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Abstract

We present a systematic study based on first principles molecular dynamics simu-
lations of lead iodide perovskites with three different cations, including methylammo-
nium (MA), formamidinium (FA) and cesium. Using the high temperature perovskite
structure as a reference, we investigate the instabilities that develop as the material is
cooled down to 370 K. All three perovskites display anharmonicity in the motion of
the iodine atoms, with the stronger effect observed for the MAPbI3 and CsPbls. At
high temperature, this behavior can be traced back to the reduced effective size of the
Cs™ and MA™ cations. MAPbI3 undergoes a spontaneous phase transition within our
simulation model driven by the dipolar interaction between neighboring MA cations as
the temperature is decreased from 450 K. The reverse transformation from tetragonal
to cubic is also monitored through the large distribution of the octahedral tilting angles
accompanied by an increase in the anharmonicity of the iodine atoms motion. Both
MA and FA hybrid perovskites show a strong coupling between the molecular orien-
tations and the local lattice deformations, suggesting mixed order-disorder/displacive

characters of the high temperature phase transitions.

1 Introduction

Hybrid perovskites are at the center of an intense research activity due to their impressive
achievements for optoelectronic applications, mainly including solar energy harvesting!™ but

611 and lasing. 2! In this scenario of potential commercial

also photoluminescent devices
applications, the main driver for research is the development of efficient and durable devices
able to challenge the current standard. From the theoretical point of view the subject has
attracted considerable attention, as the system represent a challenge and an opportunity to
test first principles modeling tools.'® An important issue affecting this class of material is

the anharmonicity in the lattice vibrations that is present in hybrid!¢ as well as in purely

inorganic perovskites.!” 'Y The theoretical basis underlying the importance of anharmonicity
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on phase transitions was pioneered by T. Matsubara?®:?!

on different crystal structures.
For hybrid perovskites, this behavior has further implications in the carrier transport and
therefore needs to be addressed in order to understand the underlying physics of perovskite
based devices.??

This paper focuses on the ground state physico-chemical properties of halide perovskites.
We consider two hybrid compounds: methylammonium (MA) lead iodide (CH3NH3PbI; or
MAPDI;)?* and formamidinium (FA) lead iodide (HC(NHjy),Pbl3 or FAPbI;).24?5 For com-
parison purposes, the full inorganic CsPbl; perovskite is also studied. The two hybrid sys-
tems were previously studied by us using first principles molecular dynamics simulations. 26728
Here we present further simulations that provide a comprehensive analysis at thermodynamic
conditions corresponding to their cubic phases and tetragonal phase for MAPDbI3, with par-
ticular emphasis on critical fluctuations and anharmonicity. The contrast between the three
systems helps to shed light into their atomistic organization and dynamics. Moreover, the
subtle differences between the two hybrid compounds represent a test bench that allows
to evaluate the relevance and predicting power of state-of-the-art first principles molecular
dynamics simulations.

The three targeted systems have the same inorganic framework and the only difference
in the composition is the monovalent cation. For the MAPbI3 case, the carbon and nitrogen
atoms of the MA molecule lead to an appreciable net dipole moment of ca. 2 D. Conversely,
the planar FA molecule, slightly larger than MA, has an almost vanishing dipole moment.
Therefore, it is possible to assess the importance of the dipole-dipole correlations across
different structural units by making the proper comparison between these two systems. Yet,
this is not a straightforward task because of other structural instabilities affecting the systems
and that are also present in the purely atomic CsPblz perovskite. Another important issue
is the coupling between the orientation of the organic cation and the local deformation of the

inorganic lattice. This dynamical coupling is driven by the symmetry and size of the cation,

which does not conform with the site symmetry at the center of the cubic cell experimentally
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reported for the high temperature phase.?>?%2% In addition, the large anisotropic motion of
the halide atoms has also been clearly revealed by crystallographic characterizations, in both
inorganic and hybrid compounds.?* 3! As the overall average structure is cubic in the high
temperature phase, the cation/lattice coupling is expected to be dynamic and local.

On approaching continuous phase transitions, this coupling may occur over long distances

27 as shown recently by molecu-

associating phonons and collective molecular pseudospins,
lar dynamics simulations evidencing antiferroelectric molecular fluctuations®? and measure-
ments of low frequency acoustic phonons.® This leads us to introduce characteristics time
and length that determine the average lifetime (¢;.) and size (\;.) of local domains having a
specific deformation pattern. We should mention here that the molecular character of the
cation plays a crucial role in stabilizing the perovskite structure by providing a significative
entropic contribution to the free energy. Indeed, the purely atomic CsPbls only exhibits
the cubic perovskite structure at very high temperature. Therefore, the accounting for the
plastic crystal character of the hybrid perovskites is essential in order to achieve a com-
prehensive understanding of these peculiar semiconductors, including the exact sequence of

2734 yelated to various structural instabilities at the I', M and R points of

phase transitions,
the perovskite Brillouin zone.?” The comparison with CsPbls, also studied here within the
same theoretical approach, allows to gauge the importance of the sole lattice anhamonicity, '
as observed experimentally in the past for CsPbCls.3°

A second important difficulty is the result of the high computational cost of the NPT MD
simulations. With respect to the system size, we limit ourselves to 64 unit cells that span over
25 A, approximately. For the dynamic integration process, we extend the trajectories up to
~50 ps. Apart from two recent works where an NVT ensemble was used, 3236 these two limits
are the largest among the similar works reported in the literature and are sufficiently small as
to allow for a systematic study. Namely, with these constraints we can afford several runs and

this is essential to gain a significant level of confidence in the overall outcome. Noteworthy,

> 25 A, the simulation results are

~Y

the analysis should be done keeping in mind that if A\,
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affected by the periodic boundary conditions. Similarly, if a process has a characteristic
time ;. = 25 ps, information related to that process may be completely absent from the
trajectories.

The structural evolution of MAPbI3 with varying temperature has been known for a long
time and its cubic a-phase (Pm3m) is stable above 327 K, below which lies the tetragonal
p-phase (I4/mem). Depending on the growth conditions, FAPbI; can crystallized either
in a black perovskite phase or in a yellow non perovskite phase. High resolution neutron
diffraction experiments®” have recently confirmed that an a phase, similar to that of MAPbI;,
can be stabilized at 300K. The full inorganic CsPbls has a similar a-phase and transforms
to a yellow non-perovskite structure within a temperature range of 563 to 602 K.3® Having

no molecular cation, CsPbls constitutes a simple reference system.

2 Methods

This study relies on first principles molecular dynamics simulations as implemented in
CP2K.3%%! The electron density is represented by the GPW method that combines Gaussian
basis sets with auxiliary plane waves defined by an energy cutoff of 300 Ry. All the settings
relative to the density functional theory approach are the same as in our previous works on
similar systems: PBE functional, Grimme D3 correction scheme for the dispersion interac-
tions, 4243 DZVP-MOLOPT basis sets** and norm-conservative GTH pseudopotentials. >4
All the atoms are explicitly represented with their real masses. The molecular dynamics was
done under NPT-F conditions, which allow volume fluctuations by changing the supercell
edges and angles. The temperature was controlled by a Nose-Hoover thermostat with three
chains and the pressure was controlled by the Martyna’s barostat.*” The time constant for
both, the thermostat and barostat, was set at 50 fs.

All simulations for the a-phase are based on a 4 x 4 x 4 supercell obtained by replicating

the cubic unit cell four times in each Cartesian direction. Therefore, the supercell contains
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768 atoms and 64 stoichiometric units for the MA and FA hybrid perovskites. The Cs based
perovskite model system has 320 atoms. The procedure to perform the MD simulations
starts by heating the initial frozen configuration up to 450 K, followed by a run covering
over 50 ps in all cases. For the MAPDbI;3 case, the initial 45 ps of the trajectory were lost in
hardware failure, and the results shown are a continuation with a redefinition of the time axis
to start from well equilibrated thermal conditions. A second series of simulations was then
performed for each system with the thermostat set at 370 K, starting with the equilibrated
configuration at 450 K and its corresponding velocities.

A third set of simulations was carried out for the MAPbI; perovskite. In this case,
the initial structure was prepared using the atomic coordinates of the tetragonal phase as
provided in.*® The supercell was rotated 45° about the z axis in order to match the standard
orientation of the cubic phase that we use as overall reference. The system was slowly
heated up to 300 K and then a long trajectory was produced. Successive simulations were
then performed at 320 K, 340 K, 360 K, 375 K, 385 K and 400 K. The final configuration
(or a sufficiently equilibrated one) at a given temperature was used to start the trajectory
at the next higher temperature. The highest temperatures (385 K and 400 K) were started

from the same structure extracted at 375 K.

3 Results

For the sake of clarity we organized this section in four parts. First, we consider the three
systems at high temperature, which we use as the reference states since they all behave in a
similar way. Next we analyze in the second part the findings related to FAPbI3 at 370 K that
departs from its reference state but still remains cubic. The third part refers to MAPbI3
at 370 K that reveals increasing complexity as compared to FAPbI3 and requires a more
elaborated analysis. Finally, in the fourth part, the behavior of MAPbI; upon heating is

investigated, starting from a tetragonal structure. Some results from the CsPbls perovskites
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are included wherever appropriate.

3.1 High temperature reference states and anharmonicity in MAPbI;

and CsPbl;

We start by considering the time evolution of the lattice parameters for both MAPbI3 and
FAPbI; compounds (Figure 1la) at 450 K. Let us recall that this high temperature was
purposely selected in order to study the systems comfortably in the cubic phase and indeed
they maintain a cubic structure after 50 ps of MD trajectory. For MAPDI3, it is clear
that there are some crossings between the three lines, i.e. lengths of the edges, while for
FAPbDI3 the three dimensions appear on top of each other. The magnitude of the structural
fluctuations are larger in MAPDbI; than in FAPbI3. Moreover, the spontaneous fluctuations
of the symmetrized strains can be analyzed according to.*® Volumetric, orthorhombic and
tetragonal strain read e, = e;+es+es, €., = e1—eg and e, = 1/v/3(2e3—e;—e,), respectively.
MAPDI; has a stronger tendency to undergo large transient orthorhombic distortions (de,, =
0.011), as compared to FAPbI3 (de,. = 0.008). The lattice parameter resulting from the
average of the trajectories are a = 6.40 &+ 0.12 A and 6.50 &= 0.10 A for MAPbI; and
FAPDI;, respectively. The effective larger dimensions of FA with respect to MA is reflected
in the resulting average lattice parameter. This high temperature volumetric effect ought
to be related to a larger tolerance factor for FAPbI (tcsper, < tararer; < trappr)->° The
a, f and 7 angles of the supercell fluctuate around a mean value of 90° with a standard
deviation of 0.6°. The fluctuations observed in the supercell dimensions are accompanied by
a relatively fast rotation of the organic cations.?* The instantancous local deformations of
the inorganic lattice leave elongated cavities to host the organic cations (Figure 1b). From
our simulations, the characteristic time for the lattice fluctuations at 450 K amounts to a
few ps. Then, averaging the structures over a 20 ps or more leads to cubic structures (Figure
1c), consistent with experimental data.

Further understanding of these average cubic structures can be gained when considering
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450 K () Reduced Supercell Dimensions (b) Snapshot (c) Time Average

Figure 1: (a) Time evolution of the reduced supercell edges for the hybrid perovskites at 450
K with the horizontal lines representing the mean values over the production fraction of the
trajectories. (b) Snapshots displaying the instantaneous deformation of the inorganic lattice
and the random orientation of the organic cations. (c) Time average of the inorganic lattice
displaying a simple cubic structure.

the anisotropic character of the location of the I atoms in a probabilistic sense. For that, we
define the distance ¢ as the shortest length from the I atom to the straight line connecting
the two Pb atoms to which it is bonded (Figure 2a). Then, we can estimate the probability
distribution P(¢) from the MD trajectories. Namely, P(d)dé is the probability to find an
[ atom within § and ¢ 4+ dd off the line connecting their neighboring Pb atoms. Denoting
dpy_; as the distance between Pb and I atoms, then 0 = dp,_;sinfl. The probability is
explored around the point 8 = 0,V¢ (Figure 2¢). First, for MAPDbI3 the amplitude of the
iodine motion is significantly larger than for FAPbI3, with first moments of the distributions
amounting to 5M7450 = 0.679 A and 5_F7450 = 0.533 A, respectively. Second, the probability
to have § = 0 is almost vanishing, which implies that at any time the probability to have a
deviation from the perfect cubic unit cell is almost equal to 1. This is an important point
and means that the Pm3m symmetry reported by the crystallographic experiments must be

interpreted as a time average. Within our simulation supercell with 64 units, we are able to
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Figure 2: Overall behavior of the hybrid systems at 450 K. (a) Geometrical parameters used
to characterize the average an/harmonicity of the systems. (b) Directions used to describe
the molecular rotations. (c¢) Probability distribution for the displacement 6 calculated from
the MD trajectories (solid lines) and best fits using a harmonic approximation (dashed lines).
(d) Self relaxation curves for the different molecular directions, according to the color code
defined in panel b. (e) Octahedra tilting patterns.

recover the Pm3m symmetry as a time average and we can conclude that for both systems
at this high temperature the characteristic lifetime of the transient distorted domains is
tie < 20 ps. The magnitude of the spatial correlations is more difficult to estimate. Visual
inspection of many frames along the trajectory reveals that the system follows the same
pattern of local deformations over the whole supercell at T=450 K. This pattern smoothly
changes with time, but it is difficult to pinpoint a de-correlation between the deformations
in local sections of the supercell. Quantitative estimation of \;. would require a much larger
supercell but it is likely that ;. > 4a for both, MAPbI3 and FAPDbI;, at T = 450 K.

The harmonic or anharmonic character of the atomic fluctuations is important in order
to assess the stability of the system using theoretical approximations to the free enthalpy.!®

Namely, it is important to know to what extent it is justified to use the classical quasi-
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harmonic approximation for the free energy to make conclusions regarding the stability of
a high temperature phase. It is indeed known for the inorganic perovskite CsSnls, that the
quasi-harmonic phonon approximation breaks down, leading in turn to a renormalization of
the band gap through self-energy corrections.®! For the case of hybrid perovskites the problem
is in principle more complex since the molecular cation yields additional rotational degrees
of freedom. In this scenario, MD simulations offer an opportunity to directly explore the
anharmonicity of the atomic fluctuations. Having this in mind we fit the P(J) curves using
the ideal normal distribution (integrated over the polar angle) that would be the behavior of
a purely 2D harmonic oscillator.®® The best fits are reproduced in Figure 2c for the different
systems. The fit is very good only for FAPbI; at 450 K with the normal curve falling on
top of the slightly noisy simulation average. The MAPbI3 at 450 K departs from the normal
distribution, with § stretching to larger values. Interestingly, the CsPbls perovskite has a
similar anharmonic behavior at T = 450 K than MAPDbDI3, consistently with experimental
results on CsPbCls.3® A complementary representation of the displacement of the I atoms
from its ideal central position is given by the orientational map for the tilting of the Pblg
octahedra. These orientational maps represent an approximation to the probability density
p(0, ¢) for the two dimensional displacement of the I atoms. For small tilting angles, # and

0 are directly related by 0dp,_; = 0. Then, the probability distribution for ¢ can be directly

obtained after integration over the azimuthal angle ¢ as P(§) = [ dP‘Zil p( dP‘Zil ,@)d¢. For the
sake of simplicity, we show the orientational maps of the simulated structures at 450 K around
one particular direction (Figure 2e). FAPDbI; displays a compact spot with a maximum at
a centered (not tilted) orientation. MAPDI3 presents a tilting pattern characterized by two
off-centered overlapping spots and covering a larger area than for FAPbI;. A similar slightly
elongated large spot is observed for the CsPbls perovskite. These not centrally symmetric
patterns are consistent with the non harmonic distribution observed in ¢ (Figure 2c).

To evidence the large mobility of the organic cations at 450 K, we plot the relaxation

curves of both hybrid systems (Figure 2d). For MAPbI;, the figure reflects the autocorrela-

10
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tion of the NC bonds defined by 7y. For FAPbI3, the rotational dynamics can be analyzed
considering two directions:?® i) the direction along the the sum of the two CN bonds, i.e.
7y, and 7) the direction along the difference between the same two bond vectors, i.e. 7_
(Figure 2b). The results corresponding to FAPbI3 at 450 K are similar to those already
reported?® and can be fitted with a single exponential function with relaxation time of 1.2
ps and 0.5 ps for 7_ and 7, respectively. The results corresponding to MAPbI3 are ob-
tained following the same simulation methodology to ensure fair and unbiased comparison.
Noteworthy, the results presented in Ref.?” are based on NVT simulations and show some
quantitative difference with the ones presented here. The relaxation curve for 7oy follows
a stretched exponential with § = 0.76 yielding a relaxation time of 1.9 ps. A harmonic
coupling between molecular stochastic rotations and phonons is only expected to produce
a renormalization of the molecular relaxation time.?” We thus propose that a stretched ex-
ponential behavior results from both, the translation-rotation coupling mechanisms and the

onset of anharmonicity for the iodine motion.

3.2 FAPDI; at 370 K: Weak anharmonicity and lattice deformation

coupled to molecular orientation

In ref.?® we studied FAPbI; first at 300 K, which after a long trajectory equilibrated to an
average Im3 structure, and then we increased the temperature to reach 450 K. Here we lower
the temperature from a well equilibrated 450 K configuration to an intermediate 370 K and
extend the trajectory for slightly over 40 ps. The cooling of the system happens smoothly,
with the cell dimension slowly decreasing to adjust to new thermal conditions.

At 370 K, P(9) of FAPbI; departs from the ideal normal distribution (Figure 3a) and
exhibits similar behavior as MA and Cs based perovskites at 450 K (Figure 2¢). The dis-
placement § of the I atoms from its ideal position along the Pb-Pb connecting lines is slightly
larger than for 450 K with a first moment & ra70 = 0.560 A. This is a first indication of the

onset of weak anharmonicity for the iodine motion in FAPbI; at 370 K. In addition, the

11
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three orientational maps for the Pbls octahedra (Figure 4a) show a rotation about the x
direction, but no rotation about the other two Cartesian directions. This pattern corre-
sponds to a’a’ct tilt in the Glazer notation,® after a proper permutation of the axes. A
necessary condition for this tilting pattern to occur is that two of the cell dimensions take
values slightly smaller than the third one, which is indeed observed. A 30 ps average of the
inorganic lattice also evidences a slight deviation from the Pm3m symmetry towards a struc-
ture having a P4/mbm symmetry (Figure 4b). Taking average structures over shorter times
(2 ps) centered at different times along the trajectory reveals that the inorganic framework
of FAPDbI3 undergoes a slow structural rearrangement which is coupled to the orientation
of the molecular cation. Examples are given in Figures 4c and 4d. The first looks mostly
cubic, but with some local distortions on the right side of the plot. The second shows the
typical alternating pattern resulting from the octahedral tilting, with the orientation of the
FA molecules along the longest axes of the cavities. This is a clear indication of the coupling

between the local deformations and the molecular orientations.

(@)  Anharmonicity of lodine Motion at 370 K

FAPbl; MAPbI3 CsPbls
12F
§0.8:
o.af-
0g e T e 00 0 E 0 e T e 0007 0E 1T e
5 () 4 (A) 5 (A)
(b) Autocorrelation function at 370 K
0.8
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Figure 3: (a) Probability distribution P(9) calculated from the MD trajectories (solid lines)
and best fits using a harmonic approximation (dashed lines) for the three systems at 370

K. (b) Self relaxation curves for the two different molecular directions (Figure 2b) of the
FAPDI; at 370 K.

12
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FAPbI;

(a) Pbls octahedral tilting patterns at 370 K

-0.4
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Average structures at 370 K

(b) Over 30 ps
<
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(e) Molecular orientational patterns at 370 K
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Figure 4: Overall behavior of the FAPbI3 at 370 K. (a) Octahedra tilting patterns for the
three Cartesian projections. (b) Long time average conformation of the inorganic lattice.
(c) and (d) Short time average conformations at two different times. (e) Orientational maps
for the FA molecules as described by its characteristic vectors described in Figure 2b.

The modest distortion of the lattice of FAPbI; at 370 K, compared to that at 450 K, has
an important effect on the molecular kinetics: the rotations around 7, are still fast, but the
ones about the direction 7~ undergo a considerable slow down. In fact, at 370 K, the mobility
of the FA cations undergo a significant change, with 7_ following a stretched exponential
with # = 0.67 and a relaxation time of 7.8 ps (Figure 3b). Meanwhile, the behavior of 7,
can still be fitted using a single exponential with a relaxation time 0.9 ps. To capture the
interplay between lattice distortion, molecular orientations and rotational slow down, we
further investigate the orientational maps corresponding to the 7, ¥, 7} and 7 (Figure
4e). The pattern that emerges is one in which the FA molecules are preferably oriented
parallel to the supercell axes. Yet, the dynamical character of this phase is reflected by

the orientational map of the bond vectors i and 75 that display a large degree of mobility.

13
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Still, when observing the configurations adopted by neighboring FA molecules along the
trajectory, it is clear that they organize themselves in alternating orientations matching the
largest molecular dimension with the cavity elongation. The overall result and the one for
MAPDI; (vide infra) is consistent with the experimental comparison between MAPbI3 and
FAPbI;?* showing that the first structural instability from the a-phase toward the $-phase
occurs at much lower temperature (200 K) in FAPbI; than MAPDbI;. In the simulation,
FAPDI; indeed only exhibits small structural fluctuations and anharmonicity at T=370 K

over the simulation time.

3.3 MAPDI; at 370 K: The importance of the dipolar coupling

The results obtained at 450 K for MAPDI3 are consistent with the experimental evidence
of a cubic phase, provided that we consider the average structures. Here we proceed with
results obtained after reducing the temperature to 370 K, i.e. 50 K above the experimental
transition temperature of MAPbI; to the tetragonal 3 phase.?*?* Repeating our previous
analysis (Figure 1), we investigate the time evolution of the reduced supercell dimensions
computed at 370 K (Figure 5a). The system size undergoes large fluctuations and after
40 ps, contrary to what was initially expected, two edges of the supercell take a value
significantly smaller than the third one. Further analysis triggered us to perform a second,
independent simulation that through consistent results. At first glance, one may interpret
the transformation of the simulation box as a transition to the tetragonal phase. A closer
examination of the system reveals that the structure is reminiscent of the low temperature
orthorhombic v phase, with the MA molecules aligned in an anti-parallel fashion as shown in
Figure 5d. Moreover, we observe in Figure Ha that after the transition the lattice constants
ratio ¢/a is slightly larger than 6 %, once again consistent with the orthorhombic phase.
The strong displacements of the I atoms with respect to their ideal correlated position is
also evidenced. The corresponding probability distribution P(d) can be seen in Figure 3a.

These findings are in line with the short-range octahedra distortion, similar to that of the
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(a) Reduced supercell dimentions

MAPbl, 370K

(d) Spontaneous dipolar alignment

Uyt (a.U.)

0 10 20 30 40 50 60
t (ps)

Figure 5: Transformation of MAPDI3 upon cooling. (a) Time evolution of the reduced
supercell edges. (b) Average over the supercell of the cosine, (cos#;) for the three Cartesian
coordinates, between the direction of neighboring MA molecules (the black, red and green
lines represent neighboring cells along the z, y and z directions, respectively). 6;, with i = x,
y or z is the angle defined by two neighboring MA molecules. (c) Potential energy of the
system as a function of time. d) Conformational average taken in the 42 ps < ¢t < 58 ps
interval (shaded area) that shows the lattice deformation and MA alignment.

ordered orthorhombic phase, recently evidenced in both the tetragonal and cubic phases of
MAPbBr;. 5

Now we further explore what is exactly the nature of the phase that the system is trans-
forming to and what is the driving force for the transformation. First of all, we should
emphasize that a phase transition in the direction of decreasing entropy is a very rare event
in MD simulations, even when using a force-field. Namely, as the new phase requires the
spontaneous ordering of all or part of the system, the timescale of this process could be
longer than the accessible simulation times. Secondly, when this transition spontaneously
occurs, it is quite likely that the new phase is not the one that is thermodynamically stable

but an intermediate one. This phenomena also happens in experiments and it is known as
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the Ostwald step rule;®® in an experiment the system will evolve towards the stable phase
but in a simulation this second transformation may be unreachable due to time limitation.
This might be the case since the phase transition of MAPbI3 from the « (cubic, Pm3m) to
the [ (tetragonal, 14/mcm) phase is continuous. In that case, the Landau-Ginzburg theory
predicts a divergence of the space () and time (t;.) correlation functions related to the
order parameter of the phase transition.

To investigate further the changes occurring during the transformation, along with the
reduced supercell edge sizes we plot the correlation between neighboring molecular dipoles
and potential energy as a function of time (Figures 5b and 5¢). The time evolution of
the potential energy clearly evidences the transformation towards an average configuration
of lower energy after 40 ps. Concomitantly, the rotational dynamic behavior of the MA
molecules changes in character. While a relatively high dynamics is observed through the
autocorrelation functions of the MA molecules before the transformation, once the new
ordering takes place, the dynamics becomes substantially limited. The elongation of the
supercell observed for ¢ > 40 ps is accompanied by the asymmetrization of the (cos6,)
that becomes negative, indicating a majority of antiparallel pairs of MA molecules. This
is likely a consequence of coupling between rotations and translations, suggesting a mixed
order-disorder/displacive character of the phase transition.

A similar, but not exactly the same, structural ordering was observed recently by Deret-
zis et al.?0 and Quarti et al.’6. In both cases, constant volume conditions were used to
investigate the cubic and tetragonal phases of MAPbI3 on smaller model systems than in
our study. A strong coupling between the molecular orientation and lattice deformation is
observed in both cases. However, no antiparallel ordering of the molecular dipoles arises
during the simulation time. The reason has to be traced back to the restricted fluctuations
in the supercell volume, which are essential to allow for the deformations associated with the
full rotation of the MA molecules once the coupling to the lattice deformation has developed.

Besides, the existence of a tricritical point, initially discussed by Kawamura et al.” and
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recently investigated in details by Whitfield et al.®®, makes it difficult to capture pretran-
sitional fluctuations using ab-initio based MD due to limited computational resources. The
latter prevent to explore larger supercell dimensions and hinder extensive sampling of all

possible starting configurations.

3.4 Simulation of the tetragonal to cubic transition in M APbI;

In order to get a better picture and deeper understanding of the response of MAPDbI; to
different thermodynamic conditions, within our supercell model, we performed a series of
simulations starting from the tetragonal phase. Since the tetragonal phase is typically de-
scribed using a unit cell that is rotated by 45° around the c-axis with respect to the cubic
unit cell, the system has to be properly manipulated to match the overall orientation of the
simulations for the above-discussed cubic phase. The initial structure was slowly heated to
reach 300 K in a series of short runs. Then we performed long runs at 300 K, 320 K, 340
K, 360 K, 370 K, 385 K and 400 K in that sequential order. The behavior of the system
for temperatures up to 370 K is quite similar, and only shows a corresponding increase of
vibrations around the averaged structure.

The simulations at 385 K and 400 K were both started from the same initial structure
obtained from the trajectory at 370 K. For these two temperatures, the system transforms
from the original tetragonal structure to a cubic phase. At 385 K the cubic phase is very short
lived because the dipolar interaction between neighboring MA molecules starts to play a role
and drives the system away from the cubic phase as discussed in the previous section. For
the simulation at T = 400 K, once reached, the cubic phase remains stable at least up to 23
ps of the trajectory. The fluctuations emerging in the structure that result in the tetragonal
to cubic transformation can be followed along the trajectory of the simulation based on the
time evolution of the supercell edge dimensions (Figure 6a). Four zones are distinguished in
order to monitor the phase change through the orientational maps of the inorganic octahedra

(Figures 6b to 6e). In zone % the system shows the characteristic tilting of the tetragonal
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phase: along the z direction there are no tilting as the Pb-I-Pb bonds are not bent, and the
zig-zag bending in the zy plane translate to two spots in each one of the other two tilting
projections. In zone %z the fluctuations in the structure increase and crossings between the
main tilting attractors along x and y are observed while the concentrated spot in z gets
diffused into a larger area. In zone %222 where the three supercell dimensions start taking
similar values, the tilting along the three directions span over similar large areas and the
center of the plot (in z) starts to be vacated. The cubic phase is fully reached in zone v with
the three tilting cases displaying the same qualitative picture of four off centered spots.The
later is indicative of iodine displacements of large amplitudes and anharmonicity of optical
phonons. Once again, we stress that the Pm3m symmetry is reached only on average.

The statistics of the § parameter (Figure 2a), used to discuss the location of the I atoms,
shows an interesting behavior in the tetragonal phase as the system is heated. Figure 7
reports the probabilities P(d) for the different simulations performed between 300 and 400 K.
At the lowest temperatures, the pattern can be characterized by two peaks, one corresponding
to the Pb-I-Pb bonds along the z coordinate, and a second pattern involving the bonds in the
plane normal to z. As the temperature increases, the former peak decreases in importance in
favor of the later one. At 400 K the system reaches an average cubic phase in zone v, but one
that has a strong anharmonic component. Then, P(§) resembles more the previously studied
case at 370 K (Figure 3a) than the high temperature result. The reference cubic result at 450
K is included for reference. The evolution of the probability distribution is consistent with the
progressive transformation of the dynamics and occupation probability due to an underlying
double well potential for the iodine motion.?® At a critical temperature, a particular phonon
mode freezes completely so a static field of displacement of atom positions is induced within

the structure.
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MAPbI; Tetragonal to cubic phase transisiton

(a) Reduced supercell dimensions at 400 K

(c) Onset of tilting fluctuations

04
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Figure 6: (a) Time evolution of the MAPbI3 phase transformation at T=400 K from the
tetragonal to the cubic phase as monitored through the variation of the supercell dimensions.
(b) — (e) Variations of the corresponding Pblg octahedral tilting patterns represented for the
four different time zones highlighted in panel (a)

4 Conclusion

At high temperature, 450 K in our simulations, CsPbls, FAPbI3 and MAPbDI;3 reveal all three
a cubic structure if considering time averages taken over a lapse larger than a medium lifetime
t1.. For our 4x4 x4 supercells, t;. < 20 ps at 450 K. We speculate that a spacial average should

~

produce similar results whenever the supercell size is larger than the perovskite characteristic
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Figure 7: Probability for the I atoms to be located at distance ¢ from the Pb-Pb connecting
line. For T' < 400 K, the curves correspond to trajectories started from the tetragonal phase.
For the case at 400 K, P(d) was calculated for zone iv of Figure 6a. For the case at 450 K,
the curve is the one corresponding to the cubic phase and included here for reference.

size A\j.. As we do not reach that critical size with our simulation supercell, we can infer that
Aie > 4a, a being the lattice parameter of the cubic structure.

To capture the anharmonic motion of the iodine atom, the statistical behavior of §, the
distance from the I atom to the line connecting the two Pb atoms to which it is bonded, is
very valuable. At high temperature (T=450 K), the only system that undergoes a behav-
ior fully consistent with a harmonic pattern of oscillations is FAPbIs. In fact, CsPbls and
MAPDI3 display strong supercell fluctuations that are coupled to an anharmonic behavior
well reflected by P(d). This is consistent with early evidence of anharmonicity from exper-
iments on CsPbCls.?® These results should also be related to the tolerance factors of the
three structures as tosppr, < tavraper; < tr Apb[3.50 Indeed, it shows that due to the effective
reduced size of the Cs™ and MA™ cations, the flexibility of the inorganic framework is favored
at high temperature.

At an intermediate temperature (T=370 K), the behavior of FAPDbI3 begins to display
emergence of weak anharmonicity. Besides, cooling MAPDbI3 at the same temperature reveals
the importance of the dipolar interactions, which lead the transformation to a different

structure. Noteworthy, the phase reached by the system is not the expected tetragonal
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phase, but a local structure having antiparallel alignment of MA molecules, which presents
some similarities with the low temperature orthorhombic phase. These findings are consistent
with the short-range distortions experimentally evidenced in both the tetragonal and cubic
phases of MAPbBr;.%*

Further understanding of the tetragonal to cubic phase transition has been gained thanks
to additional simulations where the MAPDbI; structure has been heated starting from the
pristine tetragonal phase. At low temperature the probability P(d) reveals two different
peaks, corresponding respectively to Pb-I-Pb in-plane and out-of-plane bonds. Upon heating
both peaks merge into a single one, with progressive built-up of the instabilities leading to

an average cubic structure at 7' = 400 K.
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