introduces large bending in the Pb-I-Pb bonds; GM1- symmetry mode responsible for the loss

of the inversion symmetry and BX3 polarization in the ab plane; combined effect of the GM1+ and

GM1- modes giving the final distortions of the framework.

all the three crystallographic axes and thus we confirm that the present structure is nearly

AFE. This result is interesting, since, although structure a is the most stable one, structure

b lies just at 23 meV (per MAPbI3 unit) higher in energy and therefore it is accessible at

room temperature. We now focus on structure c. The present structure should provide an

upper value for the polarization for the β phase of MAPbI3 since the MA cations are all

oriented in the same direction. The final polarization for this structure is ∼ 0 along both

the a and b-axes, while it is estimated as 13.21 µC/cm2 along the c-axis. This value well

compare with our previous estimate. Note, once again, that the present upper limit to the

polarization for the MAPbI3 perovskite is much smaller than the polarization for traditional

inorganic oxide perovskites.
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Conclusions. Methylammonium lead iodide perovskite, MAPbI3, has recently emerged as

a very promising candidate for photovoltaic applications, although there are still many open

questions about its basics photophysical properties. In particular, a FE behavior has been

observed for these materials,38 but an in-depth theoretical investigation of the polarization

properties of this class of materials was still lacking. By combining density functional theory

and symmetry mode analysis, we present a study of the FE polarization of the MAPbI3

hybrid perovskite. We first discussed the ferroelectricity of MAPbI3 for the simple cubic

model. We have disentangled the contribution of organic MA cations and of the inorganic

framework to the total polarization. We have shown that the organic MA cation plays an

important role in determining the final polarization. However, such a contribution does not

arise by its permanent dipole moment, but from the relative position of the MA cation with

respect to the inorganic framework within the A-site cavity.

We have also verified that the contribution due to the relaxations of the inorganic frame-

work to the polarization is, in principle, comparable to that due to the organic component,

and, therefore, must be taken into account for a reliable estimate of the polarization. The

effect of the framework is stronger when the MA dipoles are aligned collinearly, which can

be simulated using a simple cubic cell. These results thus point out the importance of hy-

drogen bonds between organic cations and iodine atoms on the polarization properties of

hybrid lead halide perovskites and they suggest possible routes to tune the FE properties

by acting on the formation of strong and ordered hydrogen bond network through proper

modifications of the BX3 framework, e.g. halogen atom substitutions.

Moreover, we provided an accurate estimate of the polarization of the room temperature

tetragonal phase, considering three structures, characterized by different relative orientations

of the MA cations. The most stable structure, structure a, has a final polarization of 4.42

µC/cm2, that is much smaller than the polarization of inorganic oxide perovskites, as BaTiO3

(27 µC/cm2). The structure shows the presence of weak-ferroelectric polarization, i.e. the

organic dipole moments are slightly tilted (around 30) with respect to a reference axis,

giving rise to an uncompensated dipole. In this regard, an upper value for the polarization

of 13.21 µC/cm2 is estimated for the structure with the maximum alignment of the MA

cations. Such a structure however lies very high in energy with respect to the most stable

weak-ferroelectric structure (nearly 0.5 eV) and it could thus be accessible only in extreme

conditions, as, for instance under the application of an external field.
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Finally, it is worth to discuss briefly on the effect on the polarization of the dynamic

effects, associated to the thermal motion at room temperature. Our estimation of 4.42

µC/cm2 for the polarization inherently assumes that no orientational motion for the MA

cations is present. In this sense, 4.42 µC/cm2 could be representative of the structure

measured by Weller et. al., for the tetragonal phase of MAPbI3 at 180 K,61 that is in

extremely good agreement with our computed structure. However, at higher temperature,

the thermal motion of the MA cations is expected to decrease the alignment of the MA

cations in the perovskite, thus to decrease the polarization. Consider, on the other hand, that

recent ab-initio molecular dynamic calculations demonstrated a tendency of the MA cations

in the β phase to align along specific directions, in connection with the formation of strong

hydrogen bond interactions with the inorganic framework,52 which should result in possible

local ferroelectric domains. Now, it is hard to estimate quantitatively the polarization of

MAPbI3 at room temperature but the present work sets an upper limit to the spontaneous

polarization of the ferroelectric phase at 4.42 µC/cm2 at 180 K (not 38 µC/cm2 as previously

reported40) and thus it suggests that the actual polarization of an eventual ferroelectric phase

at room temperature is probably very small, only few µC/cm2. For this reason, a possible

positive effect due to the the permanent polarization on the photovoltaic working mechanism

of MAPbI3 perovskite should not be excluded but it should be carefully considered in light

of the small polarization value.

A methodological comment is in order. We have not considered different exchange-

correlation functionals to take into account weak-interactions. Although an appropriate van

der Waals functional could in principle slightly change the absolute value of the polarization,

as we considered previously for the Grimme correction, we expect the main results presented

in this work to be robust and independent from the specific functional used. However, further

work is required to estimate the effects of different functionals, including different van der

Waals functionals, on the FE polarization in halides, as done in Ref. 23, 24, and 63
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I. CHARGE ANALYSIS OF METHYLAMMONIUM CATION

The MA cation is formed by a NH3 and CH3 group though a C-N bond. By following a

Lewis rapresentation of the MA group, and by computing the formal charges, as known by

standard inorganic text-books, one ends up with δC=0 and δN=+1, (where δ represents the

formal charge on the corresponding atom) thus suggesting a net charge on the NH3 group.

To verify this assumption, Mulliken population analysis has been carried out on methy-

lammonium CH3NH+
3 cation with the Gaussian 09 code, at a similar level of theory with

respect to that used in the periodic calculations (PBE exchange-correlation functional +

6-311G(d,p) basis set). The present analysis provides the following results: the Mulliken

charge on C is −0.2522 and that on its H atoms is 0.2094; the Mulliken charge on N is

−0.3265 and that on its H atoms is 0.3168. The sum of Mulliken atomic charges is normal-

ized to 1. When the Mulliken charges with hydrogens are summed into heavy atoms one

obtains: 0.3761 for C and 0.6239 for N thus suggesting that the 62% of the positive charge

is located mainly on the NH3 group. In particular one finds that the hydrogen bonded to

the nitrogen are significantly more positive than those bonded to the carbon.

In order to confirm this picture, we have carried out the same analysis also with the more

involved Hirshfeld scheme for the atomic population analysis. The results of this analysis,

confirm the previous picture, predicting an enhancement of the positive charge localization

on the NH3 group. The Hirshfeld charges with hydrogens summed into heavy atoms are 0.3

and 0.7 for C and N respectively.

2


