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The exceptional optoelectronic properties of metal halide perovskites (MHPs) are presumed to

arise, at least in part, from the peculiar interplay between the inorganic metal-halide sublattice and
the atomic or molecular cations enclosed in the cage voids. The latter can exhibit a roto-translative
dynamics, which is shown here to be at the origin of the structural behavior of MHPs as a function

of temperature, pressure and composition. The application of high hydrostatic pressure allows for
unraveling the nature of the interaction between both sublattices, characterized by the simultaneous
action of hydrogen bonding and steric hindrance. In particular, we find that under the conditions

of unleashed cation dynamics, the key factor that determines the structural stability of MHPs is

the repulsive steric interaction rather than hydrogen bonding. Taking as example the results from
pressure and temperature-dependent photoluminescence and Raman experiments on MAPbBr; but
also considering the pertinent MHP literature, we provide a general picture about the relationship
between the crystal structure and the presence or absence of cationic dynamic disorder. The reason
for the structural sequences observed in MHPs with increasing temperature, pressure, A-site cation
size or decreasing halide ionic radius is found principally in the strengthening of the dynamic steric
interaction with the increase of the dynamic disorder. In this way, we have deepened our fundamental
understanding of MHPs; knowledge that could be coined to improve performance in future
optoelectronic devices based on this promising class of semiconductors.

Metal halide perovskites (MHPs) are nowadays the focus of intense fundamental as well as applied research
mainly for their exceptional photovoltaic properties that have catapulted solar cell efficiencies to values in excess
of 25%' but using low-cost, solution-processing methods. MHPs with general formula ABX3, being B a metal
(Pb or Sn) and X a halogen atom (Cl, Br, I), are characterized by a labile inorganic cage of corner-sharing
BXs octahedrons, enclosing the loosely bound atomic or molecular A-site cations in their voids. According
to Goldschmidt’s tolerance-factor criterium? the A-site cations fitting in the inorganic cage voids are Cs and
organic molecules such as methylammonium (MA) or formamidinium (FA). Because the A-site cations are
only loosely bound to the inorganic cage by electrostatic forces, they are able to freely move (translate, rotate
and librate) inside the cage voids. It is an experimentally and theoretically well-established fact that in cubic
and tetragonal phases of MHPs, such dynamics is fully or partially (in-plane) unfolded, respectively, whereas in
less symmetric orthorhombic phases the A-site cations are locked in certain positions and orientations inside
the voids®. For example, experimentally the MA and/or FA dynamics has been directly assessed by ultra-fast
vibrational spectroscopy*® or indirectly inferred from the analysis of the atomic displacement parameter in
neutron scattering®” and X-ray diffraction experiments®. In the case of the MA™ ions in pure lead halide per-
ovskites, the dynamics consists essentially of a fast (ca. 0.3 ps) wobbling-in-a-cone motion and much slower,
jump-like reorientation rotations of the molecules by 90°°. The latter, which are the main cause of dynamic
disorder, exhibit characteristic jump times ranging from 1 to 3 ps, depending on the halide atom. However, in
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mixed-halide compounds, these times can be as long as 15 ps®. Theoretically, the A-site cation dynamics has been
well accounted for within molecular-dynamics calculations®'!. Using a diffusive model'?, ab-initio molecular
dynamics simulations yield for MAPbBr3 at 300 K!! a relaxation time of ca. 340 ps for the fast motion and about
2 ps for the jump-like rotations, in excellent agreement with the experiment. This dynamics has direct impact
on one of the distinctive features of MHPs, namely the interplay between the inorganic network and the atomic
or molecular cations enclosed in the cage voids, determining, at least in part, the outstanding optoelectronic
properties of these semiconductor materials.

The interplay between the inorganic metal-halide sublattice and the network of A-site cations picks up con-
tributions from two interactions with different origin and acting at different length scales: Hydrogen bonding
and steric effects. Hydrogen bonding results from the electrostatic interaction between the hydrogen atoms
of the organic cations and the negatively charged halide anions. In the case of the Cs™ cations, H bonding is
replaced by the bare electrostatic anion-cation attraction. In contrast, steric effects corresponds to non-bonding
dipole-dipole interactions between molecules and/or atoms, which are well described by a Lennard-Jones poten-
tial. At large distances steric effects correspond to the weak van der Waals attraction that is much weaker than
electrostatic interactions, being thus negligible against H bonding. However, at short distances the repulsion
between the electronic clouds of neighboring atoms or molecules comes into play and the steric interaction
becomes strongly repulsive. In the case of MHPs, steric effects are intimately related to the movement of the
A-site cations inside the cage voids, which provides the necessary kinetic energy to bring cations and anions suf-
ficiently close together. Hence, at the risk of being redundant, the steric repulsion will be hereafter called dynamic
steric interaction (DSI). H bonding is ubiquitous in hybrid halide perovskites and has been repeatedly invoked
to explain the structural phase behavior of MA lead halides as a function of temperature'** and pressure!*!°.
Apart from contributing to the structural stability of the low-temperature orthorhombic phases of MHPs, first-
principle calculations have shown that H bonding is instrumental for the tilting of the PbX¢ octahedrons'®’.
Furthermore, molecular dynamics simulations have highlighted the role that H bonding plays at the one-to-one
connection between octahedral tilting and local structural deformations with the roto-translational dynamics of
the molecular cations®™*'. This is the origin of the dynamic disorder caused by unleashed A-site cation dynam-
ics. Curiously, besides for its consideration to explain phase stability in inorganic MHPs!¢, the dynamic steric
interaction has been widely ignored in the literature. Yet, here we will show that DSI is crucial for a final under-
standing of the structural phase sequences observed in MHPs as a function of pressure and halide composition.

For MHPs Raman scattering turns out to be a very powerful technique, since it grants easy access and without
experimental complications to the degree of dynamic disorder present in the sample for given temperature and
pressure conditions. In previous temperature-dependent experiments on the three MA lead halides, we found
evidence of the coupling mentioned before between the vibrations of the anionic network PbX3 (X = I, Br, Cl)
and the MA cations in the Raman scattering signature’®". As a consequence of the steric interaction between the
MA molecules and the halogen atoms of the inorganic cage and due to dynamic disorder, the vibrational modes
of the cage exhibit a wide statistical distribution of frequencies, which in turn leads to a strong inhomogeneous
broadening of the Raman peaks. In contrast, in the low-temperature orthorhombic phase, when the organic
cations are locked and ordered inside the cage voids, becoming well oriented along high-symmetry directions of
the perovskite crystal, dynamic disorder just disappears. The result is a pronounced reduction of the linewidths
of the Raman peaks, which is readily observed in low-temperature Raman spectra'>!8-2, Interestingly, a similar
locking effect of the MA cations and the concomitant reduction in linewidth of the inorganic cage phonons can
be induced at room temperature through the application of high hydrostatic pressure!®*!. Here we make explicit
use of this spectroscopic tool to monitor the appearance or disappearance of structural disorder as a function of
pressure and temperature in relation to the A-site cation dynamics.

In this work, we present a systematic study of the structural phase behavior of high-quality MAPbBr3; single
crystals as a function of temperature in the range 80-320 K and ambient pressure as well as a function of pressure
up to ca. 7 GPa at room temperature. This has been accomplished by monitoring the temperature and pressure-
induced changes in the fundamental band gap and vibrational spectrum of MAPbBr3, as observed in PL and
Raman experiments, respectively, following the procedure reported elsewhere?*2. By combining the results
obtained here for MAPbBr3 with data from the available literature on temperature and/or pressure-dependent
studies for MAPbI36,8,19,21,23—31, MAPbBr311,13—15,19,23—25,28,31—34, MAPbc1319,23—25,35) FAPbI336, FAPbBI'333’37, FAx
MA;_,PbI3?>383° CsPbls*’, CsPbBrs*, and the data from two recent reviews*"*?, we were able to conceive a
general picture about the relationship between crystal structure and dynamic disorder in MHPs. One particularly
important finding is that at the temperatures for unfolded A-site cation dynamics, the structural stability of the
crystalline phases observed for increasing pressure, A-site cation size or decreasing halogen atomic radius can
only be understood in terms of a strengthening of the DSI, rather than due to H-bonding effects. Moreover, we
offer an explanation for the spread in the reported onsets of pressure-induced amorphization, i.e. static disor-
der, based on the amounts of vacancies present in each particular sample. We note that we have intentionally
excluded the results on thin films and nanocrystals from the discussion to avoid complications due to effects
on structural behavior of grain boundaries, interfaces, surfaces, and/or confinement, making the underlying
physics difficult to understand.

Results

Temperature and pressure-dependent photoluminescence (PL) spectra. Figure 1a shows the
evolution with temperature of the PL spectra of a MAPbBr3 high-quality single crystal in the range from 310 to
80 K. All spectra were normalized to their absolute maximum intensity and vertically offset to ease their com-
parison. The different colors correspond to the temperature ranges of stability of the different crystalline phases
of MAPDbBr3, as indicated. According to X-ray diffraction results'>?**, starting at ambient, the phase sequence
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Figure 1. (a) PL spectra of a MAPDbBr3; single crystal recorded at different temperatures using the green laser
line (514.5 nm) for excitation. The spectra were normalized to their maximum intensity and plotted with a
vertical shift for clarity. The temperature range is indicated (temperature step ca. 5 K). The different colors
represent the different structural phases adopted as a function of temperature (cubic: Pm3m, Tetra.: 14/mcm,
Ortho.: Pnma). (b) The maximum PL peak energy position plotted as a function of temperature, obtained
from the PL lineshape fits to the spectra shown in (a), using a cross-product function (Eq. (1) of Supporting
Information). Dashed lines indicate the phase transition temperatures.

for decreasing temperature is ¢-cubic — S-tetragonal-I — y-tetragonal-II — §-orthorhombic. The y phase is
not indicated in Fig. 1a because we missed it in our experiments, since it has a very narrow stability range of 5
K. At all temperatures a single peak dominates the PL spectra of MAPbBr3, corresponding to the free-exciton
emission®>*’. With decreasing temperature the exciton peak exhibits a monotonous redshift of its energy, except
for the sudden jumps at the phase transitions, and a clear decrease in linewidth. In view of the relatively small
binding energy of ca. 15 meV*, the redshift can be taken as representative of the temperature dependence of the
fundamental band gap. The linewidth reduction, in turn, is indicative of a homogeneously broadened emission
peak, which means it is lifetime limited. In high quality crystals, non-radiative exciton decay is mainly associated
to the scattering by phonons, thus, being strongly temperature dependent. At low temperatures below ca. 110 K,
several peaks become apparent at the low-energy side of the main exciton peak (see Fig. 1a), which are ascribed
to emission from bound (acceptor/donor) exciton complexes, as reported elsewhere®.

To analyze the PL spectra of the hybrid perovskites we used a Gaussian-Lorentzian cross-product function
for describing the main emission peak, as successfully employed for the analysis of the PL spectra of MAPbI;3
2'and MA/FA mixed crystals®?. The expression for the cross-product function is given in the Supporting Infor-
mation. It contains three adjustable parameters: The amplitude prefactor A, the peak energy position Ey, and
the full width at half maximum (FWHM) I. This function is a useful simplification of a Voigt function, which
corresponds to the mathematical convolution of a Lorentzian and a Gaussian. There is an additional lineshape
parameter which takes the values s = 0 for pure Gaussian and s = 1 for pure Lorentzian. For MAPbBr; the
exciton emission lineshape turned out mainly Gaussian with little Lorentzian admixture. The values of the peak
energy Ey are plotted as a function of temperature in Fig. 1b (the PL linewidths and intensities are shown in
Fig. S1 of the Supporting Information). As mentioned above, we consider the shift of the PL peak energy Ej with
temperature representative of the temperature change of the gap. The linear increase of the gap with increasing
temperature observed for the cubic and tetragonal phases is a common trend of MHPs, which was explained as
due to two equally-contributing effects, namely thermal expansion and enhanced electron-phonon interaction®.
Furthermore, the temperatures at which the jumps in the gap energy occur are in excellent agreement with the
phase transition temperatures from X-ray data (dashed lines in Fig. 1b). At the phase transitions, the gap always
increases for the phase with lower symmetry. This is due to the sudden increment in the overall octahedral tilting
of the PbBrg octahedrons, which leads to a strong reduction of the Pb-Br-Pb bond angle, reducing the overlap
between valence Pb and Br orbitals and increasing the bandgap®**'.

Figure 2a shows representative PL spectra of MAPbBr3; measured at different pressures up to about 6.5 GPa.
Spectra were again normalized to its absolute maximum intensity and vertically offset to ease their comparison.
The main PL peak exhibits abrupt changes in the position of its maximum, which are indicative of the occur-
rence of three phase transitions in the pressure range of the experiment. This can be better appreciated in Fig. 2b,
where the values of the peak energy Ej are plotted as a function of pressure. Different colors correspond to the
four observed phases and vertical dashed lines (except for the first one) mark the corresponding phase transi-
tion pressures. We note that at the very beginning solely of the first pressure upstroke, a sudden redshift of the
PL emission, i.e. of Ey, is observed to occur in the range from 0 to ~ 0.25 GPa. As shown below, this effect is
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Figure 2. (a) PL spectra of MAPbBr3; obtained for incremental steps of pressure up to about 6.5 GPa using

the 405-nm laser line for excitation. The spectra were normalized to their maximum intensity and plotted

with a vertical shift for increasing pressure. The different colors indicate the subsequent phases adopted by the
material during the pressure upstroke (cubic I: Pm3m, cubic II: Im3, Ortho. I: Pnma, Ortho. II: unknown). (b)
The PL peak energy Ej plotted as a function of pressure, obtained from the PL lineshape fits using Eq. (1) of the
Supporting Information. The pressures at which the phase transitions occur are indicated by vertical dashed
lines. See text for details.

accompanied by changes in the linewidth of the Raman peaks. Since this happens only once, we believe it is not
related to a phase transition. We speculate that this behavior might arise from an initial strain relaxation the first
time the sample is pressurized in the diamond anvil cell (DAC). Such a strain could have been introduced by the
way the small chips to be loaded into the DAC are produced (see ‘Methods” section).

Within the cubic-I (Pm3m) phase, stable from ambient conditions, the PL spectra exhibit a clear redshift
and the gap energy of MAPbBr3 displays a negative linear dependence on pressure. A linear regression to the
data points yields a pressure coefficient of (—54 & 5) meV/GPa, which is very similar to that of other counter-
parts like MAPbI3* and MAPbCl5*® (for comparison see the survey of pressure coefficients of MHPs published
in Ref.%). As previously argued for MAPbI3?!, such a negative pressure dependence of the gap can be readily
explained using the well-established systematic about the pressure coeflicients of conventional semiconductors*’
and accounting for the bonding/antibonding and atomic orbital character of the valence and conduction-band
states. Relativistic band-structure calculations*** for a pseudo-cubic phase of MAPbI; predict that due to the
huge spin-orbit interaction present in heavy atoms like Pb, there is a so-called band inversion. For MHPs this
means that the top of the valence band is predominantly composed by antibonding Pb 6s orbitals, which shift
up in energy with pressure, whereas the bottom of the conduction band is formed by the antibonding split-off
Pb 6p-orbitals, which are fairly pressure insensitive. A totally similar result is expected for MAPbBr3, which
explains the negative sign and magnitude of the gap pressure coefficient.

In MAPbBr; the first phase transition thus occurs at a low pressure of ca. 0.75 GPa, as signalled by a
turnover in the change of the PL peak energy Eo with pressure. This is an isostructural transition because the
new high-pressure phase, which is stable up to 2.2 GPa, corresponds to the cubic-II (Im3) phase, as reported
elsewhere!'*#>?8_ This phase is characterized by a stepwise linear increase of Ey with increasing pressure, exhibit-
ing a kink in the pressure dependence at about 1.2 GPa, also observed by Yesudhas et al.'>. However, there is no
hint to a phase transition from the Raman data at this pressure, thus, the reason for the kink remains elusive to
us. In contrast, the fact that in the cubic-II phase the gap energy gradually but steadily increases with pressure
can be understood as arising from a pressure-induced increase in octahedral tilting. The cubic-II phase (Im3) is
obtained from the cubic-I (Pm3m) by an alternate tilting of the PbBrg octahedrons in the direction of the cube
diagonals. This doubles the unit cell in all three directions that remains cubic. Once the tilting starts, it increases
gradually with pressure, causing the observed incremental opening of the gap.

The second phase transformation occurs at 2.2 GPa and is characterized by an abrupt increase of the PL peak
energy. As explained in the discussion of the Raman results, this new phase is perfectly crystalline and probably
orthorhombic in nature, in agreement with previous reports'*!'>. The PL spectra clearly indicate the occurrence
of a third phase transition at about 3.75 GPa, characterized by a dramatic change in PL lineshape (gray spectra
in Fig. 2a). Two broad peaks appear at much lower energies and there is an overall lost of intensity together with
a pronounced broadening of the main peak (see Fig. S2 of the Supporting Information). This speaks for a large
heterogeneity in the sample, as far as the electronic states involved in the optical transitions are concerned. In fact,
this is the pressure range for which a pressure-induced amorphization is reported for MAPbBr3!'*1>2%34, However,
we anticipate that the Raman data indicate again that this phase is crystalline and probably orthorhombic up
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to the highest pressure of this experiment close to 6.5 GPa. We will return to deal with the amorphization and
how it might be generated under pressure in the discussion of the Raman results. Finally, we remark that the
changes in the PL emission (the Raman too) are fully reversible only provided the pressure was kept below that
of the transition into the ortho-I phase. Otherwise there is a certain degree of hysteresis in the PL peak energy
by releasing the pressure.

Temperature and pressure-dependent raman spectra. Figure 3a summarizes the Raman results
obtained on single-crystalline MAPbBr3 as a function of temperature in a similar range as for the PL measure-
ments (80-320 K) using the 785-nm line for excitation. The Raman spectra shown here correspond to the spec-
tral region of the inorganic cage phonon modes below 300 cm™"%. As reported before', in the high-temperature
cubic phase (red spectra), the MA dynamics is fully unfolded, resulting in a strong inhomogeneous broadening
of the inorganic cage phonons due to the strong coupling to the molecular cations. In fact, the Raman spectra are
quite featureless, exhibiting essentially a broad peak centered at around 70 cm™!. The width of this Raman band
decreases slightly, when the sample transforms into the tetragonal phase (blue spectra), for which the MA cati-
ons are free to move only in the tetragonal plane. The partial reduction of the dynamic disorder in the tetragonal
phase leads to a slight decrease of the inhomogeneous broadening. In stark contrast, several well-defined peaks
are apparent in the Raman spectra of the orthorhombic phase (black curves in Fig. 3a), a phase in which the MA
cations are locked inside the cage voids in a state of static order. Concomitant with the disappearance of dynamic
disorder, the inhomogeneous broadening vanishes, such that the Raman peaks just display their lifetime-limited
homogeneous linewidth. An instructive digression on the relative importance of homogeneous versus inho-
mogeneous broadening in the Raman spectra of the three halide compounds MAPbX3 with X = Cl, Br and I in
relation to dynamic disorder is given in the Supporting Information.

The raw Raman spectra recorded for MAPbBr3 under pressure are shown in Fig. S3 of the Supporting Infor-
mation. For a quantitative assessment of the effect of pressure on the vibrational spectrum of MAPbBr3 we have
decomposed each Raman spectrum in its different mode components by a lineshape analysis, as illustrated in
Fig. 3b, where a representative example of the fits for each of the observed phases is displayed. We note that at
room temperature and mainly for the first two phases (P < 2.2 GPa), all Raman lineshapes are affected by the
presence of a very broad and intense peak at very small Raman shifts and the edge-like attenuation caused by
the dichroic filter used to screen the laser. The former is interpreted as a broad central Raman peak originating
from local polar fluctuations in the perovskite structure caused by dynamic disorder®. A special function was
constructed to describe such backgroundzz, which has been subtracted from the Raman spectra for a better
visualization of the phonon modes. This simplifies the fitting of the Raman spectra using Gaussian functions, as
illustrated in Fig. 3b. The number of Gaussian peaks and the approximate frequency positions are consistent with
previous full assignments of Raman'®!® and far-infrared spectra® as well as those observed at low temperature
for the orthorhombic phase (Fig. 3a).
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Figure 3. (a) Raman spectra of MAPbBr3; measured at different temperatures from 320 to 80 K (steps of 10

K) in the spectral range of the inorganic cage phonon modes using the 785-nm line for excitation. The spectra
were normalized to their maximum intensity and shifted vertically for clarity. The different colors of the spectra
indicate the changes in phase after every transition. (b) Examples of the performed lineshape fits (green solid
curves) to the Raman spectra (black closed symbols) using Gaussian functions for different pressures, as
indicated, each one representing a different high-pressure phase of the material. The solid curves in the color

of the corresponding phase represent the different phonon components. The shown spectra were obtained by
subtracting a special function used for describing the combined effect of the dichroic filter and the broad central
peak (see text for details).
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The results of the Raman lineshape fits for the frequency and FWHM of the main peaks apparent in the
Raman spectra of MAPbBr3; (see Fig. S3 and Fig. 3b) are depicted in Fig. 4 as a function of pressure. Unlike
what happened with MAPbI3*, the changes in the Raman frequencies and mainly the linewidths were much
less pronounced in MAPbBr3. The latter is a consequence of the greater homogeneous broadening of the Raman
peaks due to a stronger coupling with the MA molecules within the narrower voids of the lead bromide cage (see
digression in Supporting Information), that hampers the observation of the variations of the inhomogeneous
part of the linewidth with the amount of disorder. However, the clear changes in Raman lineshape observed with
increasing pressure like the reduction of the linewidths and/or the appearance of additional well-resolved peaks,
allowed us to corroborate the occurrence of the phase transitions previously ascertained from the PL experi-
ments. Therefore, the dashed lines in Fig. 4a also denote the phase transition pressures. An exception is the first
abrupt and irreversible decrease in linewidth, which occurs only once at the start of the pressure experiments.

An important result of this work concerns the observation of a sharpening of the Raman modes also for the
orthorhombic-1II phase (see Figs. 3b, 4b), a phase that appears to be stable above the onset of amorphization,
according to most of the high-pressure work on MAPbBr3!4!>2%3 and other halide perovskites®>**?*-*1*>_ On
the contrary, our Raman linewidths remain narrow up to ca. 6.5 GPa, the highest pressure of these experiments,
exactly as was previously reported by us for MAPbI;5 too®!. In this respect, it is interesting to compare our Raman
results with those of Capitani et al.', where the low-frequency Raman spectra exhibit a broad, featureless band
for the cubic low-pressure phases and well-defined, sharp peaks for the orthorhombic-I phase, exactly like us.
The key difference lies in the strong broadening that Capitani et al. observe in MAPbBr3 above ca. 4 GPa, which
was ascribed to an amorphous-like state of static disorder'**2. Considering that the pressure-induced changes in
the Raman linewidth are due to variations of its inhomogeneous part, this provides a tool to monitor the degree
of disorder of the crystal lattice. Moreover, we note that the inhomogeneous broadening is unable to distinguish
between static or dynamic disorder. At least in this particular case, this is so because the typical duration times
of the Raman scattering processes are in the sub-picosecond regime®, i.e. much faster than the times required
for the jump-like reorientations of the MA molecules causing dynamic disorder. Hence, a Raman measurement
just corresponds to a sampling of 10'2to 10'3 different but static MA orientational motifs per second, occurring in
the sample throughout the molecular-cation dynamics. In fact, a marked increase in inhomogeneous broadening
has been also observed in the Raman spectra of the low-temperature phases of FAPbBr3** and FA,MA, _,Pbl;
22 with x > 0.4, which exhibit static structural disorder.

Hence, according to the Raman data, with increasing pressure MAPbBr3 transforms from a state of dynamic
disorder in the cubic phases, due to an unleashed MA-cation dynamics, to a state of static order with all MA
molecules locked inside the cage voids and orderly oriented in the repeated unit cell of the orthorhombic-I
phase. Further increase of pressure above ca. 4 GPa can either induce transformation into a static disordered
phase!* or to a presumably orthorhombic phase, as here reported, where the short-range order is still preserved
(sharp Raman peaks) but the optical emission shows clear signs of carrier localization effects compatible with
an incipient amorphization (see Fig. 2a). The first question is what triggers amorphization? Obviously, the MA
cations cannot be, since they are locked and ordered throughout the crystal structure. By combining density
functional theory and ab-initio molecular dynamics calculations*, an answer to this question has been recently
provided for CsPbls, although valid in general for MHPs. Essentially, high pressure induces a phase instability
driven by the softening of lattice vibrational modes associated with the tilting of the PbIs octahedrons, i.e. with
a strong reduction of the Pb-I-Pb bond angle. The deformation caused by the stark octahedral tilting starts at
different seeding points across the sample and extends gradually, leading to a lost of the long and short-range
crystalline order. If so, the next question that arises is why is the onset of amorphization so sample dependent
(reports from 2 to 7 GPa)? One possibility might be the different experimental conditions, for the phase behavior
of MHPs under compression can be very sensitive to the degree of hydrostaticity of the pressure transmitting
medium used®*. However, we propose an alternative explanation based on the amount of vacancies (mainly Pb
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Figure 4. (a) The frequency and (b) full width at half maximum (FWHM) of the Raman peaks in the spectral
region of the inorganic cage phonons below 300 cm ™!, as obtained from the lineshape fits as a function of
pressure up to ca. 6.5 GPa. The pressures at which the phase transitions occur are marked with vertical dashed
lines. The different phases are indicated (C: cubic, O: orthorhombic).
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vacancies) present in the sample. In a recent study on the optical emission of FA;MA,_,Pbl; mixed crystals*,
we have shown that the most common shallow defects in single crystalline MHPs are vacancies, mainly of Pb
but also of the halogen and A-site cation. In view of the fact that the crystal structure is already deformed around
a vacancy, we can foresee vacancies acting as seeding points to trigger the proposed pressure-induced lattice
instability, leading to static disorder®.

We finally turn to a key result that concerns the temperature and pressure dependence of the N-H symmetric
stretching vibration [vS(NH;)] of the MA cations, as determined by Raman scattering. This vibrational mode cor-
responds to the strongest peak in the Raman spectrum of MAPbBr3 in the spectral range of the N-H stretching
vibrations around 3000 cm™, as shown in the inset to Fig. 5. This vibrational mode provides direct information
about the coupling between the inorganic cage and the A-site cations, in particular, allowing one to unravel
the conditional weight of H bonding and steric hindrance. This is so because the frequency of this vibrational
mode shifts up or down upon changes in temperature, pressure or composition, if the coupling between both
sublattices is dominated by steric or H-bonding effects, respectively. The frequency of the v(NHY) vibration is
determined by the strength of the covalent bond between nitrogen and hydrogen. In the H-bonding case, the
electrostatic attraction between the H' and the negative halide ion of the inorganic cage weakens the N-H bond
by elongating it, thus causing a redshift®>. On the contrary, the DSI is repulsive and stronger the closer the H
and the halide atom become, which in turn shortens the N-H bond, causing a blueshift. As shown in Fig. 5a,
the frequency of the N-H stretching vibration decreases slightly with decreasing temperature (about 2 cm™!
from room temperature down to 80 K). This is a clear indication that the H-bonding increases in importance
with decreasing temperature, while the gradual cooling of the MA dynamics diminishes the steric effects. In
fact, in the low-temperature orthorhombic phase, H-bonding is crucial to determine the arrangement (position
and orientation) of the MA molecules within the cage voids*’. However, at room temperature the application
of moderate pressure causes a strong increase in frequency of the N-H stretching mode (ca. 8 cm™ up to 1.2
GPa), as displayed in Fig. 5b. This is compelling evidence that, when the MA dynamics is fully unfolded, the
DSI dominates the inter-sublattice coupling. We point out that the prominent role of DSI at ambient conditions
is also demonstrated by the theoretically predicted and experimentally assessed blueshift of the v(NHY) vibra-
tion for a reduction of the lattice parameter by the substitution of the halide atom from I to Br to C1*°. This idea
gathers additional support from a recent study that combines Raman scattering and density functional theory,
where the entire vibrational spectrum of isolated MA™ and FA* molecules is compared with that of MAPbX;
and FAPbX; (X = I and Br), respectively®. This comparison clearly shows that there are no hydrogen bonds in
MHPs at room temperature.

Discussion

At this point, it is worth offering a general discussion on the relationship between the crystal structures adopted
by MHPs and the magnitude of dynamic disorder, as a function of different important parameters such as tem-
perature, pressure and composition. For this purpose we use the sketch of Fig. 6, which serves both as a guide
for discussion and as graphical summary of the “take-home” message of this work. The main hypothesis is that
the strength of the dynamic steric interaction and, hence its leading role in the coupling between inorganic
metal-halide network and the A-site cation sublattice, increases in direct proportion to the amount of dynamic
disorder caused by the unfolded A-site cation dynamics. In this sense, the arrow in Fig. 6 indicates the direction
of increase of the DSI linked to the variation of the different parameters.

We first discuss the effect of temperature, represented by the blue circle in Fig. 6. With increasing temperature,
the structural sequence exhibited by MHPs is typically: orthorhombic (O)—tetragonal (T)—cubic (C). Con-
comitantly with the thermal activation of vibrations, rotations and translations of the A-site cations within the
cage voids, there is an increase in dynamic disorder and, thus, of the DSI. The increase in entropy from dynamic
disorder overcompensates both the decrease in structural entropy for the more symmetric structures and the
detrimental effect of the lattice thermal expansion on the DSI.
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Figure 5. The frequency of the N-H symmetric stretching vibration [v(NHZ)] of the methylammonia (a)

as a function of temperature at ambient pressure and (b) as a function of pressure at room temperature. The
pressures at which the phase transitions occur are marked with vertical dashed lines and the different phases
are indicated. The inset shows a representative Raman spectrum in the range of the N-H stretching vibrations
around 3000 cm™ .,
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Figure 6. Schematic representation of the relationship between crystal structure and dynamic disorder in lead
halide perovskites with formula APbX3 as a function of temperature, pressure and composition (A-site cation
and halogen anion types). The arrow pointing counterclockwise represents the direction of increase of the DSI.
Numbers in parentheses correspond to the cation/anion ionic radii from the literature (in pm)>”*.

We next consider the impact of replacing the A-site cation on the structural behavior of MHPs (orange circle
in Fig. 6). The same O — T — C sequence is observed for an increasing cation size, when going from an atom
like Cs to a molecule like MA and a larger one such as FA. Even though the lattice parameter of the perovskite
increases slightly for larger A-site cation size, the effective volume filled by the A-site cation (V,), the so-called
steric bulk, increases faster than the void volume (V) itself. The volume V4 can be inferred, for example, from
the atomic displacement parameter plots at 50% probability from neutron scattering®” or molecular dynamics
calculations”?. The key point is that the strength of the DSI is proportional to the ratio % and being repulsive in
nature, the fast movement of the A-site cations produces the same effect of an internal pressure acting outwards
on the imaginary walls of the cage voids. As clearly shown by molecular dynamics simulations®'?, the spherical
atomic-density cloud generated by the movement of the A-site cations in the three spatial directions favors a
cubic void environment, thus stabilizing the cubic phase. In contrast, a free movement solely in a plane favors
the stabilization of the tetragonal phase, whereas the orthorhombic phase is only compatible with the locking of
the A-site cations inside the cage voids. A nice example of the effect of the A-site cation size can be appreciated
for the series of lead bromide compounds®*.

We now turn to the discussion of the effects of the halogen atom substitution, which are illustrated by the
green circle in Fig. 6. In this case, the effects on the structural behavior are more subtle than for the preceding
parameters. However, one can recognize certain correlation between the structural sequence O — T — C and
the reduction of the ionic radius of the halogen atoms. The heavier the halogen atom, the larger its ionic radius,
which leads to an increase of the lattice parameter, i.e. of V,. This means that the DSI decreases with increasing
ionic radius of the halogens, which explains why chlorine compounds are more prone to stabilize in the cubic
phase than the bromide and iodide counterparts. At least, the T—C transition temperature, for example for the
MAPDBX; family, shifts to higher temperatures as the halogen ionic radius increases'. As shown below for the
case of varying the pressure, halogen substitution works in a similar way as what is known as chemical pressure.

Finally, we discuss the structural effect of an external hydrostatic pressure. The corresponding grey circle
in Fig. 6 appears out of phase with respect to the others, because the observed structural sequence under com-
pression is T—>C—O, as for the emblematic case of MAPbI3*2?%28 This seems a priori counterintuitive. In
fact, since the effect on the void volume V,, of thermal expansion is opposite to that of compression, one would
expect the pressure effect to be represented in the sketch of Fig. 6 by a similar circle as for the temperature but
going clockwise instead of anticlockwise. The only way to understand such behavior is by considering the DSI
as the dominant interaction against H bonding. As mentioned before, when the A-site cation dynamics is fully
unfolded and due to the repulsive character of the DSI, the moving A-site cations exert an outward force to the
surrounding octahedrons, which partly counteracts the effect of the applied pressure. In the tetragonal phase,
stable at ambient conditions for MAPbI3, where the dynamics of the MA cations is restricted to the tetragonal
plane, such a reaction of the MA molecules to compression is only expected along the (a,b) tetragonal axes. To
the contraction of the tetragonal axes under pressure follows a reaction of the moving MA cations, mediated by
DSI, that repels the tilted octahedrons slowing down further pressure-induced tilting. This leads to an effective
asymmetry in the compressibility of the inorganic cage, in view of the fact that the longer (unperturbed) c axis
would be more compressible than the (distorted) tetragonal ones. Thus, with increasing pressure the tetragonal
distortion diminishes up to the point where the compressed crystal structure is almost cubic. At that moment
is when the MA dynamics becomes unleashed in all three directions in space, what in turn stabilizes the cubic
phase at finite pressure®!?. Further compression will eventually induce a transformation into an orthorhombic
phase, which is thermodynamically more stable at reduced volumes and after the MA dynamics has collapsed.
This phenomenology is a unique signature of the DSI present in MHPs. We point out that from a pure structural
point of view, ferroelectric perovskites like CsGeX3 with X =1, Br, and Cl also exhibit a similar behavior under
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pressure®*!. However, the reason for it is the pressure-induced reduction up to a full collapse of the Jahn-Teller

distortion giving rise to the ferroelectric polarization. Lead halide perovskites, in contrast, are not ferroelectric
but ferroelastic® and the transformation from tetragonal to cubic structure under compression is the conse-
quence of a gradual pressure-induced, DSI aided reduction of the tetragonal symmetry.

Conclusion

In summary, we have performed a systematic study of the optical emission and vibrational properties of single
crystalline MAPDBr3 as a function of temperature and hydrostatic pressure using photoluminescence and Raman
scattering spectroscopy. These results combined with the available literature data on other closely-related MHPs
allowed us to unravel the underlying physics relating the crystal structure stability, depending on composition as
well as temperature and pressure conditions, and the dynamic disorder caused by the fast A-site cation dynam-
ics. The main finding is that a full understanding of the relationship between structure and dynamic disorder in
MHPs can only be achieved if dynamic steric effects are taken into account; H-bonding alone is insufficient. The
leitmotif for the observed trends regarding the crystal phase sequences obtained with increasing temperature,
pressure and A-site cation size or with decreasing halogen ionic radius is a strengthening of the DSI, which is
directly linked with the magnitude of the dynamic disorder induced by the unfolded A-site cation roto-trans-
lational dynamics. Furthermore, we offer an explanation for the large spread in the reported values of the onset
of the pressure-induced amorphization or static-disordered state, ubiquitous in MHPs. Here we suggest that
vacancies (mainly of lead) act as seeding points for the pressure-induced lattice instability due to the softening
of phonon modes related to octahedral tilting, as proposed to trigger amorphization®. Since the lattice is already
deformed at a vacancy, the number of vacancies would then determine the onset of amorphization, making
its observation fairly sample dependent. In this way, we believe to have deepened our understanding of a very
fundamental issue for MHPs, namely the crystal-structure/dynamic-disorder relationship, thus contributing to
advance the development of optoelectronic applications of this exceptional class of materials.

Methods

Growth of the MAPbBr3 single crystals. The inverse solubility method of Saidaminov et al.** was devel-
oped to produce crystals of MAPbBr3. Stoichiometric quantities of MABr (GreatCell Solar) and PbBr; (Merck,
99%) were dissolved at 20 °C in dry dimethylformamide (Alfa Aesar). When fully dissolved, the solution was
heated to 80 °C and left undisturbed for 3 h to allow crystallisation. The remaining solution was filtered off and
large single crystals were oven dried at 100 °C overnight.

High-pressure experiments. The high-pressure photoluminescence and micro-Raman scattering meas-
urements were performed at room temperature employing a gasketed diamond anvil cell (DAC). Anhydrous
propanol was used as pressure transmitting medium which ensures good hydrostatic conditions in the pres-
sure range of the present experiments (perfectly hydrostatic up to 4.2 GPa®') and proved chemically inert to
MAPDBr3. For loading the DAC, small chips with a thickness below ca. 30 wm were produced by crushing a
big MAPbBTr; single crystal between two glass slides. By close inspection of the debris we were able to pick up
small enough, good-quality single crystals, recognized by their flat and shiny surface under the microscope. This
simple but effective procedure allowed us to avoid the thinning of the sample by either mechanical polishing or
chemical etching, which are known to spoil the quality of such soft crystals. Small pieces of about 100 x 100
m? in size were placed into the DAC together with a ruby sphere for pressure calibration®. Here we point out
that the Inconel gasket was intentionally pre-indented to a fairly large thickness of 120 jum, before drilling a hole
of ca. 250 pm with a spark-gap machine from EasyLab. The reason was to be able to adjust the pressure with
the DAC in steps less than 0.05 GPa, mainly at very low pressures (below 1 GPa). For this purpose an electric
motor drive was used to change the pressure in a continuous manner and at low speed (by ca. 0.05 GPa/min).
In return, the maximum pressure reached in our experiments was about 7 GPa. Regarding the high accuracy
claimed in the measurement of the pressure, we point out that we always loaded more than one ruby sphere
into the DAC for a multi-point determination of the pressure. The excitation of the ruby fluorescence was per-
formed using extremely low laser powers in the range of a few tens of nW, in order to avoid any heating-induced
shift of the ruby emission. Furthermore, the pressure was determined immediately before and after each PL or
Raman measurement, to account for effects of mechanical relaxation of the DAC upon changes in pressure. The
temperature of the room was also frequently monitored to correct for an eventual temperature increase, for
example, from the morning to the evening or if another heat-generating equipment (laser, vacuum pump, etc.)
was switched on nearby. Finally, the backlash of the spectrometer was also considered and to minimize its effect,
the fluorescence of the ruby was measured, acquiring the spectrum by forcing the spectrometer to approach its
final position always from the same side.

PL and Raman measurements. For the high-pressure experiments, the PL spectra were excited with the
405 nm line of laser diode, whereas for the PL measurements at low temperatures the 514.5 nm line of an Ar"
-ion laser was employed, using a very low incident light power below 2 wWW. The latter was selected as the closest
available laser line to the MAPDbBr3 gap. This turned out to be very important to attain long time stability and
reproducibility of the PL emission by reducing as much as possible laser heating effects due to thermalization of
photo-generated hot carriers. For the Raman measurements either an infrared diode laser emitting at 785 nm or
the 633 nm line of a He-Ne laser was employed for excitation of the low-frequency spectra (below 500 cm™~!) and
the high-frequency ones (around 3.000 cm™"), respectively. The former turned out most suitable to excite the
vibrational modes of the inorganic cage, providing also the highest spectral resolution and stray-light rejection.
In all cases, a very low incident light power density below 15 W/cm? was used to avoid any photo-degradation
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of the samples, such that thermal damage by the laser can be safely ruled out. Spectra were collected using a
20x long working distance objective with NA = 0.35 and dispersed with a high-resolution LabRam HR800 grat-
ing spectrometer equipped with a charge-coupled device detector. PL spectra were corrected for the spectral
response of the spectrometer by normalizing each spectrum using the detector and the 600-grooves/mm grat-
ing characteristics. Temperature-dependent measurements on large single crystals exhibiting flat surfaces were
carried out between 80 and 320 K using a gas flow cryostat from CryoVac with optical access that fits under the
microscope of the LabRam setup. We note that the recently reported X-ray diffraction study of MAPbBr; under
high pressure of A. Liang et al., fully corroborates our findings, in particular, the absence of amorphization to
at least 7 GPa®.

Data availibility
All data generated or analysed during this study are either included in this published article and its supplementary
information files or are available from the corresponding author on reasonable request.
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