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I. INTRODUCTION

The realization a few years back of solar cells employing the unconventional hybrid organic inorganic perovskite (HOP) as the active material and displaying high conversion e ciency triggered a tremendous development e↵ort mainly aimed to achieve a commercially viable device [1][2][3][4][5][6][7][8][9] . In spite of the always important commercial application, the material responsible for this research presents many interesting properties that represent a challenge for the current state of the art in materials science from experimental [10][11][12][13][14][15][16] and theoretical [17][18][19][20][21][22][23] points of view. In both cases, the main thrust of the research activity has been around the methylammonioum (MA) lead iodide perovskite, but the interest has broadened to include other compounds not only by replacing and/or mixing the halides 24,25 but also exploring the effect of other organic cations 26,27 . In particular, a formamidinium (FA) lead iodine perovskite solar cell having a maximum conversion e ciency greater than 20 % has recently been achieved by Yang et al. 28 . Also, Saliba et al. 29 have demonstrated that a triple cation recipe (Cs, FA, MA) allows to improve the stability and reproducibility of the cell while reaching an e ciency of 21.1 %.

The complex physical chemistry of the hybrid perovskites, in particular for those compounds having a) Electronic mail: mcarignano@qf.org.qa b) Electronic mail: jacky.even@insa-rennes.fr c) Electronic mail: claudine.katan@unv-rennes1.fr CH 3 NH 3 as organic cation, was recognized long ago after a series of detailed experiments [30][31][32][33][34][35][36][37] . The picture emerged from these pioneering papers is that of a material evolving from a low temperature towards one or two phases in which the mobility of the organic cation gained rotational degrees of freedom. Moreover, the possibility of orientational disorder in the intermediate phases was also suggested. Recent experiments [38][39][40] and large scale molecular dynamics simulations 23,[41][42][43] are in line with those earlier works. Noteworthy, the system size and complexity of the interactions prohibit a full thermodynamic characterization using first principles methods and more e↵orts are needed in order to have an overall picture with atomistic detail.

The structure of HC(NH 2 ) 2 PbI 3 , also referred to as FAPI, was first studied by Stoumpos et al. 44 using single crystal X ray di↵raction. Two phases were identified. A black trigonal (P 3m1) phase, which is also referred to as quasi cubic, was found to be stable at temperature over 60 C and a yellow hexagonal phase that appeared as the stable phase at room temperature. Nevertheless, it was noted that the properties of these materials in general depend of the preparation method. Further refinements by Weller et al. 39 obtained from high resolution neutron di↵raction suggested that the so called black phase is indeed cubic (P m 3m) with a lattice parameter a = 6.3620 Å. Interestingly, the orientation of the formamidinium molecules is reported as formally disordered with 24 possible orientations. The inorganic lead iodide framework is characterized as soft, and iodine atoms display a strong anisotropic motion in the plane perpendicular to the Pb-I-Pb direction. By means of low temperature dielectric measurements, Fabini et al. 40 studied comparatively CH 3 NH 3 PbI 3 (MAPI) and FAPI and reported, for both systems, the characteristic signatures of a (rotational) glassy system: the broad peak in the frequency dependent dielectric loss shows a dramatic dynamic slowing down as the system approached the glass temperature.

Such a glassy behavior is consistent with our recent analysis of large scale first-principles molecular dynamics simulations on MAPI 43 . More generally, based on the experimental and theoretical understanding of hybrid perovskites we proposed that a natural and comprehensive perspective to theoretically analyze these systems is to place them at the intersection of three distinct classes of materials: First, and related to its intended application, HOP touch the realm of conventional semiconductors. Second, due to their underling atomic organization the HOP should be considered as an extension of fully inorganic perovskites, for which much of the current density functional theory methodology finds many successful applications. Finally, and because of the rotational degrees of freedom of the organic cation, the HOP are plastic crystals and exhibit many of their complex dynamical behavior. With this overall scenario in mind, this paper presents a first principles molecular dynamics study of HC(NH 2 ) 2 PbI 3 along with a group theory analysis. It is an important intermediary step before considering more complex composition such as the triple cation 29 or 2D/3D perovskite composition 45 that have demonstrated clear improvements with stabilized output power under operational conditions as compared to the prototype CH 3 NH 3 PbI 3 . 46 

II. COMPUTATIONAL DETAILS

The molecular dynamics simulations were performed using periodic boundary conditions and under isothermal-isobaric conditions. All simulations were performed using the CP2K package [47][48][49] as in our previous works on similar systems. The time step for the integration of the dynamic equations was set to 1 fs. The temperature was controlled using the Nosé-Hoover thermostat 50,51 with three chains and a time constant of 50 fs. The volume fluctuations were controlled by imposing a fully anisotropic pressure coupling as implemented by the NPT-F option of CP2K, which follows the method of Martyna et al. 52 . The reference pressure was set at 1 atm and the barostat time constant at 50 fs.

The electronic density is represented in CP2K by a combination of Gaussian basis functions and plane waves in the GPW method. The PBE functional was used to calculate the electronic structure properties and the Grimme D3 correction scheme was included to account for the dispersion interactions 53,54 . DZVP-MOLOPT basis sets 55 were used to expand the Kohn-Sham orbitals, complemented by the auxiliary plane wave set that were defined by an energy cuto↵ of 300 Ry. Norm-conservative GTH pseudopotentials 56,57 were used to complete the inter atomic interactions. The main simulated system contains 64 cubic unit cells and the initial configuration were obtained by replicating the experimentally determined coordinates 39 to form a 444 supercell with an edge of 25.448 Å. Therefore, the initial state contains all the FA molecules oriented in exactly the same way. Four sets of simulations are presented in this paper. Based on the 444 system we performed an MD simulation at 300 K that extended to 50.7 ps and a second one at 450 K that was extended to reach 58.9 ps. The analysis of the two trajectories shows that for this supercell size and for the particular conditions implemented here, the system requires about 25 ps to relax and reach an equilibrium state where the cell parameters cease to drift in a systematic way. For that reason, all the analysis presented below relies on the second half of the simulated trajectories. A snapshot of the simulation box corresponding to t = 58.9 ps at 450 K is displayed in Figure 1. The structure shows that although the inorganic atoms do follow a regular pattern, the orientation of the FA molecules appears to be random.

In our previous work, based on simulations of the MAPI perovskite, we observed a strong odd-even effect in the results related to the relaxation of the MA molecules 43 . The origin of this persistent e↵ect was attributed to two possible causes, one related to the dipolar coupling of the MA molecules between neighboring cells, the second related to limitations imposed by the -point sampling of the simulations. The small dipole moment of the FA molecules o↵ers the possibility to discern which of these two e↵ects dominates the observed odd-even artifacts. Then, a 333 supercell (324 atoms) was also simulated at 300 K. For the smaller system 333, we performed a single simulation run at 300 K covering a total of 20 ps.

The smallest supercell alternative, the 222 system with only 96 atoms, was also simulated at 300 K in order to asses the magnitude of the fluctuations associated with its small size.

III. RESULTS

At room temperature, the experimental unit cell contains a single FA molecule in the cubic inorganic cage and therefore the replication process to create a 444 system results in a low entropy structure with all FA molecules having identical orientation. The start of the NPT simulations, which was performed by assigning random velocities consistent with the Maxwell distribution at 300 K, reflects the unphysical initial condition by undergoing a fast expansion accompanied by rotations of the organic molecules. This initial expansion, which can be observed in Figure S1, relaxes in about 10 ps to the equilibrium cell dimensions. This procedure of a sudden shake up of the system at the start of the simulation is the same that we used in our previous work for MAPI, and although it requires an extra equilibration time with respect to a slow heating protocol it has the benefit to automatically introduce a random orientational entropy of the organic components. The MD trajectory is continued up to 50.7 ps, and only the second half of the simulation is used for the collection of results. The equilibrium structure of the FAPI resulting from the simulations is cubic, with an average lattice parameter a = 6.39 Å. The fluctuations of the three independent cell edges follows nicely a normal distribution with a standard deviation 0.025 Å. Similarly, the distribution for the simulation cell angles is centered in 90 and have a standard deviation of 0.55 (detailed information is provided in the Supporting Information file).

A second simulation at 450 K was started by setting the initial coordinates and velocities to those of an equilibrated conformation from the simulation at 300 K (frame corresponding to t = 25 ps). In this case, the simulation cell expanded smoothly from its initial size until it reached larger equilibrium dimensions after 30 ps of simulation. The analysis of equilibrium properties on this system are based on the lapse going from 30 ps to 58.9 ps. The simulation cell fluctuates with a larger amplitude than for the case at the lower temperature, but the system remains cubic with an average lattice parameter a = 6.50 Å.

The analysis of the structure of the system, performed by calculating the radial pair distribution functions g(r), is shown in Figures 2 and3. The figures display the results for 300 K and 450 K, and in order to perform an adequate comparison, the radial distances are scaled by the corresponding cell parameter a. For the atoms defining the inorganic cage, the picture that emerges is that of a crystalline material with the Pb atoms having a neatly defined simple cubic structure and the I atoms displaying a larger degree of local mobility. In Figure 2-A g(r) for the Pb-Pb pairs is reproduced. It stands out the perfect cubic order of the succession of peaks at a, p 2a, p 3a, 2a and so on. Even though in this work the simulation conditions allows for the independent variation of all the cell edge dimensions and angles, the overall fluctuation of the systems are su ciently small to nicely reproduce the experimental cubic crystal structure with a small noise. Larger simulation cells, which will decrease the local fluctuations even more, are prohibitively expensive for our current resources. Figure 2-B displays the radial distribution function for the Pb-I pairs that show, first of all, peaks that are not symmetric. Indeed, the first peak at r = a/2 is slightly skewed towards larger values of r. The origin of the e↵ect lies in the anharmonic character of the equilibrium position of the I atoms that can explore the region normal the the Pb-Pb connecting lines at a much lower energetic cost than along those lines, see snapshot in Figure 1. This e↵ect is reflected as a nearly double second peak for the 300 K case, but as a single wide peak for 450 K. The di↵erence between the two temperatures has to be related to the characteristic times for the slow fluctuations of the I atoms across the Pb-Pb connecting lines that decreases significantly as the temperature is increased (see average structures, Figure 4). Finally, in Figure 2-C we show the g(r) corresponding to the I-I pairs, which display almost a liquid character beyond the second peak. The reason for this is the above mentioned higher mobility of these atoms in addition to the fact that they are more numerous, it result in a succession of overlapping peaks showing a fast approach to the asymptotic limit. For reference, Figure S5 gives the g(r) for the inorganic atoms pairs obtained for the smaller 222 supercell size.

The pair distribution functions of the pairs involving N and C having Pb and/or I as the reference atom are useful to display the average location of the FA molecules inside the cubic inorganic cages. These results are shown in Figure 3. As expected by the geometry of the overall system and the FA molecule, the C atoms occupy the central region of the cages. Nevertheless, for the 300 K case, the C atom is in average slightly o↵ the geometric center of the cage as revealed by the maximum of the Pb-C pair distribution function. By increasing the temperature to 450 K the C atom distributes almost evenly around the geometrical center. Considering the I atoms as the reference point, then the I-C pair distribution functions display a double peak at 300 K, which is related to the displacements of the I atoms from their ideal positions (see Figure 4). The N atoms are o↵-centered in the cage at both temperatures. For 300 K, the first peak is located at r c 0.62 Å and r c 0.73 Å for the Pb and I cases, respectively, with r c being the ideal geometrical center of the inorganic box represented by the vertical dashed lines in the figures. Considering that the CN bond is of 1.3 Å, the average radial distribution functions do not o↵er a clear picture of the preferred orientation of the molecule inside the inorganic cage.

The average structure of the inorganic frame of FAPI, calculated over the whole production part of the simulated trajectory, is displayed on Figure 4. At 300 K the Pb-I-Pb lines are not straight, but follow a zig-zag pattern that define elongated cavities to host the FA molecules. By increasing the temperature to 450 K the mobility of the I atoms increases substantially and the corresponding average structure displays only a minor departure from the perfect cubic structure with all cavities having essentially the same regular shape. This regularity in the structure is also reflected in the pair distribution functions displayed above in Figure 2 for the Pb-I case, which shows the disappearance of the bimodal second peak at 450 K. Noteworthy, the projections of the average structure displayed in Figure 4 correspond to the plane normal to direction a, but the projections on the other two planes display essentially the same pattern. The question that arises is whether there is a coupling between the lattice distortions and the orientation of the molecules. A simple qualitative answer can be obtained by averaging the coordinates corresponding to the molecule's atoms over the whole production run, as done for the inorganic frame. The results indicate a strong coupling at 300 K that vanishes at 450 K, as is explained in the Supporting Information file.

In order to quantify the tilting of the PbI 6 octahedra we calculate the angles (✓, ) defined by the octahedral axes with respect to the fixed reference coordinate system of the simulations. The polar angle ✓ is measured with respect to the positive direction of z axis, and the azimuthal angle is measured on the xy-plane from the positive direction of the x axis. Each one of the three axes define an orientation, that we denote by the indexes 1, 2 and 3. The orientation 1 is nearly parallel to the x axis, orientation 2 is close to the y axis and orientation 3 follows the z axis. Then, the three pairs of angles calculated along the MD trajectories represent deviations from the ideal positions of the cubic phase that are ✓ 1 = ⇡/2, 1 = 0; ✓ 2 = ⇡/2, 2 = ⇡/2 and ✓ 3 = 0, 8 3 . In Figure 5-A we present a schematic representation of a tilted octahedron and the three characteristic direc- tions. The distributions for the three pairs of angles is shown in Figure 6 for 300 K and 450 K as a color map. The color scale represents the residence time for a particular orientation and is proportional to the probability density of finding any given molecule in a particular orientation. At the lower temperature, the tilting of the octahedra define distinctive angles as follow: for the orientation 1, the four spots are centered at hcos ✓i = ±0.12, h i = ±0.11. For orientation 2, the average centers are hcos ✓i = ±0.12, h i = ⇡ ±0.12. Finally for orientation 3, the average centers are hcos ✓i = 0.98, h i = ±0.90 and ±2. 26. By increasing the temperature to 450 K the four spots coalesce into a single one centered around the ideal orientation of the perfect cubic crystal with no tilting, as represented in the right panels of Figure 6.
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The orientation of the FA molecules in their cages can be discerned by monitoring characteristic directions in terms of the three heavy atoms of the molecules. First, we consider the vectors defined by the molecular bonds, r1 = (r N1 rC ) and r2 = (r N2 rC ). Second, we look at the vector defined by the sum of the two CN bonds: r+ = r1 + r2 . Finally, using the direction defined by the line joining the two N atoms of the molecule we define r = r1 r2 . A schematic representation of these directions is presented in Figure 5-B. In order to characterize the directions of r1 , r2 , r+ and r , we compute the polar angle ✓ and the azimuthal angle for each one of them. In this way we can represent the distribution of orientations using a color scale in the plane (cos ✓, ). It is important to note that the two N atoms are indiscernible and therefore the di↵erence vector has arbitrary direction. Namely, it is equally correct to choose the direction pointing from one N to the other, or vice-versa. In order to have a systematic approach we always chose the direction that corresponds to a positive value for cos ✓. We display on Figure 7 the distributions for r+ and r obtained from the simulated trajectories at 300 K and 450 K. At both temperature the orientation of sum vector is parallel to the edges of the simulation cell, and isotropically distributed towards each of the six directions. However, the color maps show a very strong contrast in the lower temperature case, indicating a very high probability for the molecules to have their r + vector oriented according to (100) directions. The intensity of the distribution drops to essentially zero between the bright spots, suggesting that the molecules are quite static or undergoing sudden reorientations between the most probable directions. Vectors r+ and r point approximately towards the center of the cube faces. At 450 K the same pattern can be distinguished, but all directions in the plane are well populated implying a more uniform rotational dynamics than in the low temperature case. The corresponding distributions for the di↵erence vector r display essentially the same pattern, but in this case only half of the space is represented because of the arbitrarity in the labeling of N 1 and N 2 .

Besides, the orientational distributions in a cubic lattice can be interpreted in terms of cubic harmonics 58,59 .

FIG. 6. Orientational maps describing the tilting of the PbI6 octahedrons. The left column corresponds to the simulation at 300 K, and right column is for 450 K. From top to bottom, the rows describe the orientations case 1, 2 and 3, respectively, as explained in the text. FIG. 7. Distribution for the orientations of the vectors bond sum (r+) and di↵erence (r ) vectors. At 300 K (top panels) the high contrast figure reflects the persistent directionality of the molecules that are oriented in such a ways that the two perpendicular vectors are in (100) directions. At 450 K (bottom panels), the overall pattern persists, although with a very small contrast arising from a more uniform rotational pattern of the molecules.

For a characteristic direction u within a system with an underlying cubic symmetry the probability distribution f (u) can be expressed as

f (u) = 1 4⇡ " 1 + n X i=4 c i K i (u) # (1) 
where c i are the coe cients associated with each cubic harmonic K i . The number of terms required to describe is small for smooth distributions, but increases for sharper distributions like the one we observed for 300 K.

In Figure 8 we reproduced the results obtained by fitting the orientational map corresponding to r+ using the expansion in cubic harmonics up to the n = 12 (see Supporting Information for details). The coe cients of the expansions are reproduced in the Supporting Information file. A three dimensional representation of the fits is also included in Figure 8. For 300 K the directionality of the orientational pattern is much stronger that for 450 K. Also, it evident from the comparison with Figure 7 that there is a certain degree of departure from a perfect cubic symmetry at 300 K, which cannot be capture by the fit based on cubic harmonics. This is evident by looking at the bright spots corresponding to = 0, ⇡ and ⇡, which are horizontally elongated. (A corresponding vertical elongation is present for = ⇡/2, ⇡/2, although it FIG. 8. Distribution for the orientations of the vectors bond sum (r+) obtained by fitting the data from the simulation trajectories at 300 K and 450 K using a 12 th order expansion on cubic harmonics, see Eq. ( 1). The figures on the right are 3D representations of the orientational probability and reveal the higher contrast at 300 K.

is not appreciable due to the chosen plotting range) The origin of this deformation is related to the tilting of the PbI 6 octahedron, which does not randomize within the simulated time scale. For the higher temperature case, the tilting average to zero and this e↵ect disappears in the corresponding color maps.

On Figure 9 we present the bonds orientational maps obtained from the two simulated trajectories. Namely, the orientation defined by the direction of the CN bonds, represented by the vectors r1 and r2 defined above in Figure 5-B. For the case corresponding to 300 K, the slow rotational dynamics translates to 12 very well defined spots. As the temperature is increased to 450 K, the pattern is completely lost and no clear directions can be recognized as the most likely ones.

The characterization of the rotational dynamics of the FA molecules can be done by studying the time dependent self correlation functions of the type c(t) = hr(0).r(t)i, where r is any of the above described vectors. In Figure 10 we show the relaxation curves corresponding to r+ and r that define the corresponding self correlation curves c + (t) and c (t). First of all, it is clear that the rotation of the molecules is not isotropic at any of the two temperatures since c + (t) relaxes faster than c (t). Since these two vectors are nearly orthogonal, then one vector can be considered as the rotational axis for the other one and vice-versa. The results imply that for 300 K the rotations are almost exclusively about the r direction. At 450 K, the mobility increases in such a way that both directions of rotation are clearly visible at the timescale of our simulations. The results at 450 K can be fitted very well with a simple exponential function, yielding relaxation times of 0.5 ps and 1.2 ps for c + (t) and c (t), respectively. The case for 300 K is di↵erent, and a stretched exponential fits c + (t) with a stretching parameter = 0.77, resulting in a relaxation time of 4.3 ps. For c (t) at 300 K, the strong correlation does not permit to calculate any accurate relaxation time. The behavior at 300 K captured by a stretched exponential resembles the results for the MAPI in the cubic phase. In that case, the relaxation of the individual molecules reveals a heterogeneous dynamics. Similarly, in the case of the FAPI we observe that in the timescale of the simulations there are molecules having very little or no rotations, while other undergo a relatively fast rotation (see Figure S7).

On the origin of the odd-even e↵ect

In our previous work related to the MAPI system, we observed that the results alternate in behavior depending on the number of unit cells contained in the simulation supercell. This e↵ect was observed to appear in the relaxation of the MA molecules time dependent self correlation function, in the heterogenous character of the rotational degrees of freedom of the MA molecules, and in the average structure of the inorganic cage. Two possible explanations for this odd-even e↵ect were proposed: (i) the dipolar coupling of the MA molecules between neighboring cells, or (ii) the impossibility of the MD oddsupercell to properly represent e↵ects that are related to Brillouin zone (BZ) folding as the used MD technique relies only in -point sampling. In the case of the FA the dipole moment is very small and therefore provides an adequate example to discriminate on the importance of the two possible origins of the odd-even e↵ect.

In order to further explore this e↵ect we studied a 333 system composed by 27 FA molecules resulting for the triple replication of the cubic unit cell along the three Cartesian directions. The simulation settings were the same as in the simulations of the 444 systems presented above and the temperature was set to 300 K. In Figure 11 we present the results that show that the FAPI system with odd number of cells behaves similarly to equivalent MAPI systems. Namely, the 333 system has a faster homogeneous dynamics than the 444 system simulated at the same conditions. The average inorganic cage reflects the faster fluctuations by producing a nearly perfect cubic structure, contrary to the corresponding averages performed using the supercell with even number of cells. Due to the small magnitude of the dipole moment of the FA molecules, we conclude that the odd-even e↵ect is related to the inadequate description of of the electronic wave-function at the edge of the BZ resulting from the -point sampling 43,60 .

IV. DISCUSSION

The structural instabilities in conventional perovskites can be usually inspected on the basis of Landau theory using the theory of group symmetry. A low temperature phase may appear after the condensation of a phonon mode of the P m3m parent phase at a critical transition temperature. Some of these classical structural instabilities have been characterized in halide perovskites leading FIG. 11. Time dependent self correlation function for r+ (black lines) and r (red lines) at 300 K for a 333 system. In the insert, average structure of the inorganic atoms that show a nearly perfect cubic arrangement to tetragonal centered I4/mcm (MAPbI 3 ), orthorhombic P nma (MAPbI 3 ) or tetragonal P 4/mbm (CsPbCl 3 ) (Figure 12). Using Landau theory, it is straightforward to predict that these various instabilities are related either to phonons with R + 4 or M + 3 symmetries, or simultaneous condensations of R + 4 /M + 3 phonon modes for the P nma case. The symmetries of the collective atomic displacements of metal and halide atoms, as well as molecular centers of mass, can be predicted from group theory as well (Table 1). R + 4 or M + 3 irreducible representations (IR) only appear in the decomposition of halide atoms motions. M + 3 and R + 4 optical phonon modes are indeed associated respectively to in-phase and anti-phase rota-FIG. 12. Schematic diagram indicating the group-subgroup relationship between some of the space groups observed in HOP and AIP (solid red lines). The tilt systems are given using Glazer's notation, as well as the P m3m IR related to the lattice instabilities. M + 3 and R + 4 order parameters are related to pure in-phase and anti-phase PbI6 octahedra tilts, respectively. The dashed red line indicates that a transition from I4/mcm to P nma space groups must be a first order phase transition. tions of MX 6 octahedra. From molecular dynamics simulation of FAPI (Figure 4), we deduce that the structural instability is associated to the simultaneous and progressive (Figure 9) condensations of three M + 3 pure in-phase modes. It corresponds to an Im3 averaged structure (Figure 12), related to an eight-fold increase of the cubic cell size.

We have shown in our previous theoretical study of MAPI that stochastic molecular reorientations can be also analyzed using a symmetry analysis of the molecular orientational probability. It is possible either to choose simplified pseudospin (PS) descriptions of the discrete molecular orientations or continuous rotator functions. The symmetries of the collective molecular orientational distributions can be derived at various points of the Brillouin zone by analogy to the phonon modes. The condensation of a PS mode at a structural phase transition is indicative of an order-disorder character by contrast to a displacive character for phonon modes. A vectorial PS was defined in our previous study of MAPbX 3 by considering the C-N molecular axis, thus focusing on the tumbling modes of the MA + cation. PS scenario A for MAPbX 3 compounds was defined as the case where the C-N axes are pointing toward the faces of the cubic cell (Table 1). As mentioned in the section devoted to MD results, a discrete PS description of the stochastic rotation of the FA + cation in FAPbX3 compounds requires to account for its specific shape and planar geometry (Figure 5-B). In scenario A, where the C atoms are pointing toward the faces of the cubic cell, two sub- -
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scenarios A1 and A2 may be considered (Figure 13). For PS A1 and A2, the (C, N1, N2) plane corresponds respectively to the h and d symmetry planes of the Oh point group. The symmetries of the collective PS modes A1 and A2 can be predicted from group theory (Table 1). From the orientational maps of FA cations (Figure 7), it appears that PS scenario A1 is most likely to describe the stochastic reorientations. As shown on Table 1, the M + 3 irreducible representation (IR) appears in the decomposition of PS A1. We can thus conclude from this analysis, that the mechanism of the structural instability in FAPI is associated to a linear coupling between collective (deterministic) rotations of PbI 6 octahedra and collective (stochastic) reorientations of the FA + cations. A mixed displacive/order-disorder character is expected for the structural instability. More, we may infer that these low-frequency rotational modes of the PbI 6 octahedra undergo a large broadening related to this coupling mechanism.

V. CONCLUSIONS

In the quest to achieve a theoretical understanding of hybrid organic perovskites that recommenced with the application of these materials for energy harvesting applications, molecular dynamics has been moderately employed. The reasons are several. First, the science involved in the solar cells development is essentially of a quantum nature, and therefore an adequate description calls for a computationally expensive density functional theory approach. Second, the system has a molecular component with rotational degrees of freedom that, while making the system more interesting imposes the need for long simulation times. Third, an intrinsic anisotropy in the dynamic of the halide component further complicates the matter calling also for long simulation times. In spite of this issues requiring very large computational e↵orts, the first principles simulation community performed initial studies with relatively small systems. Increasing the size of the supercell, at least within the approach that we have been employing, revealed an odd-even e↵ect that actually prompted us to work with even larger systems in order to overcome artificial results and at the same time su ciently reduce the fluctuation associated with small simulation supercells. Our results, using a model system with a four fold replication of the unit cell in each direction, show a very organized inorganic framework in which the organic cation is located.

The formamidinium rotational dynamics exhibit a heterogeneous behavior at room temperature, similarly to the behavior previously observed for the methylammonium cation. The rotation of the formamidinium is anisotropic, having a preferential axis of rotation along the line connecting the two nitrogen atoms. At room temperature, the rotation is almost exclusively along the NN line. Increasing the temperature results in the activation of other rotational modes, like the axis defined by the sum of the two CN bonds. We have analyzed the dynamic of the cation in terms of rotator functions, in particular by fitting the rotational pattern in terms of cubic harmonics considering up to the 12 th order term. At room temperature, the orientation of the sum vector is essentially (100) and all the directions are equally populated indicating a rotational entropy characteristic of plastic crystals that, together with the heterogeneous dynamics, suggest that the system should form a rotational glass at lower temperatures.

Based on Landau and group theories, we further identify a mixed displacive/order-disorder character for the Pre-print of Phys. Chem. Chem. Phys., 2016,18, 27109-27118 DOI: 10.1039/C6CP02917E structural instability, which may lead at low temperature to an Im3 phase. This structural instability in FAPI is predicted to be associated to the simultaneous and progressive condensation of three M + 3 modes involving deterministic rotations of PbI 6 octahedra and stochastic reorientations of the FA + cations.

FIG. 1 .

 1 FIG. 1. Snapshot of the system corresponding to 450 K after 58.9 ps of simulation. The thin yellow lines are drawn between bonded Pb and I atoms. The I atoms are in general displaced from their ideal position along the Pb-Pb connecting lines. The rotational degrees of freedom of the FA molecules are clearly visible and the nearly perfect cubic supercell is shown in fine black lines.

FIG. 2 .

 2 FIG.2. Radial distribution functions for the atoms forming the inorganic cage. Panels A, B and C correspond to Pb-Pb, Pb-I and I-I, as indicated. The radial coordinate r is normalized by the average lattice parameter obtained for each temperature. The black curves correspond to 300 K and the red curves to 450 K, respectively. The green vertical lines are located at the ideal position of the peaks for the di↵erent cases.

FIG. 3 .

 3 FIG. 3. Radial distribution functions for the pairs Pb-N (black lines), Pb-C (blue lines), I-N (red lines) and I-C (green lines). Panels A) and B) correspond to 300 K. Panels C) and D) correspond to 450 K. The vertical dashed lines indicate the ideal center of the inorganic cage.

FIG. 4 .

 4 FIG. 4. Structure obtained by averaging the position of the Pb and I atoms over the production section of the trajectory at 300 K (left) and 450 K (right). The deformations are in line with the known anharmonic response of the I atoms which have a relatively long characteristic time (⇠ 10 ps). The higher temperature simulation average out the anharmonicity resulting in a cubic structure.

FIG. 5

 5 FIG. 5. A) Scheme of the tilting of the PbI6 octahedron defining the three characteristic set of angles. The directions (✓1, 1), (✓2, 2) and (✓3, 3) represent departures from the ideal orientations along the x, y and z Cartesian axes, respectively. B) Scheme of the FA molecule and the characteristic vectors r1 , r2, r+ and r used to describe the molecular orientations.

FIG. 9 .

 9 FIG. 9. Distribution of the orientation of the two bonds of the FA molecules, r1 and r2, calculated from the simulations at 300 K (top panel) and 450 K (bottom panel).

FIG. 10 .

 10 FIG.10. Time dependent self correlation function for r+ (black lines) and r (red lines) at 300 K (solid lines) and 450 K (dashed lines).

FIG. 13

 13 FIG. 13. (a) Schematic diagram showing one of the 12 positions for the PS A1 and PS A2. The molecule is represented schematically with the C, N1 and N2 atoms discarding the H atoms. In both cases, the C atom is pointing toward a face. For PS A1 and A2, the (C, N1, N2) plan corresponds respectively to the h and d symmetry planes of the Oh point group. (b) Symmetry operations of the Oh point group.

  

  

TABLE I .

 I IR decompositions for the strain tensor, phonons and MA or FA pseudospins excitations (PS) in HOP compounds at the , R and M points of the P m3m BZ. The contributions from each site (1a, 1b, 3d) are indicated. The symmetric (+) and antisymmetric (-) PS IR correspond to elastic and electric multipoles, respectively.

			R	M
	Volumetric strain Tetragonal strain Shear strain	+ 1 + 3 + 5	---	---
	Optical Phonons:	-	-	-
	Pb atom (1a) Optical Phonons:	4 -	R 4 R + 5	M 3 + M 5 -
	FA/MA cations (1b)	4	-	M 2 + M 5
	Optical Phonons:			
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