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Abstract

The temperature evolution of vibrations of CH3NH3Pbls (MAPI) is studied by
combining first-principles and classical molecular dynamics and compared to available
experimental data. The work has a fundamental character showing that it is possible to
reproduce the key features of the vibrational spectrum by the simple physical quantities
included in the classical model, namely the ionic-dispersive hybrid interactions and the
mass difference between organic and inorganic components. The dynamics reveals a
sizable temperature evolution of the MAPI spectrum along with the orthorhombic-to-
tetragonal-to-cubic transformation and a strong dependence on molecular confinement
and order. The thermally-induced weakening of the H-I interactions and the anharmonic
mixing of modes give two vibrational peaks at 200-250 cm~! that are not present at zero
temperature and are expected to have detectable infrared activity. The infrared inactive
vibrational peak at ~140 cm-1 due to molecular spinning disappears abruptly at the
orthorhombic-to-tetragonal transition and forms a broad molecular band red-shifting
progressively with temperature. This trend is correlated to the reduced confinement of

the rotating cations due to thermal expansion of the lattice.
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The discovery of methylammonium lead tri-halide (MAPI)! as one of the best perform-
ing solution processable organic-inorganic materials for photovoltaics has attracted great
interest on the study of hybrid perovskites and their fundamental properties.*® The origin
of the excellent photovoltaic performances of MAPI has been searched in its optoelectronic
properties and in the nature of its excitations!® 4. The current understanding is that the
electronic levels of the organic MA cations are optically inactive and separated in energy
from the gap that is instead formed by large delocalized Pb,I orbitals;!® the result is a mate-
rial with hybrid composition that behaves as an inorganic PI-based semiconductor for what
concerns electron-hole excitations, optoelectronic and transport properties. 46

The role of organic cations and the hybrid nature of MAPI become manifest when con-
sidering its dynamical properties and the effect of temperature. It is well established that

59,15 and

the changes in molecular orientation induce distortions in the Pb-I orbitals overlap
indirectly affect the electronic gap, the effective mass tensor, the dielectric function and ab-
sorption coefficients.'® The interaction of the MA cations with the inorganic lattice has an
impact on the thermal conductivity,'” the electron-phonon coupling, and transport, ** recom-
bination!? and luminescence properties.'®2° Also the ferroelectric response of the material
depends on the ordering of cation dipoles?! and it is suppressed, even at low temperatures,
because of the molecular entropy that is peculiar of the hybrid nature of the material.??
Temperature is the key parameter that tunes the organic-inorganic interactions and the
MA dynamics. 2" Recently, molecular dynamics simulations?® have shown that at low tem-

perature the molecules are constrained in the orthorhombic crystal and harmonically vibrate

around local equilibrium configurations; as the temperature increases the organic cations pro-



gressively explore a larger set of configurations and, beyond the orthorhombic-to-tetragonal
transition (T=160 K), the temperature gives rise to a complex anharmonic dynamics with
fast reorientations.

Phonons and vibrations have great relevance in this context. Vibrational frequencies of
MAPI have been studied by infrared (IR),?*3! Raman spectroscopy,?33 nuclear magnetic
resonance?® and by neutron spectroscopy.?*2% From the theoretical point of view, first prin-
ciples methods have been applied.??343% The harmonic approximation was used to calculate
the vibrational density of states (VDOS) and infrared (IR) spectra of the tetragonal, or-
thorhombic3%3% and cubic phases.®® Ab initio molecular dynamics were used by Mosconi
et al.? to calculate the IR spectra of MAPI, though a few temperatures have been stud-
ied because of the computational cost of first-principles methods.?® Important information
can be extracted from the temperature dependence of the vibrational spectra; for example,
the evolution of the molecular peaks at 900-1000 cm~! gives insight into the orthorhombic-
tetragonal phase transition and the MA relaxation times.? The Raman and IR temperature
dependent bands observed in the tetragonal phase at 200-300 cm ™! could provide information
on molecular order®? or degradation phenomena.333%3¢ A comprehensive theoretical study
of the temperature evolution of MAPI vibrations beyond the harmonic approximations and
beyond the limit of ab initio approaches is necessary to clarify the atomic scale origin of the
vibrational peaks at finite temperatures.

In this Letter, we combine density functional calculations (DFT) and classical molecular
dynamics (MD) to study the temperature dependence of MAPI vibrations on a dense grid
of values and we correlate the vibrations with the thermodynamic evolution. The work has
a fundamental character showing that it is possible to qualitatively reproduce the vibra-
tional spectrum by the simple physical quantities included in the classical model. By MD we
are able to analyze relatively large systems without applying any constraint on the crystal
structure and its lattice parameters that are controlled by the finite-temperature dynam-

ics. We make use of the MYP potential, recently developed by Mattoni et al.?® that was



proved to reproduce the cation reorientations with temperature. We show that the ionic
nature of the organic-inorganic interactions and the mass difference between organic and
inorganic ions are able to explain the qualitative structure of phonon dispersion, the pro-
gressive separation in frequency between the organic-inorganic modes and the evolution of
the vibrational peaks with temperature. By projecting the VDOS on the different atomic
components we characterize the dynamical modes at finite temperature and correlate them
to the orthogonal-to-tetragonal phase transition. In particular, we unveil the presence of

two twisting modes at 200-300 cm™?

which, while vanishingly small at zero T, appear at
T=50 K. Those are precursive signals of the internal decoupling between MA and Pbl sub-
lattices, which is then fully accomplished at the ortho-tetra transition temperature. The
theoretical results are discussed against available experimental data.

In the hybrid MAPI crystal, the normal frequencies of the MA cations are affected by the
electrostatic potential of the embedding inorganic PI sublattice. This is shown in Figure 1
where the vibrational modes of the isolated MA molecule (column ¢) are compared with
the total VDOS of the orthorhombic MAPI crystal (column d). Normal frequencies and
modes were obtained by the static method (Supporting Information,SI) consisting in the
diagonalization of the dynamical matrix calculated through finite-differences under harmonic
approximation at zero temperature by the QUANTUM ESPRESSO code.®” The vibrational
spectrum of the isolated MA molecule has six roto-translations (R-T) at zero frequency.
The other internal modes consist of singlets or doublets corresponding to the C', molecular

symmetry (SI, Figure S3). The lowest one at 290 cm™*

is the twisting T, around C-N axis
(see inset); two breathings (i.e. rocking) are found at 879 cm~! (B;) and one C-N stretching
mode at 980 cm-1 (S;). The modes at higher frequencies are more localized, the highest ones
above 3000 cm ™! associated to the rocking and bending of the NH;z group. The full analysis
of the DFT and MYP methylammonium spectra can be found in the SI, Figures S3 and S5)
32,34,35

and is consistent with the data reported in literature.

The MAPI spectrum of the orthorhombic crystal calculated with the same static method
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Figure 1: Vibrational spectrum in the isolated MA cation (middle column, ¢) compared to
cubic (column b) and orthorhombic (column d) MAPI crystals. The corresponding phonon
dispersion curves are reported (columns a,e for cubic and orthorhombic, respectively).



is reported in panel d of Figure 1. It can be neatly separated in two regions: below 200 cm ™!

(shadowed regions) the direct coupling of MA and PI sublattice gives rise to mixed modes

spurring from the relative motions of molecules and octahedra formed by PI modes and

3435 (
6 roto-translations per molecule). Above this threshold, only flat molecular modes appear,
eventually energy-shifted or degeneracy-broken with respect to the single-molecule values by
the effective action of the surrounding Pbls potential.

For example, the free molecule twisting mode T,, at 290 cm~! splits into two doublets
blue shifted at 350 and 400 cm~t. At higher frequencies, as the modes become more localized
the effect of the crystal and the blue shift is smaller (for the By the blue shift is as small as
~ 20 cm™!).

In column e, we further report the phonon dispersion of the orthorhombic crystal (that is
extensively discussed below, see Figure 2).The absence of dispersion confirms the localization

of molecular levels above 300 cm™!.

Conversely, a sizable dispersion of molecular levels is
observed in the 100-200 cm™! vibrational band.

Notice that the phonon spectrum at T=0 K refers to a single, specific molecular con-
figuration, while it was shown that the low-T phase of this material is characterized by a
plethora of metastable structures with different MA orientations.'® The MAPI spectrum,
and in particular, the molecular band below 200 cm™! slightly changes depending on the
crystal structure and molecular order. For example, the cubic phase (panels a, b) exhibits
a shrinked molecular band because of the higher cubic symmetry. Furthermore, the spectra
of orthorhombic MAPI with alternative MA orientations (reported in SI, Figure S6) de-
pend on the actual configuration though the main features are unaltered. In this sense, our
T-dependent MD simulation (see below) is a much more adequate treatment of the atomic
vibrations than T=0 DFT results. In particular, MD is required to study the high-T phases
of MAPI (tetragonal and cubic) and it is free of imaginary frequencies (i.e. instabilities) oc-

curring for example in the study of the cubic phase at zero temperature. Furthermore, MD

is able to include anharmonic effects on the position and the height of the vibrational peaks



(e.g. phonon lifetime) at finite temperature (SI, Figure S8).

The tetragonal crystal is the most relevant for applications and will be analyzed by MD in
the T- range 180-300 K. Here we focus on the DFT static analysis of the orthorhombic phase
(Figure 2) since it is the equilibrium MAPI crystal at T=0 K; we report for completeness the
static analysis of tetragonal (by MYP) and cubic phase (by both MYP and ab initio) in the
SI, Figure S8. Different colors are used to highlight the contribution of organic and inorganic
components in Figure 2. A color palette, continously varying from yellow (organic) to steel-
blue (inorganic) is used to represent the calculated MA character (see SI, static calculation
of phonons). The phonon calculation in the orthorhombic phase is quite computationally
demanding and Gamma point is typically used.?30:32:3435 Here, we make use of a real space
finite difference approach making it possible to calculate large 2x2x2 systems of 384 atoms
(see SI, Figure S1). Notably, all the imaginary modes are removed (see SI, Figure S4 for a
comparison with the cubic phase).

The phonon analysis confirms that internal modes at 340 and 390 cm~! (T,,) already
attributed to twisting modes have in fact a strong molecular character (yellow) and vanish-
ingly small dispersion. The calculated eigenvectors (see Figure 2) confirm the twisting of the
molecules.

The vibrational band at low frequencies consists as expected of 72 modes ( 18 modes per
four formula units, consisting of 6 MA roto-translations plus 12 Pbl3 atomic displacements).
It can be separated into three regions: an inorganic band at low frequencies 0-70 cm™?;
a mixed organic-inorganic region at 70-120 cm™!; a molecular band at 120-180 cm™!. It is
possible to roughly identify six molecular peaks spanning over the mixed and molecular bands
at frequencies (in cm™'): 80 (R¢), 105 (T), 125 (Ry), 145 (S), 165 (R). The corresponding
molecular modes (calculated at the I" point) are reported in Figure 2. The letters R,S, T, T,
refer to rotation (i.e. libration), spinning, translations and twisting modes, respectively
(light blue/dark-blue is used for modes involving atoms of the methyl/ammonium groups,

respectively; black is used for translations). Furthermore, R¢ and Ry are used for rotational
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Figure 2: Vibrational density of states (left) and phonon dispersion (right) of the orthorhom-
bic MAPI crystal calculated by DFT; colors indicate the projection on the organic/inorganic
components (yellow /steel blue, respectively). Molecular peaks (orange) are labeled by let-
ters Re, T,Ry,S,Tow,R corresponding to rotations (R¢ and Ry refers to larger displacements
on methyl or ammonium, respectively), translations, spinning, twisting; the corresponding
representative modes are reported in the top insets where only two molecules of the unit cell
where represented for clarity; red cones are the atomic displacements and arrows®® represent
the type of molecular mode.



modes with larger displacements on the CH3 and NHj groups, respectively. The higher
frequency of Ry modes is consistent with the stronger I-NHj interactions. The peak at
140 cm™! (blue) corresponds to the spinning of the methylammonium cations around their
CN axis (S). This simple classification is still valid for phonons of tetragonal (SI, Figure
S8) or orthorhombic configurations with different molecular orientations (SI, Figure S7) and

adopted here instead of more detailed symmetry group analysis. 3
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Figure 3: Panels f: temperature evolution of the MA-projected vibrational density of states
of MAPI obtained by molecular dynamics; it is also reported the reference static spectra at
T=0 K of MAPI (panel b and d) and isolated MA (panel a and c) obtained by DFT and by
MYP, respectively; panel e is the dynamic MD result at T=10 K (orange and blue are MA
and PI projections, respectively).

It is also remarkable that the vibrational structure does not depend strongly on the
details of the MAPI electronic structure. In fact vibrational spectrum can be reproduced

qualitatively by the classical ionic MYP potential (see panel ¢ and d of Figure 3). Atomic
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forces were calculated by the DL_POLY code® (SI, atomic forces calculation). The MYP
model includes electrostatic and dispersive interactions in the spirit of models successfully

4041 and molecule-oxide*?*3 hybrid systems and it reproduces

applied to study polymer-oxide
qualitatively both the spectrum of the isolated MA (panel ¢) and the MAPI phonon dis-
persions (panel d) and their organic-inorganic projections, with continous vibrational band
at 0-200 cm ! followed by discrete molecular modes up to beyond 3000 cm~!. Similarly to
the DFT it is also observed the tendency of the MA normal frequencies to blue shift within
MAPI.

The quantitative agreement with DFT (panel b and d) has been obtained by rescaling
the width of the MYP band by a factor ~ 1.3 (SI, Figure S7). The agreement is remarkable,
considering that it includes parameters not directly optimized on the vibrational properties.
Moreover the MYP consists of classical 2-body electrostatic forces for the description of
hybrid and PI interactions.?® This also indicates that the vibrational features of MAPI are
mostly related to the ionic character (nominal charges) and the mass difference between light
organic and heavy inorganic components.

Having validated the MYP model, we apply it to study the evolution of vibrational
properties with temperature (see Figure 3). This is obtained by calculating the velocity
autocorrelation function during molecular dynamics (see SI, finite temperature dynamical
calculations). The reduced computational cost of the classical simulations makes large sys-
tems and long annealings affordable in a broad range of temperatures (0-350 K) without
applying any constraint on the crystal structures and volumes, only determined by the sim-
ulation temperature.

The result at 10 K is reported in panel e, Figure 3. Similarly to the static method it is
possible to disentangle in the VDOS the PI and MA contributions, the latter reported as a
function of temperature in panels f. As expected, at such low temperatures, the dynamic
methods (e) is close to the static harmonic approximation (d). There are slight differences:

the S peak at about 140 cm™! is higher due to the coalescence of the closest peaks; the
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molecular modes above w > 400 cm-1 are not activated at such low temperatures (an inset
with magnification is reported). In the range 10-50 K the R peak evolves towards higher
frequencies and the internal MA modes at w > 800 cm™! become visible. Notably, at T=50 K
a peak appears at 250 cm-1 (X) not present at all in the orthorhombic spectrum (d). From
50 to 150 K, while the crystal remains orthorhombic, a progressive decrease of S together
with an increase of R, X and T, peaks is found. In particular, the T,, doublets that are
separated at T=50 K evolve into a single structure as T approaches 180 K.

A sudden change in the VDOS is found from 150 K to 180 K, associated to the orthorhombic-
to-tetragonal thermodynamic transition. The rotational maps of MA cations are reported
for reference and show that MA cations modify dramatically their trajectories beyond the
transition.?® Below 160 K in the orthorhombic phase the molecules are strongly constrained
in presence of the PI lattice. At T>180 K, the PI lattice expands in the tetragonal phase
and the molecules undergo fast reorientations corresponding to a quasi-uniform distribution
of molecular directions in the spherical map. At the transition, the S peak disappears and
gives rise to a broad shoulder involving T and Ry ; this evolution is consistent with the spin-
ning character of the S mode that is lost as soon as the molecules are not constrained and
can change directions in the expanded tetragonal lattice. Conversely, the R¢ peak survives
after the transition but it progressively redshifts with temperature. This is consistent with
the rotational character of R¢ mode and the reduced confinement of the molecules with the
thermal expansion.

To further clarify the physical interpretation of the peaks and their evolution, we report
in Figure 4 the cases T=10 K, 50 K and 300 K corresponding to the three possible regimes
described above. In addition to the usual MA projections we also report the projections on
PI, H, C and N. Light-blue refers to atoms of the methyl group (H¢, or C); dark-blue to the
ammonium group (Hy,N). Also the the total VDOS (red) and PI projections are given for
comparison.

By Fourier transforming the velocities we are also able to analyze the modes during the

12
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Figure 4: Projected density of states on PI (inorganic), MAPI (total), MA (organic), and
H,C N atoms; light blue refers to H,C of CHjs ; dark blue refers to H,N of NHs; top panels
report the calculated IR spectra (lines) calculated with fixed charges (see SI, finite temper-

ature dynamical calculation) and experimental spectroscopic data®® (circles); inset of right
32

panel: Raman measurements of the tetragonal phase.

13



dynamics and we report the relevant ones as stick&balls insets at the corresponding peaks;
one or two molecules have been selected in each case from the 256 molecules (see SI, Figure
S2). At T=10 K the analysis agrees with the zero temperature harmonic approximation
(left panel of Figure 4). By considering the H and CN projections, and moving from low
to high frequency, it is found that: the R¢ peak has C character, the translations T have a
mixed CN character, the S spinning mode projects mainly on hydrogens with predominance
of methyl group, the R peak has a roto-translation character with large N projection (see
inset), the twisting T, close to 400 cm-1 involves hydrogens, with largre contributions from
the ammonium.

The same qualitative decomposition is found at T=50 K and T= 300 K, as shown by
the fact that the light-blue curves are always shifted to lower frequencies. In particular at
T=50 K (middle panel) the analysis clarifies that: the S reduction and broadening are due
to the mixing with modes at different frequencies (see the two molecules in the inset at S
peak); the blue shift of the R mode corresponds to a larger N projection and a reduced
spinning character; the T, twisting modes start mixing with breathings (see the two peaks
above 350 cm-1). Important, the new X mode at 250 cm-1 (corresponding to the twisting of
the free MA and consistent with a peak in the cubic phase of Figure 1) is not a pure twist
but mixed with breathings on He and Hy. The appearance of the X mode can be explained
in terms of thermally activated weakening of H-I interactions; at T<10 K the H-I interaction
gives an additional torque to the molecule twist that blue shifts it from 300 cm-1 of the
isolated cation to 350-400 cm-1 (left panel of Figure 4); at higher temperatures the internal
vibrations overcome the H-I constraints and the peak at 250 cm-1 appears. The fact that
the mode is mixed with breathings can be inferred from the larger C projections (at variance
with T,,). The X mode persists at 300 K and becomes a rocking mode (see inset).

The above evolution concerns the phonons and vibrational density of states. For com-
pleteness, we calculate the infrared spectrum (top panel) by using fixed atomic charges (see

SI, finite temperature dynamical calculations). The IR spectrum follows the evolution of
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the vibrational spectra, however because of its As symmetry, the S mode is inactive, consis-
tent with previous findings.?> Conversely, the R mode is expected to have optical activity
with a contribution around 200 cm-1. The temperature evolution of the MAPI vibrations
in the low frequency range (below 100 cm™!) has been recently characterized by Terahertz
Time-Domain Spectroscopy.?* The spectrum of MAPI at low temperature shows a peak at
40-60 cm~! in agreement with previous experimental findings30:32:3435 that is reproduced
by our calculations (see top panels); at increasing temperature the peak slightly blue-shifts
forming at 300 K a shoulder above 60-70 cm ™! (symbols of top right panel?). This trend is
reproduced by the simulated phonons and IR spectrum (see also SI, Figure S9). Concern-
ing the vibrational spectra at higher frequencies (w > 100 cm™'), the calculated R and X

molecular peaks can be compared with similar features in Raman 32

(inset in right panel of
Figure 4) and IR measurements.3® However, we notice that such features are also affected by
degradation during measurements3? making difficult a conclusive attribution based on the
experimental data available in literature.

In conclusion, the present analysis clarifies the phonons and the temperature evolution
of MAPI vibrations and makes it possible to attribute the molecular modes by including
anharmonic effects associated to the finite temperature. It is found a clear correlation of the
low energy S peak at around 140 cm~! with the orthorhombic-to-tetragonal transition, while

mixed twisting and breathings modes in the 200-300 cm ™! can be attributed the weaker H-I

bonding and show sizable evolution even at lower temperature in the orthorhombic phase.
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Static calculation of phonons

e The vibrational properties of the isolated MA cation (+1 charge state) are obtained

_1 1
by the diagonalization of the dynamical matrix D;; = M, * b hp ?, obtained through

dx

= ﬁFZ(I + 60;) — F(z — 6;)). The calculations have

finite difference method (%
)
been performed by using a in-house developed code that can be interfaced with both

QUANTUM ESPRESSO! and DL._ POLY 4.0.2 code.?

e For periodic crystals, the Fourier transform of the dynamical matrix

1 _1dFt 1.
Dk/ - M. 2 bM< 3 ik(Ro—Ry)
w =y, 2 M M e

is required , where b, i label the atoms of the unit cell and R; the Bravais vector of the
[—th replica, (I running over N, units forming the system). For the orthorhombic MAPI
crystal a good approximation is |{| < 2. This is shown in the second row of Figure S1
reporting the phonon dispersion of MAPI crystal (orthorhombic P0) calculated as a
function of the number of replicas along the cartesian directions (in the rangelx1x1 up
to 4x4x4 unit cells). The result does not change sizably for systems larger than 2x2x2.
Accordingly the 2x2x2 MAPI crystal (48 x8=384 atoms) is used for the DFT calculation
of the dynamical matrix. The computational workload is high (about 50000 CPU
hours) but consisting of 144x6 independent self-consistent calculations (embarassingly
parallel). Previous works made use of single cell calculations at I" point by perturbation

theory methods.?*

e The molecular character of a mode v(k) (k in the first B.Z. of the lattice) of atomic

components ¢, (k) (i = 1,3N) is defined as x,() = X ¢ ar |¢,(k)|? where i runs over the

subset M of atoms forming the molecules. If the mode is normalized then 0 < x4y < 1.
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Figure S1: Phonon dispersion curves calculated by DFT (blue) and MYP (red) by using
different number of replica in the dynamical matrix calculation and considering orthorhombic
(PO, QO) and cubic crystals. The result of Brivio et al.? is reported for comparison.

Atomic forces calculations

e First principles interatomic forces necessary to calculate the dynamical matrix have
been calculated by using the QUANTUM ESPRESSO! package. Planewaves basis
sets have been used with kinetic energy cutoff equal to 35 rydberg and 250 rydberg
for wavefunctions and density, respectively. The Brillouin zone was sampled by a
4x4x4 Monkhorst-Pack grid. The atomic positions are optimized with force conver-

gence threshold as small as 1074 rydberg/bohr = 0.0025 eV /angstrom.

e Different orthorhombic configurations have been considered in this work (labeled as
PO, QO0, Q0’) in order to calculate of the vibrational density of states and phonon

dispersion.

The PO configuration is available as supporting material of the work by Filippetti et
al.® and it corresponds to one of the quasi-isoenergetic molecular configurations of the

orthorhombic crystal;
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the QO structure was obtained by starting from the PO configuration followed by suit-
able C-N switching to compensate molecular diples according to a Pnma-like configu-

ration.

Finally, the orthorhombic Q0 configuration (that is discussed below when comparing
DFT and MYP) was obtained by a further volume relaxation and a triclinic metric
tensor optimization. In the DFT calculations, the experimental values of lattice param-
eters (a—8.8362, b=8.555 and ¢=12.5804) were used for the PO and QO configurations.
As for the MYP calculations the QO corresponds to the minimum energy configuration
obtained after a long annealing at 50 K and relaxed to zero temperature (both atomic
positions and metric tensor). The PO configuration is obtained from the DFT-relaxed

PO structure, followed by a a T=0 K local relaxation by the MYP interatomic forces.

Finite temperature dynamical calculations

e Finite temperature MD calculations have been performed by the DL POLY code?
with the same computational setup and model potential parameters described in Ref
6. Simulation cells contained 4x4x4 orthorhombic crystals with 3072 atoms and were

annealed for at least 0.3 ns.

e The vibrational densities of states at finite temperature have been obtained by the
mass weighted velocity auto-correlation function vac(t) = [ dt’ >;—; 3y mav;(t')vi(t' +1)
upon Fourier transformation p(w) = [ dt vac(t)/vac(0)e=™** (t, is the simulation
time). Projections were obtained by summing over the corresponding subgroups of

atoms (MA,PI,C,H,N) in the calculation of the vac(t) auto-correlation function.

e The vibrational modes have been obtained by Fourier transforming the mass-weighted
1 ,

velocities u;(w) = [ dt m2v;(t)e”™* and represented by arrows on the atoms of refer-

ence equilibrium configuration. Among the 256 molecules of the simulated crystals,

the most relevant modes were selected by visual inspection. An example is reported in
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Figure S2 where the ~ 145 cm™! modes of a subset of eight molecules are represented
at two different temperatures. Energy and volume fluctuations at finite temperature

make it possible the mixing of zero temperature normal modes.

e Infrared spectra ir(w) were obtained by Fourier transforming the current autocorrela-
tion function jac(t) = [ dt' Y i—ysn ¢ivi(t') qivi(t' +t) with the fixed atomic charges ¢;
of the MYP potential. For a better comparison with the experiments it is necessary to
reduce the polarity of the ammonium group (while keeping the total molecular charge
at the value 1.36). In the present analysis it were used ¢y = 0.34 and gy = —0.5
instead of the original MYP values 0.54 and —1.1, respectively. The other charges can

be found in Ref. 6. All charges are expressed in units of electronic charge.

w~145 cm”

3 7;};# Ay
¥ 13l i

o i \y\&} é;(i ??n&%ﬁ %p

=5k T=50 K

X
sé;
+
o8

Figure S2: Examples of MA spectral modes calculated during the dynamics at T=5 K and
T=50 K

Vibrational spectrum of isolated MA cation by DFT

In this section we report the extensive DFT analysis of the methylammonium. The vibra-
tional spectrum of the MA cation in +1 charge state is reported in Figure S3. The 24
vibrational degrees of freedom of the methylammonium (MA) molecule (8 atoms, 3 carte-

sian coordinates) give 18 normal modes with frequencies in the range 292 cm™! - 3374 cm ™,
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and six zero energy modes (rigid shifts and rotations, including the spinning around the CN
axis). The DFT calculated frequencies (see Figure S3) are in agreement with data reported
in literature.>™® Only singlets or doubly degenerate modes are possible (see circles in Fig-
ure S3) consistent with the representations A;, As, or E of the C3, symmetry group of the
molecule, respectively.? The lowest non-zero frequency mode of the molecule at 290 cm-1 is
the A, twisting around C-N axis (with C'Hs and N Hj rotating in opposite direction); two
breathings (E) are found at 879 cm™!; the CN stretching mode (4;) is at 980 cm™!. The
modes at higher frequencies (A; singlets and E doublets) correspond to more localized modes

with highest ones associated to the distortions and stretching of the stiffer NH3 group.

Vibrational spectrum of cubic-MAPI crystals by DFT and cubic-to-orthorhombic

instabilities

A comparison between the cubic and orthorhombic phonon dispersion curves is reported in
Figure S4. The cubic phase is not the fundamental crystal structure at low temperature
and it is simulated by imposing the cubic symmetry during the calculations. By performing
molecular dynamics simulations of a large cubic crystal at low temperature it is found that
the PI octahedra spontaneously give rise to distortions and the system undergoes a transition
to the orthorhombic phase. This is the explanation of the negative frequencies observed at
M and R point of the reciprocal space in the cubic phonon dispersion. Negative frequen-
cies correspond to directions of structural instabilities (the configuration is not a minimum
but a saddle point of the configurational energy). The corresponding atomic displacements
are reported in the insets (panel b), clearly showing octahedra rotations in the directions
perpendicular to the corresponding reciprocal vector (ks or kr). For example, at the recip-
rocal point M=(0.5,0.5,0) (in units of i—’;, i =1,2,3) the imaginary mode is an infinitesimal
rotation orthoghonal to the (1,1,0) direction (see small arrows on I atoms). Being kjs at
imm

the Brillouin boundary a phase factor e appears (m integer number counting the cell of

the lattice). The mode consists of rotations with opposite signs that drive the system from

ST



Figure S4: Vibrational dispersion curves for the cubic phase showing negative frequencies at
R and M points for both MD and DFT. The corresponding modes are instabilities associated
to octahedra rotations of the cubic-orthorhombic phase transformation.
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the cubic (¢ scheme) to the orthorhombic (d scheme) phase. Similar analysis is possible for
the R point, along the (1,1,1) direction. Notably, the imaginary modes and the structural
instabilities are not found in the phonon dispersion of the orthorhombic phase, demonstrat-
ing that the orthorhomibic phase is a proper minimum of the configurational energy of the

material.

Classical model potential (MYP) versus ab initio DFT calculations

e The comparison between the vibrational spectrum of isolated MA cation calculated by
DFT and MYP potential is reported in Figure S5. It is found an overall qualitative
agreement for what concerns the energy order and the type and symmetry of the normal
modes. The energy ordering of CN stretching mode and By doublet is exchanged in
DFT and MYP. The largest differences between MYP and DFT are found for the CHg
and NHj stretching modes at high frequencies that are overestimanted in the MYP
case. The agreement is acceptable considering the simplicity of the classical force

field %1 that does not include polarizability effects.

e The comparison between the spectrum of the isolated MA and the MAPI crystal (cubic
and orthorhombic) is reported in Figure S6, where both DFT (blue) and MYP (red)
results are reported. The zero frequency roto-translations of the free MA are raised in
the MAPI crystal, giving rise to a band at 100-200 cm™! represented by the dashed

regions in the VDOS.

e The MAPI spectrum and in particular the molecular 70-200 cm™! band are dependent
on the actual structure and molecular configurations. For example, in column b we
report the case of cubic MAPI crystal, with its phonon dispersion (panel a) in good
agreement with previous results based on DFT perturbation theory.? The width of the

molecular band in the cubic MAPI (dashed region) is sizably reduced because of the
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higher symmetry of the molecular distribution. Furthermore, a molecular level close to
the twisting of the isolated MA cation appears. This latter is explained as a reduction

of the molecular confinement.

Concerning the effect of the molecular pattern we have further calculated the VDOS
and the vibrational dispersion of PO orthorhombic structure (panels d and b’) for

comparison with QO one (compare d and f for DFT and a’ a” for MYP)..

The results calculated on different orthorhombic structures (PO and QO) shows the
same qualitative VDOS but sizable differences in the detailed positions of the peaks
(see d and f for DFT and a’ and a” for MYP). We conclude that the result at T=0
K are an important reference but they are not fully representative of the system even
at low temperature where several minima are explored. Also the impact of the DFT
computational details? are a minor effect with respect to the structure and to the
molecular ordering. A more accurate comparison between MYP and DFT is given in

Figure S7.

The vibrational peaks at T=0K of the DFT vibrational density of states (in cm™") are:
R at 160, 164, 170; S at 145.5; Ry at 126; T at 102, R¢ at 72.9; T, 399, 341; B; at
881, Sy at 1018; By at 1220, 1357, 1401

Orthorhombic-MAPI phonons: DFT versus rescaled MYP

The model potential has been fit on properties different from vibrational modes® and
so the accuracy of the model can only be checked a posteriori by comparing ab initio
and MYP results. The MYP potential reproduces the same vibrational structure of
ab initio but it tends to blueshift the crystal frequencies by about 30% indicating
stiffer interactions K (K/M  w?). The rescaling is a practical way to extract more
quantitative results from the classical model. The fact that the rescaling factor is

larger than one means that the classical model tends to overestimate the energy cost
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during ionic displacement and this can be explained by the use of fixed charge models
in which the charge cannot redistribute so giving a smaller polarizability. In order to
get a more quantitative prediction it would be necessary to refine the MYP potential
(by a refitting procedure that includes the dispersion curves, possibly making use of
more complex functional forms such as bond order or shell models). This is beyond the
limit of the present investigation. Here, we identify as practical solution for a better
quantitative comparison with DFT to rescale the MYP spectrum below 600 cm™! by

a factor 1.27 that gives the best agreement between MYP and DFT (see Figure S7).

The MYP spectra have similar peaks to the DFT: S at 145.5; Ry at 126; T at 102. The
Ry peak is smaller in the QO structure. In the MYP cases the Ry peak is broadened,
particularly in the QO structure; furthermore the R region is characterized by a larger

PI contribution.

The additional peaks in the VDOS at finite temperature are: R 170, X 250, T',,~330,360,
S, 890, B; 975, By 1140-1160 cm™*

MYP PO MYP QO DFT Qo
250

Figure S7: Phonon dispersion of the orthorhombic MAPI crystal (QO0) calculated by DFT
(right panel) and by MYP classical potential (middle panel); a crystal structure with an
alternative molecular pattern, PO, is reported in left panel for comparison. Upon shrinking
the vibrational frequencies by 27%, a qualitative correspondence between DFT and MYP is
found.
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Cubic-, tetragonal- and orthorhombic-MAPI phonons by MYP: static versus

dynamic results

In the right panels of Figure S8 we report the phonon dispersion curves of the cubic, tetrag-
onal and orthorhombic-MAPI crystals calculated by the MYP potential. We focus here on
the QO configuration (with anti-aligned molecules). The low vibrational bands have been
rescaled as discussed in the previous sections. For the tetragonal phase we used the 10 con-
figuration at the experimental lattice parameters described in a previous work.!! By moving
from the Ortho- to cubic- phase we can observe a progressive lowering of the bands and
imaginary frequencies are found associated to favorable internal and cell distortions. We
stress that the cubic and tetragonal phases are properly stable only at finite temperature.
In fact they are minima of the free energy (not necessarily of the internal energy) and rep-
resent the thermodynamic average over a large set of instantaneous configurations of lower
symmetry. The molecular levels tend to red-shift as a result of the volume expansion and
the reduced hybrid interactions. In other words the actual position of the molecular level is
very sensitive to the local relaxation and it can be properly described only dynamically. This
is very clear by comparing the static and dynamic VDOS. By comparing the corresponding
crystal structure we conclude that there are sizable differences in the position of the peaks,
for example the R one. Furthermore the height and width of the peaks provide information

about the phonon lifetime and anharmonic effects.

Comparison with experimental data

In Figure S9 we report in more detail (with respect to the main text) the IR calculated spectra
at T=10 K (bottom), T=50 K (middle) and T=300 K (top) and compare the evolution of
the main peak at 50-60 cm ™! with the results on vibrational properties based on Terahertz

Time-Domain Spectroscopy!? at T= 20 K (bottom) and T=300 K (top).
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