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Abstract 

The last two years have seen the unprecedentedly rapid emergence of a new class of solar cells, based 

on hybrid organic-inorganic halide perovskites. The success of this class of materials is due to their 

outstanding photoelectrochemical properties coupled to their low cost, mainly solution-based, 

fabrication techniques. Solution processed materials are however often characterized by an inherent 

flexible structure, which is hardly mapped into a single local minimum energy structure. In this 

perspective, we report on the interplay of structural and electronic properties in hybrid lead iodide 

perovskites investigated by ab-initio molecular dynamics (AMID) simulations, which allow the 

dynamical simulation of disordered systems at finite temperature. We  compare the prototypical 

MAPbI3 (MA=methylammonium) perovskite in its cubic and tetragonal structure with the trigonal 

phase of FAPbI3 (FA=formamidinium), investigating different starting arrangements of the organic 

cations. Despite the relatively short time scale amenable to AIMD, typically a few tens of ps, this 

analysis demonstrates the sizable structural flexibility of this class of materials, showing that the 

instantaneous structure could significantly differ from the time and thermal averaged structure. We also 

highlight the importance of the organic-inorganic interactions in determining the fluxional properties of 

this class of materials. A peculiar spatial localization of the valence and conduction band edges is also 

found, witha dynamics in 0.1 ps range of, which is associated to the positional dynamics of the organic 

cations within the cubo-octahedral perovskite cage. This asymmetry in the spatial localization of the 

band edges is expected to ease exciton dissociation and assist the initial stages of charge separation, 

possibly constituting one of the key factors for the impressive photovoltaic performances of hybrid 

lead-iodide perovskites. 
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1. Introduction 

The field of photovoltaics has recently witnessed the swift surge of a new class of solar cells based on 

mixed organo-halide lead perovskites. The unique  properties of this class of materials allowed to attain 

impressive photovoltaic performances in just few years, at the point that hybrid perovskites have been 

claimed as the “next big thing in photovoltaics”.1 Their first application in the field of photovoltaics 

was reported by Kojima et al. and it traces back only to 2009,2 but the use of the lead-halide based 

compounds, like KPbI3, in this field was already envisaged in the 1980s.3,4 From the seminal work of 

Kojima et al.,2 the interest towards hybrid lead halide perovskites increased exponentially, followed by 

an unprecedented boost in their photovoltaic performances. The use of TiO2 surface treatment before 

the perovskite deposition allowed Park et. al. to improve the power conversion efficiency (PCE) from 

the original 3.8% obtained by Kojima et al.2 to 6.5%.5 Subsequently, the use of the spiro-MeOTAD as 

solid state hole transporting material (HTM) allowed further improvements in both the stability and the 

PCE of organic-inorganic perovskite based-solar cells, reaching independently values of 9.7% and 

10.2%, respectively.6,7 The development of new cell structures and the improvement over the materials 

morphology control signed further steps forward the development of performing perovskite based 

devices, with PCE of 12.0% reported by Seok and coworkers,8 15% by Grätzel and coworkers,9 and 

15.4% by Snaith and coworkers.10 This latter result, obtained with a planar heterojunction architecture, 

is of particular technological interest, paving the way for the production of stable and highly 

reproducible devices. The current PCE records in perovskite-based solar cell, 19.3% reported in the 

scientific literature11 and a certified 20.1%,12 make this new technology competitive with respect to 

other, long standing technologies, such as thin-film CdTe devices.13 

Together with the impressive improvement in the materials synthesis techniques and in the 

device design, there has been a great effort to unveil the basics properties of this class of materials. 

Snaith and coworkers firstly demonstrated the capability of methylammonium lead-halide to act both as 

photon absorber and as electron transporting material.7 The use of vibrational spectroscopy allowed to 

identify the markers of the crystalline order,14,15 and to highlight the importance of the orientational 

dynamics of the methylammonium, MA, organic cation in the CH3NH3PbI3 perovskite (here on 

MAPbI3),
16 which is the most investigated organic-inorganic perovskite in photovoltaics. 

Time-resolved UV-vis absorption and photoluminescence measurements probed the micrometer 

diffusion length of the photo-generated species, in CH3NH3PbI3 (MAPbI3) and in its chlorine doped 

analogue, CH3NH3PbI3-xClx (MAPbI3-xClx),
17,18 and demonstrated their inherent low charge 
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recombination rates.19 Further studies by Petrozza et. al. finally established the nature of the photo-

generated species, demonstrating that free electrons and holes are the main photo-generated species in 

MAPbI3-xClx perovskite in the typical photovoltaic working conditions.20 Hodes et al. have further 

demonstrated the ambipolar response of the photoactive perovskite layer within the solar cell, with 

carriers generated on the hole transporting and electron transporting perovskite interfaces.21,22 

 Theoretical simulations have assumed a crucial role in the fundamental understanding of 

hybrid-organo halide perovskites. The unexpected agreement of the standard DFT predicted band gap 

with experiments23,24 highlighted the role of both relativistic and electronic correlation effects. Mosconi 

et al. suggested the possibility that such agreement is merely fortuitous, due to an error cancellation 

between contributions from electronic correlation and spin-orbit-coupling (SOC).24 A giant spin-orbit 

coupling effect was indeed reported by Even et al., which led to the expected underestimate of the 

SOC-DFT calculated band-gap.25 State-of-the-art SOC-GW calculations have then delivered improved 

band-gap values, confirming the importance of SOC and correlation effects.26,27 Recently, Menendez 

Proupin et al. also confirmed the importance of the subtle balance between electronic correlation and 

SOC, based on hybrid DFT calculations.28 The introduction of relativistic SOC contributions in DFT 

calculations pointed out also very peculiar features of the band structure of hybrid lead-halide 

perovskites, as the Rashba/Dresselhaus effect, i.e. a splitting in the momentum space of the spin 

bands.26,28,29 The specific role of the Rashba/Dresselhaus splitting on their photovoltaic working 

mechanism of the hybrid perovskite is still to be clarified, but the presence of two decoupled spin 

channels could provide opportunities to exploit the spin and orbital degrees of freedom in the 

photoinduced effect of photovoltaics.29  

Electronic structure calculations have been also at the basis of the analysis of the claimed 

ferroelectric properties of MAPbI3. A permanent polarization of the MAPbI3 in the tetragonal β-phase 

under an external electric field has been reported by Stoupos et. al.,30  and also the presence of ∼100 nm 

size ferroelectric domains in MAPbI3 has been observed.31  However, contributions from 

ferroelectricity to the photovoltaics working mechanisms of this class of materials were not 

conclusively demonstrated.31 A theoretical estimate of 38 µC/cm
2 for the polarization of the MAPbI3 

perovskites has been provided by Frost et al. from DFT calculations,32 a value in the same order of 

magnitude of traditional ferroelectric oxides. Other research groups have however provided much 

smaller polarization values for MAPbI3, ∼4 µC/cm
2
,
33,34 as well as for the CH(NH2)2SnI3 perovskite 

(here on FASnI3), ∼5 µC/cm
2.35 All these results thus suggest a potentially reduced role of 
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ferroelectricity on the photovoltaic properties of this class of materials. As a matter of fact, we recently 

reported that despite a (mild) ferroelectric phase is the most stable structure for MAPbI3 at zero 

temperature, disordered structures lay just 0.02 eV higher per unit formula,33 thus being accessible at 

room temperature. Theoretical simulations have also been fundamental to study other basic aspects of 

hybrid halide perovskites, as the role of the MA cation,33,37,38,39 the role of the MAPbI3 and TiO2 

interface,40,41 the transport properties,26,42,43,44 the energetics of defects,45,46 and the role of van der 

Waals interactions.47,48,49 

 One of the main advantages of this class of materials is the possibility to resort to low cost, 

solution synthesis techniques, paving the way for the production of low cost perovskite-based devices. 

On the other hand, solution processed materials generally have an inherently “soft” structure. For 

instance, the orientational  dynamics of the MA cation in the cubo-octahedra cavity of MAPbI3  has 

been long time pointed out in the literature.50,51 In this regard, the description of this class of materials 

should be able to account for this inherent structural flexibility. Ab-initio molecular dynamics (AIMD)   

represent an interesting simulation tool in this sense, since they directly consider the structural 

flexibility of the material retaining a first principles description of their electronic structure. In addition, 

AIMD tools allow researchers to simulate the material in conditions closer to the operative one, i.e. at 

finite and varying temperature or pressure. To the best of our knowledge, only four molecular dynamics 

investigations have been reported in the literature on hybrid metal-halide perovskites, three in the high 

temperature cubic α-phase,16,37,52 and one in the room temperature tetragonal β-phase of the 

prototypical MAPbI3.
33  

In this perspective, we wish to provide a unified view of recent results from previous 

Car-Parrinello molecular dynamics simulations, carried out on the α-phase,16 and on the β-phase of the 

MAPbI3.
33 Besides, we report the results from additional AIMD simulations on the β-phase of the 

MAPbI3 and on the α-phase of the CH(NH2)2PbI3 perovskite, hereafter FAPbI3. Here, we focus on the 

large structural flexibility of hybrid lead iodide perovskites in relation to: i) the different 

crystallographic structure (cubic/tetragonal); ii) the effect of different organic cations (MA vs. FA); and 

iii) the different starting orientation of the organic cations. In addition we demonstrate that the ion 

dynamics of this class of materials results in the localization of the valence and conduction electronic 

states, which is expected to facilitate charge separation and to reduce carrier recombination.  

The manuscript is organized as follows. In the Section 2, we detail the structural models and 

computational methods employed. In the Section 3.1, we discuss the structural features of the MAPbI3 
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and FAPbI3 perovskites. In the Section 3.2, we focus on the electronic properties of these materials. In 

the Section 4, we summarize our results, in relation with their implications in the photovoltaic field. 

2. Models and methods 

We investigate the cubic, α-phase and the tetragonal, β-phase of the MAPbI3 hybrid perovskite, 

resorting to the models reported in Ref. 16 and Ref. 33 for these two phases, respectively. An additional 

structural model for the  β-phase of MAPbI3 and for the  α-phase of FAPbI3 are presented here for the 

first time. All the investigated structural models are depicted in Figure 1. 

The β-phase of the MAPbI3 is simulated by a 2x2x2 tetragonal supercell, and it contains 32 MAPbI3 

chemical units. While there are claims that this supercell may be insufficient to capture the long range 

disorder of the MA cations, still it should be reasonable for qualitative comparisons. The cell 

parameters are fixed at twice the experimental value from the values by Poglitsch and Weber 

(a=b=17.7112 Å, c=25.32 Å).50 Here, we use the two models reported in Ref. 33,  named MA β1 and 

MA β3, and an additional new structure, named MA β2. These three structures differ in the starting 

orientation of the MA cations. MA β1, is characterized by an isotropic orientation of the MA cations 

within the ab-plane, and an anisotropic orientation with respect to the c-axis, with the MA cations tilted 

by ~30° with respect to the ab-plane. The present model shows a polarization along the c-axis of 4.41 

µC/cm
2.33 The β2 and β3 model show an isotropic distribution of the MA cations both with respect to 

the ab-plane and along the c-axis and there are thus paraelectric. The β2 structure possesses an 

symmetry plane at half of the c cell parameter, with the MA cations lying upper/lower such a plane that 

have the nitrogen atoms pointing down/up. In other words, the β2 is globally paraelectric but it has two 

domains with opposite orientation of the MA cations (see Figure 1). The β3 instead is both locally and 

globally paraelectric. 

 The α-phase of MAPbI3, here-on named  MAα, is simulated using a 2x2x2 cubic supercell and 

it contains 8 MAPbI3 chemical units. The cell parameter was fixed to twice the experimental value by 

Poglitsch (12.66 Å),50 and the initial orientation of the 8 MA cations was along the [111] direction. 

Finally, the α-phase of the FAPbI3, here on FAα, is simulated with a 2x2x2 supercell of the XRD 

experimental trigonal structure from Ref. 30, with the cell parameters doubled with respect to the 

experimental parameters (a=b=17.9634 Å, c=22.012 Å). The α-FAPbI3 structure reported by Stoumpos 

et. al. does not show the typical octahedral tilting found for instance in the β-MAPbI3, thus being more 

similar to a cubic structure. For this reason, we will refer to the α-FAPbI3 as “pseudo-cubic”. 
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Figure 1. Top view and side view of the structural models for the MAPbI3 and FAPbI3: the tetragonal 

β-phase of MAPbI3 (MA β1,2,3) and the cubic-α phase of MAPbI3 (MA α) and the triclinic, 

pseudo-cubic -α phase of FAPbI3 (FA α). For the tetragonal MA β1,2,3 structures, we report also the 

starting orientation of the MA cations. The red-arrows represents the cell parameters. 

 

Car-Parrinello molecular dynamics 53 simulations have been performed on all these structures, as 

implemented in the Quantum-Espresso package.54 All calculations are performed with PBE exchange-

correlation functional,55 along with scalar-relativistic (SR), ultrasoft56 pseudopotentials and a 25/200 

Ry cutoff for wavefunction/density plane wave expansion. A time step of 5 a. u., electronic mass of 400 

a.u. and real ionic masses have been used, except for the hydrogen that has been deuterated. For MAα, 
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a time step of 4 a.u. was used and all the ionic masses are real. All the simulations, except the MAα, are 

conducted at 350 K without constrains. The simulation on the MAα system has been carried out at 319 

K. To avoid possible phase transitions to the room temperature stable tetragonal β-phase, that takes 

place at 327 K, we have fixed the lead atoms in their cubic sites. For more details regarding the 

assumptions introduced for MAα, we refer to Ref. 16. In all cases, the simulation time was at least 12 

ps, after a few picoseconds of thermalization.  

The importance of spin-orbit coupling on the electronic properties of this class of materials has 

been already highlighted in the literature,24-28.but its impact on the structural properties has also been 

shown to be relatively small with comparable equilibrium geometries calculated by SR- and SOC-

DFT.26 This justifies the use of SR-DFT as the electronic structure basis for AIMD simulations.  

We also notice that our as well as previously reported AIMD simulations do not include van der Waals 

interactions. While van der Waals interactions may surely affect the dynamics of organo-halide 

perovskites (as any other change in the interaction potential would do) we previously showed that they 

do not affect neither the shape of the crystalline cell of MAPbI3 (i.e. the c/a ratio) nor the energetics 

with respect to the cations orientation.33  Since here we mainly compare the properties of similar 

materials, we believe the present level of theory to be sufficient for their qualitatively homogeneous 

description. 

 

3. Results and Discussion 

3.1 Structure and dynamics of MAPbI3 and FAPbI3 perovskites 

An in-depth understanding of the structure of hybrid lead halide perovskites requires the use of 

different experimental techniques, probing different spatial scales, from the crystal grains to the local 

octahedral distortion, and the inherent dynamics of the structure. To the best of the authors’s 

knowledge, the structure of this class of materials has been investigated mainly through X-ray 

diffraction (XRD) measurements,30,50,57,58,59 but such a technique is informative only of the static (long 

time scale), long range order of the material and it provides limited indications of the local order or on 

the structure dynamics. Few vibrational spectroscopic investigations have been reported in the 

literature, pointing out the different time-scale of the inorganic framework dynamics (below 100 cm-1), 

of the librations of the MA cations (below 200 cm-1) and of the internal vibrations of the MA cations 

(above 300 cm-1).14-16 Also the analysis of the radial distribution function (RDF) of specific atomic 

species, obtained from X-ray diffraction, was particularly useful to unveil the inherent local disorder of 
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hybrid metal halide perovskites.59,60 In Figure 2, we report the RDF, obtained from our AIMD 

simulations, associated to the inorganic framework of the investigated structures. The theoretical data 

for the β-phase of MAPbI3 is also compared with the available experimental data,59 while the RDF of 

the MAα and FAα are reported for sake of comparison. The general agreement between theory and 

experiment for the β-MAPbI3 is quite good, especially for the β1 model. A very small signal at ~5.5 Å 

is found experimentally, which is not paralleled by theoretical calculations. It is worth to mention 

however that the analysis of the experimental RDF from Ref. 59 pointed out the presence of a 

significant fraction of disordered domains (~70%) in the sample. Thus, the fact that such signal is not 

found in the periodic crystalline model is consistent with its assignment to spatial disorder. Notice that 

the most stable among our calculated MAPbI3 structures, i.e. MA β1,16 closely resembles the most 

recently reported experimental structure found at 180 K, 61 showing also a similar optimized cell shape 

to the experimental one.33 This suggests the calculated MA β1 structure to be associated to the low-

temperature, partly ordered, MAPbI3 phase of Ref. 61.  

We observe that the different starting orientation of the MA cations for the MA β1,2 and 3 

structures (see Figure 2) results in a different broadening and relative height of the peaks in the RDF, 

thus demonstrating that the structure and the dynamics of the inorganic framework is not decoupled 

from the organic component, as discussed in a previous work.16 The peaks in the RDF become broader 

going from the β1 to β2 and β3 structure, with a larger broadening that can be addressed to a smaller 

degree of long-range order (static disorder) and/or to a less “rigid” structure (dynamic disorder). Note 

that static techniques, as the XRD, are quite insensitive to the orientation of the MA cations and on 

their effects on the structure of the inorganic component. In fact, in Figure SI1, we show that the 

theoretical XRD patterns computed on the average structures over the whole simulation time (12 ps) 

for the MA β1,2 and 3 structures are almost the same, differing in very weak signals which are not 

resolved in the experimental data 
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Figure 2. Radial distribution function (RDF) associated to the inorganic framework of MAPbI3 and 

FAPbI3, obtained from CP simulations; upper panel) RDF of three structural models for the tetragonal 

MA β1, β2 and β3, characterized by a different starting orientation of the MA cations, compared with 

the experiment. The theoretical intensity is normalized with respect to the intensity of the I-I peak at 

4.5 Å; central panel) theoretical RDF for the cubic, MAα perovskite; lower panel)  theoretical RDF of 

the cubic, FAα. Experimental RDF from Ref. 59, adapted with permission from J. J. Choi, X. Yang, Z. 

M. Norman, S. J. L. Billinge and J. S. Owen, Structure of Methylammonium Lead Iodide Within 

Mesoporous Titanium Dioxide: Active Material in High Performance Perovskite Solar Cells, Nano 

Lett. 2014, 14, 127-133. Copyright 2013, American Chemical Society. 

 

Moving to the α-MAPbI3 phase, we found much broader peaks and a general different shape of the 

RDF at a distance larger than 6 Å, as expected from the different crystal structure. The larger 

broadening of the RDF in the case of the α-MAPbI3 is clearly associated to the inherent larger disorder 
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of this phase, consistently with the fact that such a phase is stable at high temperature; on the other 

hand, we will show that such behavior is also connected to a much faster rotational dynamics of the 

MA cations (see Section 3.2). Finally, the RDF calculated for the FAα phase resembles that of the 

β-MAPbI3 models rather than that of the MAα phase, despite the different crystalline structure. 

 One of the main advantages of molecular dynamic simulations relies on the possibility to follow 

the value of specific structural variables and of its evolution in time, thus obtaining a deeper description 

of the system under investigation. One of the most important structural parameters, that determines the 

final crystalline structure of perovskite ABX3 is the rotation or titling of the BX6 octahedra along the 

pseudo-cubic axes, as discussed by Glazer.62 A fully cubic structure is characterized by null rotations of 

the PbI6 octahedra, or by a a
0
a

0
a

0 structure in the Glazer notation. In other words, the I-Pb-Pb-I 

dihedral angles measured along each of the three pseudo-cubic axes are zero, as schematically depicted 

in the Figure 3a. The tetragonal, β-phase of MAPbI3 is instead characterized by an “out-of-phase” 

rotation of the PbI6 octahedra along the c-axis,30,57 or by a a0
a

0
c

- structure in the Glazer notation,62 as 

depicted in Figure 3b. Such structure results in alternating positive and negative I-Pb-Pb-I dihedral 

angles along the c-axis. For the investigated structures, we have followed the evolution of all the 

I-Pb-Pb-I dihedral angles within the simulation cell (in Figure SI2, we report their average, without 

sign, along the three pseudo-cubic axes). In Figure 3c, we have plotted the distributions of the 

I-Pb-Pb-I dihedral angles along the three pseudo-cubic axes, as obtained from our AIMD simulations. 

The main difference of the tetragonal MA β1,2,3 with respect to the cubic MAα and pseudo-cubic FAα 

structures is found along the [001] directions, as expected from the aforementioned octahedral rotation. 

For the MAα and FAα structures, the distributions along [001] have a maximum for a value of the 

dihedral I-Pb-Pb-I angle of 0° and it oscillates mainly between ±20°. At the opposite, the distribution of 

the dihedral angles for the tetragonal MA β1,2,3 along [001] show two maxima at ±30°, corresponding 

to the “out-of-phase” rotation of the octahedra along the [001] direction. Note that such a value of the I-

Pb-Pb-I dihedral angle is partly overestimated with respect to the experimental values from Kawamura 

et al., 21°,57 and from Stoumpos et al., 16°.30 However, such a behavior was found also for static DFT 

calculations, thus the tilting overestimation is probably inherent to the employed electronic structure 

method63 or it could be a consequence of the short simulation times which may not allow a full 

thermalization of the slow atomic motion components.  

 Focusing on the tetragonal structure, we found two important results. First, also for the “more 

rigid” MA β1 structure, all the distributions show a broadening of the order of 20° along the [110], 
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[1-10], and 10° along the [001] direction, thus pointing to a certain degree of structural flexibility for 

this class of materials. Second, for the MA β3 structure the distributions of the dihedral angles along 

the [110] and [1-10] show two distinct maxima around ±10°, thus demonstrating that MA β3 in 

characterized by a a
-
b

-
c

- structure, different from the a
0
a

0
c

- structure proposed for the MAPbI3 

perovskite.30,58 On the other hand, previous static DFT calculations showed that the MA β3 structure is 

less stable than the MA β1, by only 0.02 eV per formula unit.33 It is therefore possible that at room 

temperature the most stable, a
0
a

0
c

-  structure (MA β1) evolves to the less stable a
-
b

-
c

- structure, as 

consequence of a various random reorientations of the MA cations, which take place in the picoseconds 

time-scale.50,51 Then, the system remains in such distorted structure, as long as various rotations of the 

MA cations bring it back to the more stable a
0
a

0
c

- like structure (MA β1). This result however 

demonstrates that the actual structure of the MAPbI3 perovskite can deviate significantly from the 

nominal a0
a

0
c

- structure, highlighted from XRD measurements. 
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Figure 3. a) I-Pb-Pb-I dihedral angle for a cubic crystal, characterized by a null rotation of the PbI6 
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octahedra (a0
a

0
a

0 in the Glazer notation); 62 b) I-Pb-Pb-I dihedral angle for a tetragonal crystal, 

characterized by an “out-of-phase” rotation of the PbI6 octahedra along the c-axis (a0
a

0
c

- in the Glazer 

notation); 62 c) distribution of the values assumed by all the I-Pb-Pb-I dihedral angles within the cell 

during the AIMD simulations, for the MA α and FA α structures (left panel) and the MA β1,2,3, (right 

panel). The distributions are reported for the crystallographic directions corresponding to the 

pseudo-cubic axes. 

 

From Figure 3, we also observe also that the MAα and FAα structures show a broader distribution of 

the I-Pb-Pb-I angles with respect to the tetragonal structures, thus pointing to a larger flexibility for 

cubic and pseudo-cubic structures. We also observe that the MAα structure still shows a splitting of the 

dihedral angle distribution along [001], as in the case of the tetragonal structures, although to a much 

smaller extent. This behavior could be a signature of the initial stages of a cubic→tetragonal phase 

transition (our simulations on the MAα structure  are carried out at the edge of the phase transition 

temperature). However, it is worth to note that for MAα a constraint on the motion of the lead atoms 

was imposed, fixing them to the cubic sites; thus, it is difficult to assess whether such peculiar feature 

is specific of the α-MAPbI3 over the α-FAPbI3 or if it is due to this constraint. 
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Figure 4. Radial distribution function of the hydrogen atoms of the ammonium group and the iodine 

atoms for the five investigated structures: MA β1,2,3 (top panel), MA α (central panel) and FAα (lower 

panel). 

 

Hybrid organic-inorganic perovskites ABX3 are characterized by the presence of an organic cation in 

the site A, which interacts with the inorganic framework mainly through hydrogen bonds. As a result, 

the organic cations are free to rotate within the cubo-octahedral cavity, and their dynamics is obviously 

determined by available thermal energy, the reciprocal size of the cation and the cubo-octahedral cavity 

and the strength of the specific organic-inorganic interactions. In Figure 4, we report the radial 

distribution function (RDF) associated to the distances between the iodine atoms and the nitrogen-

bound hydrogen atoms, that is informative of the formation of hydrogen bonds between the organic 

cations and the inorganic framework. The calculated RDFs are significantly different in the case of the 

tetragonal and (pseudo)cubic structures. The tetragonal structures show a well defined peak at 2.65 Å, 

corresponding to NH3
+-I hydrogen bonds. On average, the number of NH3

+-I hydrogen bonds during 

the AIMD simulation is 2.5 for MA β1 and it decreases to 2.3 to 2.1, going from MA β2 and to MA β3. 

Together, we observe a general broadening of the first peak going from the MA β1 to MA β2 to MA β3 

structure. In the case of the MAα and the FAα structures, we still observe the peak at 2.65 Å but it 

reduces to less than 1.5 hydrogen bonds, on the average.  

 

Table 1. Statistical analysis of the orientations of the organic cations, for MA β1,2,3, MA α and FAα. 

The average (av.), standard deviation (st. dev.) and the range of values of θ and φ assumed by the 

MA/FA cations are reported, averaged on all number of MA/FA cations and over the whole simulation 

time. Data are in degrees. 

   θ   φ  

  av. st. dev. range av. st. dev. range 

tetragonal 

MA β1 180 8 57 -26 6 53 

 β2 136 10 55 1 7 49 

 β3 177 16 89 -2 9 55 

cubic 

MA α 163 65 349 -26 32 132 

FA α 177 86 355 0 38 161 
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Now, we show that such a difference in the organic-inorganic interactions, going from the cubic to the 

tetragonal phase is reflected in a different dynamics or the rotations for the organic cations. We 

followed the orientation of CN/CH bond associated to each MA/FA cation and we described it by using 

the Tait-Bryan angles, θ and φ (see Figure 5a), as in our previous works.16,33 The θ angle describes the 

orientation of the CN/CH vector within the ab-plane and it assumes values between 0 and 360°, with 0° 

corresponding to the CN/CH vector aligned along the a-axis (see Figure 5a). The φ angle describes the 

tilting of the CN/CH vector with respect to the ab-plane and it is comprised between -90 and 90°, with 

°90 or -90° corresponding to the CN/CH vector aligned along or opposed to the c-axis and 0 

corresponding to the CN/CH vector lying within the ab-plane (see Figure 5a). To summarize the 

orientational dynamics of the organic cations in the investigated systems, we performed a statistical 

analysis of the θ and φ values assumed by the MA/FA cations during the AIMD simulations, see 

Table 1. The standard deviation and the range of values assumed by both θ and φ are much larger in the 

cubic than in the tetragonal phase, with the MA/FA cations that explore nearly all the orientations 

within the ab-plane. In  Figure 5b, we report the θ and φ angles of a selected MA cation for the MA β3, 

during the CPMD simulation. In the tetragonal phase, the MA cation jumps among specific 

configurations, which maximize the hydrogen bonding interactions;33 in other words, in the tetragonal 

phase the MA cation goes through a simple re-orientational motion. At the opposite, in the cubic MAα 

structure, the selected MA cation shows very fast rotations around 6 ps (see Figure SI3), in good 

agreement with the results from Knop et. al.,64 that suggest a nearly free rotations on the MA cations in 

the cubic phase. Summarizing, the specific organic-inorganic interaction represents a fundamental 

feature in the tetragonal-cubic phase transition. In the tetragonal phase of the hybrid lead iodide 

perovskites, the thermal motion of the organic cations is hindered by the presence of a strong 

hydrogen-bond network. Going to the cubic phase, such hydrogen-bond network weakens and the MA 

cations are no more constrained along specific orientations, thus being free to rotate. 

 It is worth to mention that the short duration of our AIMD simulations (12 ps), with respect to 

the typical timescale of the rotational motion of the organic cations (~ps), does not allow us to provide 

accurate estimations of kinetic parameters associated to this motion, as relaxation50 or correlation 

times.51 On the other hand, a much longer simulation (58 ps) on the cubic phase of MAPbI3 has been 

carried out by Frost et. al.37 . Notably, also in this case, the authors pointed out that the simulation time 

may be too short to reach the complete coverage of the possible orientation of the MA cations, that 
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preserve in good part their initial <100> orientation. In this regard, the use of classical dynamics 

simulations, allowing for much longer time scales to be probed, is highly desirable, to investigate the 

kinetic parameters associated to the cation rotation, in a statically meaningful time scale. 

 

Figure 5. a) description of the orientation of the organic cation in MAPbI3 using the Tait-Bryan angles, 

θ and φ; b) time evolution of the orientation (θ and φ) of one of the rotating MA cations in MA β3. 

 

 

3.2 Dynamics and band-gap fluctuations.  

As from previous works, it is clear that the nuclear dynamics may imply significant oscillations of the 

electronic energy levels of the MAPbI3 perovskite.16,33 For the cubic phase of MAPbI3, we found that 

the energy of the HOMO level varies within a range of ∼0.5 eV,16 which is comparable to the variation 

in the electronic properties typically found for organic semiconductors and dye-sensitized interfaces.63 

In a subsequent paper on the tetragonal phase of the MAPbI3, we reported a strongly reduced variation 

of the HOMO level, within a range of ∼0.1 eV, for the structure corresponding to the current MA β1.33 

In this Section, we treat more in the detail the effect of the ion dynamics on the electronic properties of 

hybrid organo-lead-halide perovskites. Here, we evaluate the variation of the band gap for the MA β1, 

MA β2, MA β3 structures and the FA α structure. We exclude the MA α structure from this discussion, 

because of the constrain on the lead atoms used in this simulation. In this way, the variation of the 

electronic properties is evaluated on the same ground: ∼330 K average temperature and no geometrical 

constrains. For the MA β1, MA β2, MA β3 and FA α structures, we selected 200 geometries over the 
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whole dynamics (one geometry each ∼0.06 ps) and we performed a single point calculation to 

determine the HOMO-LUMO band gap, at the same theoretical level of the AIMD simulations. For the  

MA β2 and FA α structures, we performed single point calculations also at the SOC-DFT level, thus 

considering also spin orbit coupling effects. We have previously showed that the electronic SOC-DFT 

band gap is more sensitive with respect to SR-DFT band gap to the octahedral tilting, as defined in the 

Figure 3a,b.63 Thus, it is reasonable to find larger oscillations of the electronic levels at the SOC-DFT 

level of theory.  

 The variation of the band gap at the SR-DFT level for the four investigated structures is 

reported in Figure 6, while a statistical analysis of the results is summarized in the Table 2. The average 

band gap calculated at the SR-DFT level for the MA β1 (1.66 eV) and  MA β2 (1.62 eV) is in good 

agreement with the experimental data the literature, ranging from 1.55 to 1.63 eV range.20,66,67,68 The 

average band gap of MA β3 (1.79 eV) and of the FA α (1.75 eV) instead are slightly overestimated with 

respect to the experiments (we recall that the experimental band gap of the α-FAPbI3 is 1.48 eV).30,69 

On the other hand, it is well known that the agreement between the SR-DFT band gap with the 

experiment is fortuitous and it is due to a cancellation of the contributions from electronic correlation 

and spin-orbit-coupling.25,26 In fact, the average SOC-DFT band gap of the MA β2 and FA α phases is 

underestimated by ~ 1 eV.  

The MA β1 structure shows the narrowest variation of the band gap among the investigated 

structures, within only 0.07 eV, as reflected by the smallest structural variations during the dynamics, 

i.e. by the narrower oscillation of the I-Pb-Pb-I dihedral angle and the by less mobile organic cations 

(see Table 1). The band gap in MA β2 and MA β3 instead shows a wider variation, within 0.20 and 

0.15 eV respectively, consistently with the wider variation of both the I-Pb-Pb-I dihedral angles (see 

Figure 3c) and MA cations orientations (see Table 1). In this regard, it is difficult to disentangle the 

specific contributions from the inorganic component, i.e. to the band gap variations due to the 

oscillation of the I-Pb-Pb-I dihedral angle, or to the rotational motion of the organic cations. Further 

work is ongoing in this direction. Finally, the band gap in the FAα structure, for which full rotations of 

the organic FA cations are found, shows the largest variations, within 0.20 eV. Summarizing, in the 

present work, we estimate a variation of the band gap in hybrid lead-halide perovskites between 0.07 

eV and 0.20 eV, in between with respect to our previous estimations in Ref. 16 and in Ref. 33 (0.46 and 

0.07 eV global oscillation of the HOMO level during the dynamics). Thus, the variation of the 

electronic energy levels in this class of material is smaller, but still comparable to the typical variations 
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found for organic semiconductors and dye-sensitized interfaces (~0.4 eV). 

 

 

Figure 6. Evolution of the band gap during the CPMD simulations, for the tetragonal MA β1,2 and 3 

and for the FA α structure.  SR- and SOC-DFT calculated band-gaps are reported in red and black 

colors, respectively. 

Table 2. Average, standard deviation (st. dev.) and range of values (included with maximum and 

minumum values) assumed by the band gap during the molecular dynamics. The bang gap is evaluated 

at the SR-DFT level for the MA β1,2,3 and FA α structures and at the SOC-DFT for the MA β2 and FA 

α structure. In parenthesis, the difference between the SOC-DFT value with respect to the SR-DFT one 

is reported. Data are in eV. 

 

 average st. dev. Range max min 

SR-DFT 

MA β1 1.66 1.49 x10-2 0.07 1.70 1.63 

 β2 1.61 3.51 x10-2 0.20 1.73 1.53 

 β3 1.79 2.83 x10-2 0.15 1.85 1.70 

FA α 1.75 3.90 x10-2 0.20 1.84 1.64 
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SOC-DFT 

MA β2 0.59 2.94 x10-2 (-10%) 0.13 (-10%) 0.65 0.52 

FA α 0.66 4.79 x10-2 (+23%) 0.22  (+8%) 0.77 0.55 

 

We now evaluate the contributions from spin-orbit-coupling on the band gap variations during the 

dynamics. As shown in Figure 6, for the MA β2 and the FA α structures, the SOC-DFT band gap 

follows quite closely the SR-DFT band gap, apart from the aforementioned band gap underestimation 

at the SOC-DFT level. From Table 2, we observe two opposite trends in the pseudo-cubic FA α and in 

the tetragonal MA β2 phase. In the former, we observe an increase in the band gap variation, as 

expected from the discussions from Ref. 63, while in the latter we observe a reduction in the band gap 

variation. The rationale behind the present results is the following. In Ref. 63, the band gap modulation 

with the increase of the I-Pb-Pb-I dihedral angle has been associated to a decrease of the Pb 

contribution to the conduction band, thus in a different covalency/ionicity of the Pb-I bond. Thus, in 

light of the main role of the lead atom, the spin-orbit coupling is essential to catch the correct band-gap 

variation with the nuclear dynamics. Figure 3c shows that in the tetragonal phase the I-Pb-Pb-I dihedral 

angle along [001] do not passes through zero, or, in other words, the structure never passes through a 

cubic-like structure. For this reason, the covalency/ionicity of the Pb-I bond does not changes 

significantly in this phase and thus the effect associated to SOC is expectedly small. In the cubic phase 

instead, since the I-Pb-Pb-I dihedral angle along [001] passes through zero (see Figure 3c), or, in other 

words, the structure oscillates from a cubic to a tetragonally distorted structure, with the character of 

the Pb-I bond oscillating from the “most ionic” (for I-Pb-Pb-I dihedral → 0) to “most covalent” (for 

dihedral angles → ±30°). Concluding, the contribution from spin-orbit coupling effects on the band gap 

variation with the nuclear dynamics is larger in the cubic than in the tetragonal cell. On the other hand, 

also in the cubic phase, such contribution is limited to a maximum of 23% of the total variation. 

 Finally, we focus on the electronic Density of States (DOS) in correspondence of the valence 

band. Lindblad et. al.52 already pointed out the role of the structural dynamics on the broadening of the 

valence band. In Figure SI4, we report the DOS calculated for the investigated structures. There is a 

general good agreement between our DOS and that obtained by Lindblad et. al.,52 with a valence band 

that is spread over a similar range of energies that that found by Lindblad et al. and that found 

experimentally. It is interesting to note that our SOC-DFT calculations, carried out only on MA β2 and 

FA α, predict a shape of the valence band in better agreement with the experiments with respect to the 

SR-DFT calculations, with the presence of two main maxima with an intensity ration of ~3/2. The good 
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agreement of the SOC-DFT DOS, obtained on the structures from molecular dynamics at the SR-DFT 

level confirms the reliability of the latter method to describe the structural dynamical features of hybrid 

perovskites. 

 

3.3 Impact of nuclear dynamics on charge localization.  

Finally, we investigated the localization of the electronic states during the nuclear dynamics, as 

follows. For all the structures, together with the band gap, we calculated also the density of states 

(DOS) and the contributions from all the atoms within the reference cell (pDOS). Then, for the β-phase 

of MAPbI3 we estimated the delocalization of the frontier electronic states along [001] direction,† i.e. 

along the non symmetric cell parameter, by summing the contributions from the inorganic atoms lying 

on the same crystallographic plane. We excluded the organic atoms since they do not contribute to the 

frontier orbitals.23 In this way, we obtained the local DOS associated to a specific i-th layer, DOSi(t,E), 

as in Ref. 33. In Figure 7, we report the DOSi(t,E) for the paraelectric MA β3 structure, in the energy 

range of the frontier levels, calculated for two consecutive geometries extracted from the AIMD 

simulations (time difference 0.06 ps) between 7 and 8 ps simulation time. The valence and conduction 

states are mainly localized for values of the c-axis of 0.00, 12.66, 18.99 and 25.32 Å, in correspondence 

of layers containing the largest number of inorganic atoms and show no localization in the initial 

optimized structure.33 As shown in the Figure 7, in the first selected geometry occurring at ca. 7 ps,  the 

valence band (VB) and conduction band (CB) edges are clearly localized in the layers lying 

respectively at 12.66 Å and at 0.00 Å. After just 0.06 ps instead, the localization of the electronic states 

is different, with the valence and conduction band edges localized respectively on the 6.33 Å and 18.99 

Å lying layers. Thus, Figure 7 points out that the valence and conduction band edges may localize in 

spatially separated regions with a very fast, sub-ps, dynamics. This effect could play an important role 

on the photovoltaic working mechanism of MAPbI3, for instance, in relation to the exciton and/or 

charge separation mechanism.20,36 Figure 7 suggests in fact that, subsequently to the photon absorption, 

the photo-generated species may diffuse in spatially separated regions of the material. Recent DFT 

calculations reported by Ma et. al. 70 pointed out a similar space-localization of the valence and 

conduction states of the MAPbI3 perovskite, as a result of the random orientation of the MA cations. 

These authors also found that such a spatial-localization is much more evident in the case of large 

models (1728 MA cations). The computational cost of AIMD simulations limits the dimension of the 

present model to only 32 MA cations; however, it is interesting to note that the state localization is 
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noticeable also at this spatial scale. It is also worth to mention that Ma et. al. fixed the inorganic 

framework to the tetragonal structure.70 For very large models, with a random orientation of the MA 

cations, the assumption of small relaxation of the inorganic framework seems reasonable but, on the 

other side, it could results in the overestimation of the spatial-localization of the electrons, because of 

the lack of indirect screening introduced by the relaxation of the inorganic cage.  

Finally, our calculations highlight that the present localization is dynamical in nature, with a 

clear change of the valence and conduction edge position in only 0.06 ps (see Figure 7). This short time 

corresponds to frequencies of the order of hundreds of cm-1, i.e much faster than the fastest motion of 

the inorganic component,14 and thus the localization of the valence and conduction states in Figure 7 

can be likely associated to the dynamics of the MA cations.  

 

Figure 7. Surface plot of the density of states of the valence and conduction states for the various 

layers within the reference cell, for the MA β3 structure, for two consecutive geometries (0.06 ps time 

difference). The corresponding structure is reported on the right. The arrows indicate the spatial 

localization of the valence band (VB) and conduction (CB) edge.  
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Now, for each structure, we provide a general picture on the localization of the electronic states among 

the various layers, during the AIMD simulations. To quantify the electronic localization layer-by-layer, 

we calculate qi(t,E), that corresponds to the difference between the number of states at the LUMO 

energy, DOSi(t,E=LUMO), and the number of states at the HOMO energy, DOSi(t,E=LUMO), for the i-

th layer; in mathematical form: 

qi(t) = DOSi(t,E=LUMO) – DOSi(t,E=HOMO) 

Positive/negative values correspond to an excess of conduction/valence states in a given layer. 

The evolution of the qi(t,E) parameter for the investigated structures is reported in Figure 8 and it 

shows that the spatial localization of the valence and conduction band edges in a specific layer, as that 

reported in Figure 7, is quite common. Moreover, it confirms that the present mechanism is 

characterized by sub-ps dynamics (~200 cm-1), that is reasonably related to the libration motions of the 

MA cations. In Ref. 36, Even and coworkers suggested a role of collective MA cation motions on 

exciton screening, leading to almost free charges. Once again, the limited dimension of our models, 

mainly imposed by the computational cost of our approach, does not allow us to catch the effect of 

collective MA motions. Anyway, our AIMD simulations highlight a very local effect of the motion of 

the organic cations on the electronic properties, resulting in the separation of the electronic states 

within a few pseudo-cubic units.  

In general, we observe a more effective localization for the conduction states than for valence 

states. It is interesting to note that MA β1, characterized by the lower mobility of the MA cation, shows 

the smallest variations for qi(t,E), between 5 and -2. The MA β3 structure, characterized by more 

mobile MA cations, shows much larger oscillations for qi(t,E), between 12 and -4. The present  result 

highlights once more the importance of the dynamic disorder on this dynamically driven state 

separation mechanism. It is worth to mention that MA β1 and MA β2 possess respectively a 

ferroelectric and antiferroelectric orientation of the MA cations and a polarization of 4.41 µC/cm
2 and 

nearly 0 has been calculated for these structures, respectively.33 The presence of bulk polarization and 

the bulk polarization photovoltaic effect for structural models similar to the present MA β1 and MA β2 

has been widely discussed by Zheng et. al. in Ref. 34. The case of MA β2 is probably the most 

interesting, since it shows a static localization of the valence and conduction bands at the layers lying 

respectively at 0.00 Å and 12.66 Å, which is directly related to the peculiar starting orientation of the 

MA cations, see  Figure 8. In fact, the frontier states localize in correspondence of the interface of two 
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domains with opposite alignment of the MA cations along the c-axis, which are expected to behave as 

two ferroelectric domains with opposite polarizations. Thus, the present result points out the role of the 

interface between domains with orientated molecules on the photovoltaic working mechanism of 

hybrid perovskites, recalling the model of the “ferroelectric-highways” proposed by Walsh and 

coworkers32 and the recently reported domain wall effect on charge separation proposed by Rappe and 

coworkers.71 On the other hand, such models rely on the presence of domain interfaces which are stable 

on very long time-scales, to be able to affect the photovoltaic mechanism. In this regard, it is necessary 

to further investigate on the presence and stability and these domains, in light of the picoseconds 

rotational dynamics of the MA cations.50,51  

The FAα phase, characterized by the largest orientational mobility of the organic cations (see 

Table 1), shows the smallest oscillation of the qi(t,E) parameter, between 3.5 and -1.5, excluding 

sporadic cases with a very strong localization of the valence states. It is worth to note that the smallest 

degree of charge separation, i.e. smallest values of qi(t,E), are found for the model with the smaller and 

the larger mobility of the MA cations, MA β1 and FAα. This results point out on different localization 

mechanisms for the tetragonal and the cubic phase of hybrid, lead iodide perovskites. The rationale 

behind this result could be the aforementioned weakening of the hydrogen bonds, going from the 

tetragonal to the cubic structure (see Figure 4) that results in a less effective, hydrogen-bond induced, 

localization of the electronic states.  
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Figure 8. Evolution of the qi(t) parameter (i.e. the difference between the number of states calculated at 

the LUMO and HOMO energy) for the MA β1,2,3, and FAα structures. The arrows between 0-2ps 

represent the starting orientation of the MA cations, for the MA β1,2,3 structures. 

 

4. Conclusions. 

In this perspective, we have illustrated the potential use of ab-initio molecular dynamics for the study 

of the structural and electronic properties of hybrid organic-lead halide perovskites, to elucidate the 

atomistic origin of the impressive photovoltaic properties of this class of materials. Ab-initio molecular 

dynamics are a powerful investigation tool, since they provide information on the electronic structure 

of the materials, taking the inherent structural dynamics into account. This feature is particularly 

relevant in the case of the hybrid organic-inorganic perovskites, where the presence of rotating organic 

cations within the cubo-cotahedral cavity, 50,51 and of the inherent “soft” nature of the inorganic 

framework are considerable.59,60 As such, the local material structure can deviate significantly from the 

nominal structure of the material, from instance, the structure obtained from XRD measurements.30,57,58

 Structural analyses of the molecular dynamics trajectories highlights the flexible structure of the 

hybrid lead iodide perovskite, MAPbI3 and FAPbI3, demonstrating that the actual material structure can 

Page 24 of 34Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



deviate significantly with respect to the experimental structure from X-ray diffraction measurements. 

The latter in fact, represents a thermal averaged of different structures, characterized by a different 

organic cations orientations and octahedral rotation,62 accessible within a time scale that is much longer 

with respect to the picosecond MA cation rotational dynamics. Together, our dynamics simulations 

outlined the different nature of the rotational motion of the MA/FA organic cations in the tetragonal and 

cubic phases, as due to a different balance between hydrogen bonds and thermally activate rotational 

motion. In the tetragonal phase, the presence of a strong hydrogen bond network keeps the organic 

cations oriented along specific directions, thus resulting in a re-orientational motion, from a strongly 

bound orientation to another. In the cubic phase instead, the thermal motion of the cation is stronger, 

resulting in a nearly free rotational motion of the cations within the cubo-octahedral cavity, in 

agreement with earlier results by Knop et. al.64 Our results thus suggest a central role of the balance 

between specific organic-inorganic interactions (hydrogen bonds) and thermally activated motion in the 

transition from the tetragonal to the cubic crystalline structure. The estimated oscillation of the 

electronic levels and band gap, associated to the ion dynamics, has been set between 0.07 eV and 0.20 

eV, to be compared with 0.40 eV of strongly disordered systems, as organic semiconductors and dye-

sensitized interfaces.63 Moreover, we found that the dynamic disorder from the ionic motion have 

important consequences on the electronic properties of hybrid, lead halide perovskites. The analysis of 

the localization of the electronic states demonstrates that a spatial separation of the valence and 

conduction states takes place in hybrid perovskites, during the molecular dynamics simulations. Such 

charge localization is obviously associated to a easier charge separation process, but can be also at the 

basis of the small charge recombination rates found in MAPbI3.
19 A similar evidence of electron state 

localization has been already pointed out by Ma et. al.,70 using DFT calculations. In the present 

perspective however, we stress the dynamic character of such spatial localization of the valence and 

conduction states, which takes place on a sub-ps time scale. In other words, we address such spatial 

localization not to a static and disordered orientation of the organic cations but to their inherent 

rotational dynamics within the cubo-octahedral cavity. Thus, the mechanism of exciton screening due 

to the dynamics of the MA cation, hypothesized by Even in Ref. 36, finds here a demonstration from 

electronic structure calculations. Our calculations also show that in correspondence of borders between 

two domains with opposite alignment of the organic cations, there is a strong localization of 

valence/conduction states, thus demonstrating the “ferroelectric-highways” and the impact of domain 

walls on charge separation reported in the literature.33, 71 We also highlight, however, the possible 
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instability of such configurations in light of the disorder generated in the material by the cation rotation 

at room temperature. 

 In summary, the huge amount of work devoted to understanding the structural and electronic 

features of hybrid lead-halide perovskites has delivered important information on the materials 

characteristics underlying their superior photovoltaic properties. In this context theoretical modeling 

and in particular ab initio molecular dynamics simulations may play a major role in further advancing 

the field of perovskite solar cells. 
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