N

N

Elastic Constants, Optical Phonons, and Molecular
Relaxations in the High Temperature Plastic Phase of
the CH3NH3PbBr3 Hybrid Perovskite.

Antoine Létoublon, Serge Paofai, Benoit Ruffle, Philippe Bourges, Bernard
Hehlen, Thierry Michel, Claude Ecolivet, Olivier Durand, Stéphane Cordier,

Claudine Katan, et al.

» To cite this version:

Antoine Létoublon, Serge Paofai, Benoit Ruffle, Philippe Bourges, Bernard Hehlen, et al.. Elastic
Constants, Optical Phonons, and Molecular Relaxations in the High Temperature Plastic Phase of
the CH3NH3PbBr3 Hybrid Perovskite.. Journal of Physical Chemistry Letters, 2016, 7 (19), pp.3776-
3784. 10.1021/acs.jpclett.6b01709 . hal-01362483

HAL Id: hal-01362483
https://hal.science/hal-01362483

Submitted on 24 Nov 2016

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-01362483
https://hal.archives-ouvertes.fr

This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

THE JOURNAL OF

PHYSICAL CHEMISTRY

ACS AuthorChoice

Letters

pubs.acs.org/JPCL

Elastic Constants, Optical Phonons, and Molecular Relaxations in the
High Temperature Plastic Phase of the CH;NH;PbBr; Hybrid

Perovskite

Antoine Letoublon,x" Serge Paofal, Benoit Rufflé,® Phlhppe Bourges,” Bernard Hehlen,® Thierry Michel,®

Claude Ecohvet

TUMR FOTON, CNRS, INSA-Rennes, F- 35708 Rennes, France
*Institut des Sciences Chimiques de Rennes, UMR 6226, CNRS, Université de Rennes 1, F-35042 Rennes, France
SLaboratoire Charles Coulomb (L2C), UMR 5221 CNRS-Université de Montpellier, F-34095 Montpellier, France
“LLB, CEA, CNRS, Université Paris-Saclay, CEA Saclay, F-91191 Gif-sur-Yvette, France

nstitut de Physique de Rennes, UMR 6251, CNRS, Université de Rennes 1, F-35042 Rennes, France

© Supporting Information

ABSTRACT: Low frequency dynamics has been studied in a CH;NH;PbBr; hybrid
perovskite single crystal by using four different spectroscopy techniques: coherent
inelastic neutron, Raman and Brillouin scatterings, and ultrasound measurements. Sound
velocities were measured over five decades in energy to yield the complete set of elastic
constants in a hybrid halide perovskite crystal in the pseudocubic plastic phase. The C,,
shear elastic constant is very small, leading to a particularly low resistance to shear stress.
Brillouin scattering has been used to study the relaxation dynamics of methylammonium

Olivier Durand Stéphane Cordier,” Claudine Katan, and Jacky Even*®"'

cations and to evidence translation—rotation coupling associated with the cubic to tetragonal phase transition at T, &~ 230 K. Low
frequency and highly damped optical phonons observed using both Raman and inelastic neutron below 18 meV, do not present

softening close to T.. The critical dynamics at T, =
relaxational motions of the molecules.

uring the past few years, hybrid halide perovskites have

been intensively studied as promlsmg materials for
photovoltaic and optoelectronic applications.' ™ Though most
experimental studies have been performed on MAPDX,
compounds, where MA = CH;NH;" is the methylammonium
cation and X = I, Br, or Cl an halogen atom, the halide
perovskite bulk and alloy compounds are nowadays also based
on the formamidinium (FA = HC(NH,),") and cesium (Cs")
cations to enhance photoconversion or light emission
efficiencies.””"" However, optical absorption and charge carrier
mobilities are among the stumbling blocks that limit the
maximum photoconversion of solar cells. Previous experimental
studies have successfully evidenced the influence of the
structural properties on the optoelectronic properties of the
hybrid halide perovskites, but a comprehensive understanding
is still lacking.'”™"* Besides a few older experrmental studies
dedicated to the dynamics of the MA cation,'>~"” a number of
experimental and theoretical papers appeared recently address-
ing the structural and vibrational properties of MAPbX;
compounds.'*™*” Despite the importance of the macroscopic
mechanical properties for material processing, thermal and
photostabilities or at the microscopic level for inelastic carrier
scattering or exciton screening,1328 to the best of our
knowledge very few experimental studies have been reported
so far on the acoustic phonons.””*" The technologically
important isostructural MAPbI; and MAPbBr; hybrid perov-
skite compounds have a primitive cubic structure at high
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230 K is compatible with an order—disorder character, dominated by

temperature and undergo a cubic (Pm-3m) to tetragonal (I4/
mcm) antiferrodistortive phase transition' ™'~ respectively at
T, ~ 333 Kand T, ~ 230 K (227 K to 233 K according to
different experimental studies'>'”*"** and 231 K in this work).
Recent detailed structural X-ray and neutron diffraction
investigations indicate highly anisotropic displacement ellip-
soids of the halogen ions.”* It may correspond to a large
damping of low-frequency optical modes associated with in-
phase and antiphase rotations of the PbXy octahedra.**™*” This
behavior was already observed in the CsPbCl; bulk crystal by
neutron scattering.”’ It is also unclear whether this strong
anharmonicity is at the origin of the structural Pm-3m to I4/
mcm phase transition or not. A displacive character of this
structural transition would correspond to an anomalous
behavior of the frequency and damping of the critical optical
phonon mode at the phase transition temperature T. For
instance, the so-called “lattice melting” phenomenon observed
around the ferroelastic structural phase transition of Na,CO,,**
is also related to a strong anharmonicity of atomic displace-
ments. It leads to large lattice strain and vanishing elastic
constants at T.. Although the same behavior is not expected at
T. in MAPbX; compounds because the Pm-3m to I4/mcm
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phase transition is not ferroelastic, a linear—quadratic coupling
between the transition order-parameter and the strain was
predicted.*® This may partially affect the elastic constants.

The stochastic reorientational motion of the MA cation at
high temperature has been studied by various experimental and
theoretical approaches.*®**~*' Theory predicts linear trans-
lation-rotation coupling that leads to a softening of the
perovskite lattice as well as a damping of the sound waves
propagating in the crystal.*® Correlated tumbling of the MA
cations are also expected to play a role in the mechanism of the
Pm-3m to I4/mcm phase transition. A pseudospin variable
related to such stochastic motions may be related to the order
parameter and rather suggests an order—disorder character of
the structural instability at T.*° Moreover, analogy with
classical plastic crystals at high temperature has prompted the
prediction of an orientational glassy state at low temperature.*®
Indeed, recent experimental investigations combining dielectric
measurements and calorimetry are consistent with this
hypothesis.*

The aim of this work is to provide a detailed analysis of low
energy structural excitations in the high temperature plastic
phase, by combining coherent neutron, Raman, and Brillouin
scattering (BS), as well as ultrasonic (US) measurements.
Using large single crystals of MAPbBr; offers the unique
opportunity to investigate the structural instabilities of the
MAPbDX; family. In fact, it provides a RT high symmetric cubic
Pm-3m phase, avoiding coexistence of ferroelastic domains and
crystal twinning. MAPbBr; is also particularly suited to
common laser sources used for Raman and Brillouin optical
spectroscopies dedicated to vibrational properties, thus
preventing resonant excitations. Overall, the experimental
study shows that strong anharmonicity as well as disordered
reorientational motions of the methylammonium cations
dominate the spectrum of low energy structural excitations in
MAPDBX; compounds. The results are consistent with an
order—disorder character of the cubic to tetragonal structural
phase transition, which affects the elastic properties through a
strong translation-rotation coupling. Then, the acoustic
phonons have been studied over five decades in energy and a
complete set of elastic constants has been determined. The final
section gives some perspectives.

At high temperature, experimental crystal structures of HOP
do not reveal strictly ordered and symmetric phases as a
consequence of molecular symmetry of the organic cations that
do not fit the site symmetry of the lattice. Related dynamical
disorder was already analyzed a long time ago by various
experimental techniques.”>”"” Nevertheless, in these studies,
their reference high temperature phase can be taken as being
the Pm-3m cubic phase, for example, that of CsPbX; (Z = 1).
Figure la represents the real space 3D view of the Pm-3m
crystal structure of metal—halide AMX; perovskites, where A
can be an inorganic or an organic cation, M a metal, and X a
halogen. In 3D HOP, the positions of individual atoms of the
organic cation, occupying the same special Wyckoft position at
the center of the cubic cell, are in fact dynamically averaged.
The Pm-3m space group severely restricts the symmetries and
multiplicities of the species located at (0,0,0) (M, 1la),

(%, %, %) (A, 1b) and (%, 0, O) (X, 3d) sites (Figure la).

Figure 1b describes the corresponding Brillouin zone (BZ) of
the primitive cubic Bravais lattice.

Dispersions of the acoustic phonons have been measured
using coherent inelastic neutron scattering (INS) and a triple
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Figure 1. (a) Real space 3D view of the Pm-3m reference cubic crystal
structure of metal—halide AIP or HOP of general formulas AMX;
where A is an inorganic or an organic cation such as CH;NH;", M a
metal, and X an halogen. In HOP, the CH;NH;" cation is located at
the center of the cube with an averaged position sketched by the
brown ball. (b) Reciprocal space 3D view showing the first Brillouin
zone (BZ) of the Pm-3m space group. Points of high symmetry in the
cubic BZ are indicated by conventional letters: I" denotes the origin of
the BZ; X is the center of a square face at the BZ boundary; M

11 1 1 d
VY corresponds to a

. 1
0) is a center of a cube edge and R (E’ 3
vertex of the cube.

axis spectrometer around the (200) Bragg reflection at RT and
down to 245 K. Clear acoustic phonon modes are observed on
the INS spectra as shown on Figures 2a and S1. Longitudinal
acoustic (LA) and transverse acoustic (TA) modes are
measured at different reciprocal space positions Q = (200) +
q in HKL units, with q along [200], for LA, and q along the
perpendicular to [200] passing through Q for TA (q is parallel
to [011]). By varying the distance q to this /" point (Bragg
reflection), the dispersion curves can be drawn. The
experimental spectra are fitted as follows: a quasi-elastic peak
(QE) centered at 0, a damped harmonic oscillator (DHO)
corresponding to the probed phonon mode and a flat
background are adjusted. The two fitted peaks are convolved
with the apparatus resolution function. Then, sound velocities
have been derived from linear regressions of the corresponding
dispersion curves (Figure 2b and Table 1). Measurements were
also carried out in the vicinity of the (111) and (011) Bragg
reflections but did not show any measurable acoustic phonons
peaks along both transverse and longitudinal directions. This is
probably due to a very strong damping when going away from
I'. A second measurement of sound velocity has also been
carried out, using an ultrasonic technique that probes LA waves
along the [100] direction. This second low frequency technique
(746 MHz/0.031 peV) gives a value of the longitudinal
velocity along this direction, which is very close to the one
obtained by INS. This sound velocity is thus probed over five
decades in energy (Figure S4 and Table 1).

BS has been used to study the angular dispersion of acoustic
phonons in the vicinity of the normal to a (100) flat surface in
the [100], [010] base plane (Figure S5). The maximum angle
that has been reached inside the crystal is given by the Brewster
incidence. Figure 3 shows LA and TA phonon spectra
measured at room temperature for normal and Brewster
incidences, showing a large change of the Brillouin shift for TA
and to a lesser extent for LA phonons. The optical index is
calculated from the measurement of the Brewster angle where
the reflected beam vanishes if polarized in the reflection plane.
This gives an optical index value of n = 2.1 + 0.1, which is
consistent with other experimental measurements.*”**

The experimental results are reported in Figure SS with fitted
lines and corresponding elastic constants are given in Table 1
(see technical details in the SI).
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Figure 2. (a) Low energy transverse acoustic (TA) phonon spectra measured by inelastic neutron scattering in the cubic phase of CH;NH;PbBr; (T
=280 K) for different Q positions going away from the (200) Bragg peak, along the [011] direction (i.e., toward the M point of the BZ: Q = (2 k k),
for various k values indicated in the legend) showing a TA mode from low energy to higher energy. (b) Dispersion curves of the TA (Figure 2a) and

LA (Figure S1) phonons close to the (200) Bragg peak.

Table 1. Room Temperature Sound Velocities for Longitudinal and Transverse” Acoustic Phonon Branches of MAPbBr,
Measured by Brillouin®, Coherent Inelastic Neutron®, and Ultrasound® Scattering Techniquesf

Cu om
Via (m's_l) Vra (m's_l) Vias (m's_l) (GPa) (GPa)
BS 3075 + 150 1010 + SO 1788 + S0 35.9 3.9
INS 2870 + 300 1060 + 30 313 4.3
UsS 2900 + 200 32

G K E(100) E(111) G(100) G(111)
(GPa) (GPa) (GPa) (GPa) (GPa) (GPa)
11.6 19.7 30.2 11 3.9 6

V. (Figure S1). 7 (Figure 2a) and Viy,. “BS. 9INS. °US.”The experimental values of the C;;, Cy,, and C,, elastic constants for MAPbBr; in the
Pm-3m cubic phase are reported. Sound velocities and elastic constants are respectively given in m's™! and GPa. K, E, and G correspond to the bulk,
Young, and shear elastic moduli, respectively. The largest relative error is obtained for the C,, value, which depends on the measurements of both
Via and Vi, (see SI). For instance, considering C;; = 32 GPa (INS) instead of 35.9 (BS) leads to C;, = 7.7 GPa.

Energy{ue\l)
6000 2P

i : — Brewster
- — Normal

]
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Intensity (A. U.)
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SR et ; i
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Figure 3. Room temperature Brillouin scattering spectra for normal
(gray dashed line) and Brewster angle (red full line) incidences as a
function of both frequency (GHz) and energy shift (ueV). The
Brillouin lines located at about +80 peV correspond to the
longitudinal acoustic (LA) phonon, whereas the lines in the [25—40
ueV] energy range are related to transverse acoustic (TA) phonon.

These values reveal anisotropic crystal properties that are
comparable but significantly lower than predicted values
(Ciyper = 47.2, Cyyppr = 8.1, and Cyyppr = 10.2 GPa),* but
in good agreement with recent ultrasonic measurements.*’
However, DFT predictions are based on a pseudocubic cell
with a fixed orientation of the MA cation. Thus, the Pm-3m
lattice symmetry is automatically broken, leading to a polar
space group. While the elastic stability of the computed

structure has already been checked, nothing is reported
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concerning the stability of the structure with respect to the
lattice distortions related to the optical modes. Indeed, these
modes are expected to induce the low temperature structural
phase transitions. However, the DFT computation, which does
not contain entropy contribution, does not account for the
stochastic relaxational rotation of the MA cation which leads to
the high temperature softening of the elastic properties via the
coupling of acoustic phonons to pseudospin elastic quadrupoles
(vide infra).*® The Zener parameter A = 2C,/(C;,—C),)
characterizes the deviation from elastic isotropy (A = 1) in a
cubic crystal. The experimental value at RT for MAPbBr;, A =
0.32, is small and very different from those reported for
conventional oxide perovskites, about 1.1, 1.6, and 1.3 for
SrTiO;, BaTiOs, and PbTiOs, respectively.*

Mechanical engineers often describe elastic properties by the
Young modulus E, the Poisson ratio v and the shear elastic
modulus G. Since cubic structures are not elastically isotropic,
these elastic properties depend on strain orientation. An
experimental study of mechanical properties based on nano-
indentation has been performed on CH;NH;PbI;,
CH;NH,PbBr;, and CsPbBr;."” This study reports a Young
modulus along the [100] direction of Efjy) = 19.6 GPa,
whereas the calculated value from the elastic constants (Table
1) is Efjg) = Cyy — 2C,%/(Cyy + Cyy) = 30.2 GPa. However,
the other extreme Young modulus value along [111] is Ef;y,] =
3Cu(Cyy + 2Cp,)/(Cyy + 2Cyy + Cyy) = 11 GPa (Table 1). A
first hypothesis for the discrepancy between both measure-
ments of Ej) may be related to the fact that the
nanoindentation technique may lead to an average over
Young modulus values close to the [100] direction. A second
hypothesis relies on the fact that nanoindentation can be
considered as a quasistatic measurement, whereas BS probes
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the elastic properties in the 5—25 GHz frequency range, that is,
in the 20—100 ueV range (Figure 3). Therefore, the difference
between the two experimental E[jop) values is likely to result
from a frequency dependent softening related to translation-
rotation coupling (vide infra). This is usually referred to as the
difference between the isothermal (low-frequency) and
adiabatic (high-frequency) behaviors. On the contrary, the
bulk modulus K = (C;; + 2C;,)/3 = 19.7 GPa (Table 1) agrees
well for both methods yielding a value of about 16 GPa by
nanoindentation. This is also consistent with US measurements
yielding the same LA velocity as BS at much lower energy
(0.031 peV). The difference between the isothermal and
adiabatic values of the Young moduli can thus be ascribed
mostly to the isothermal and adiabatic C,, elastic constants,
which does not appear in the expression of the bulk modulus
and the LA velocity along the [100] direction (see Supporting
Information). A difference between the nanoindentation and
the present Brillouin scattering studies exists for the shear
modulus, which equals C,, ~ 4 GPa for a (x—z) shear and (C;;
— Cp)/2 = 12 GPa for a (x—y) shear according to our
measurements, whereas an intermediate shear modulus value of
7.6 GPa was deduced from the indentation experiment."’
However, the comparison is less relevant as the nano-
indentation shear modulus was deduced by combining, within
the isotropic approximation, the experimental Young modulus
(19.6 GPa) and a DFT computation of the Poisson’s ratio
(0.29).

The softening of the elastic properties induced by the
translation—rotation coupling may be associated with specific
directions of the reciprocal space, as indicated by the INS
measurements, which show a clear difference between the LA
and TA measurements close to the (200) and (111), (011)
Bragg reflections. Finally, let us mention that the formation of
small polarons, likely responsible for part of the efficiency drop
in photovoltaic devices under illumination,” is expected to be
enhanced by the additional softening of the elastic constants
through translation-rotation coupling.”®"*

INS and BS measurements were also carried out below RT to
investigate the influence of the cubic Pm-3m to tetragonal I4/
mcm phase transition of MAPbBr; on the low energy structural
excitations. Our analysis strongly relies on the use of group
theory.””*” As indicated in Table 2, the order parameter of the

Table 2. Antiferrodistortive I4/mcm and Pnma Space Group
Changes Associated to Nonpolar Order Parameters in
MAPbX; Compounds”

Mt R/
order parameters q; 9 qs 94 9s 96
I4/mem 0 0 0 a 0 0
Pnma 0 A 0 b 0 b
P4/mbm A 0 0 0 0 0

“M;* and R," correspond to in-phase and anti-phase octahedra tilts,
respectively. The antiferrodistortive P4/mbm space group change is
observed in the CsPbCl; perovskite.

phase transition has the R," symmetry and may correspond to a
soft (displacive) phonon with a pure antiphase rotations of
PbBr octahedra involving only motions of Br atoms (Table 3).
However, previous experimental and theoretical investigations
predict an order—disorder character for the structural phase
transition. Indeed, the stochastic reorientational motion of the
MA cations also span the R," symmetry, yielding an alternative
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Table 3. IR decompositions for the phonons in MAPbX;
compounds at the ', R, and M points of the Pm-3m
Brillouin zone (BZ)“

r R M
Pb atom site la r,;~ R, M;™ + My~
CH;NH;" center of I',” Rs" M, + My~
mass site 1b
X=1Br,Clatoms 2, + R"+R* "+ M"+M"+M;"+M +
site 3d rs RS+ Ry* M+ My~ + Mg~

“The contributions from each atomic or molecular site (1a, 1b, 3d) are
indicated. The symmetric (+) and antisymmetric (—) IR correspond to
non-polar and polar phonon modes, respectively.

pseudospin order parameter.'***** More, a linear-quadratic
coupling between the strain tensor components and the R,*
symmetry around the cubic Pm-3m to tetragonal I4/mcm phase
transition is predicted from a symmetry analysis.’® At lower
temperature, MAPDbBr; exhibits a first order and reconstructive
structural phase transition from the tetragonal I4/mcm phase to
a Pnma orthorhombic phase (see Swainson et al. for
instance).”’ An intermediate phase between 148.8 K and 154
K was also reported by Onoda and co-workers,'® between the
two phases. The structural instability, which leads to the low
temperature Pnma phase, is supposed to be related to the
simultaneous condensation of order parameters with M;" and
R, symmetries (Table 2, Figure 1). These two IR (irreducible
representation) may correspond to the simultaneous softening
of phonons with pure antiphase and in-phase rotations of PbBr;
octahedra respectively, or also pseudospin critical fluctuations
(Table 3). The M;* order parameter may thus be associated
with an order—disorder character of the transition or a soft
phonon like in CsPbCl,.*”

Coherent INS experiments were thus performed on optical
phonons close to the R (Figure 4) and M (Figure S6) points of
the BZ. These experiments did not reveal any measurable
change of the optical phonons as a function of the temperature
in the cubic and tetragonal phases down to 180 K. As shown on

1

2
features in the [6—17 meV] range, consistent with our available
Raman scattering data (vide infra) in the low energy range (a

_ 33 3
similar measurement was performed at the (5, 2 5) and

Figure 4, the spectrum measured at (%, %, —) exhibits peaky

(%, %, %) positions). Three optical phonons in this energy

range are fitted by damped harmonic oscillator (DHO)
functions and a background (BG) is added. Fitting parameters
are given in the SI. The comparison between the INS
. . 3011 13 3
intensities at (7, -, 7) and (*, =, =

2’27 2 2’27 2
of the INS structure factors between 0 and 10 meV (Figure 4
inset). In order to understand the origin of this low energy
feature, it is interesting to recall that a low energy phonon
mode (S meV) was reported by INS in the orthorhombic phase
by Swainson et al.>> This phonon line corresponds to rotations
of the PbBr4 octahedra and undergoes a progressive softening
when increasing the temperature toward the orthorhombic to
tetragonal transition at 150 K. However, the sharp, harmonic
modes in the orthorhombic phase (Pnma) are replaced in the
tetragonal phase (I4/mcm) by quasistatic fluctuations extending
up to high energies at 200 K. A soft phonon line is usually also
expected in the high temperature phase for a continuous phase
transition. However, the orthorhombic to tetragonal phase
transition in MAPbX; compounds does not fall into this

) shows an enhancement
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Figure 4. Low energy optical phonon spectra measured by inelastic
neutron scattering in the cubic phase of CH;NH;PbBr; (T = 280 K) at
various R points of the BZ reveal two different features: the spectrum
measured at the (%, %, %) point exhibits a quasi-elastic (QE)
contribution and three optical phonons (main plot). Optical phonons
are fitted by damped harmonic oscillator (DHO) functions and a
background (BG) is added. Fitting parameters are given in the SI. The
E) and

3
inset shows difference between spectra measured at (2 )

(i Y] ;) highlighting the enhancement of the (2 > z) intensity at
) did not

low energy. A third measurement carried out at (2 5

reveal any enhancement.

category, because it is reconstructive, without group—subgroup
relation between the I4/mcm and Pnma space groups. The
orthorhombic to tetragonal transition at 150 K in MAPbBr;
represents thus a case where a displacive PbBrg octahedra
dynamics is replace by an order—disorder MA dynamics, at
high temperature.”® Indeed, our observations around the
tetragonal to cubic phase transition do not show any indications
of phonon mode softening. Thus, it is consistent with a purely
order—disorder character of the tetragonal to cubic phase
transition. More, previous experimental and theoretical
determinations of neutron scattering structure factors for R,*
PbCls octahedra soft phonons in CsPbCly,*” show similar

values at the (3, 1, l)
2’27 2
present results for MAPbBr; (Figure 4). The low energy feature
3
2’2 2

probably corresponds to the additional critical quasistatic
fluctuations reported by Swainson et al,* between 0 and 10
meV in the tetragonal phase. No precise indication about the

13
and (2 ) 2) positions contrary to the

measured at the ( ) position (Figure 4 inset) thus

localization in reciprocal space was given in this reference, but
the associate Q vector interval corresponds roughly to the one
of the present study Q < S A™'. Low energy optical phonon
spectra measured by INS in the cubic phase of CH;NH;PbBr,

(T = 245 K) at the M point (Figure S6 ( )) also show a

broad quasi-elastic contribution between 0 and 10 meV,
whereas M;" PbX, soft phonons should exhibit a structure
factor equal to zero.”” This observation is consistent with the
prediction of the simultaneous condensations of M;" and R,*
order parameters in the orthorhombic Pnma phase,®® both
having an order—disorder pretransitional dynamics in the high
temperature phases of MAPbX; compounds contrary to
CsPbCl,.

Low energy structural excitations in MAPbBr; single crystals
were also explored at RT using Raman scattering. At first sight,
classical symmetry-based selection rules for Raman scattering in
Pm-3m perovskite crystals lead to the prediction of totally
forbidden optical activity for the polar optical lattice phonons at
I' point when the MA* cation is replaced by its center of mass
(Table 3). Raman activity is thus only expected for high
frequency internal modes of the MA" cation. However, it is
known that Raman scattering signatures may be obtained at
very low frequency in plastic crystals, due to symmetry allowed
contributions associated with stochastic molecular relaxational
motions. Moreover, we cannot rule out the influence of the
large anharmonicity of the iodide motions on the breaking of
the Raman scattering selection rules. Such signatures recorded
experimentally are clearly visible in Figure S. The three
independent Raman scattering spectra Alg ('), Eg (I'57), and
Ty (I"s*) were obtained at RT by measuring parallel (VV) and
crossed (VH) polarized spectra in two different scattering
geometries. The symmetry analysis (vide infra) shows that it is
possible to compare and calibrate the sum of both Iy and Iyy
spectra for the two scattering geometries (Figure S-a). This
enables to determine accurately the three independent spectra
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Figure S. Low energy optical phonon spectra measured by Raman scattering in the cubic phase of CH;NH,PbBr; at room temperature. (a) Total
contribution of parallel (Iyy) and crossed (Iyy) polarized intensities with propagation directions along [001] and incoming polarization along [100]
or [110]. (b) Raman spectra of T,y Eg and Aj; modes. Inset: zoom to highlight an A, optical mode near 40 meV.
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(Ajy E, and T,,; Figure S-b). The A, spectrum largely
dominates, while E; and T,, spectra reveal comparable
intensities. All, the three spectra show broad bands and the
Ajg spectrum is superimposed on an intense quasi-elastic
component. This observation is consistent with previous
theoretical modeling of tumbling relaxational motions of
cations in MAPbX;, using symmetry-adapted discrete pseudo-
spins or continuous rotators.>*>® Indeed, relaxational modes
include polar modes, with contributions to the lattice dielectric
constants, but also nonpolar modes (elastic multipoles) with
Ay, (r,", E, (I's*), and Ty (I's*) symmetries. The inset
highlights the high frequency part of the measured spectra
showing an A,, optical mode at about 40 meV. This mode may
be tentatively assigned to a symmetric internal mode of the
CH,;NH;" cation.

Temperature-dependent Brillouin backscattering measure-
ments allow probing the coupling between low energy
relaxational modes and phonons at lower energies than
Raman scattering (Figure 6). The LA phonon mode exhibits
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Figure 6. Brillouin scattering spectra of MAPDbBr; for normal
incidence above (T = 313 K) and very close to the transition
temperature (238 K). The LA phonon mode exhibits an anomalous
increase of its damping as the temperature is lowered. The TA phonon
mode is very weak due to restrictive normal incidence conditions when
performing the low temperature measurements, as compared to the
setup used at RT (Figure 3).

an anomalous increase of its damping as the temperature is
lowered. This behavior is interpreted as the direct consequence
of the coupling between acoustic modes and low energy
relaxational modes. Moreover, the LA phonon mode at T = 238
K displays an asymmetric shape which can only be explained by
a coupling to a relaxational mode. Spectra have thus been fitted
using a DHO peak for the LA acoustic phonon mode and two
relaxational components: a large quasi-elastic (LQE) one and a
central peak (CP), at very low energy. The widths (HWHM) of
these two features correspond to very different characteristic
relaxation times. Finally a flat background (B) fixed to the
detector thermal noise was added. A good fitting of the data
was obtained by assuming that the CP is coupled to the DHO
peak via two adjustable parameters § and 3 (6* represents the
coupling strength and f#* the CP/DHO intensity ratio). Then
the intensity is computed from™*®

I(E) = A-b(T) -y, (E) + B
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where y7(E) is the imaginary part of the coupled optical
susceptibility (see Supporting Information). As shown in Figure
S7, a significant lowering of the LA Brillouin shift is observed
after correction of the coupling with CP. Moreover, the
coupling strength between the LA phonon and the central
relaxational mode is highest at the phase transition temperature
(Figure S8). Both observations are consistent with a linear—
quadratic coupling between the strain and the order parameter
of the phase transition, which exhibit an order—disorder
character.

This picture is further illustrated in Figure 7, where the
widths of the CP and the LQE are reported as a function of the
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Figure 7. Frequency widths (HWHM) of the LQE and CP quasi-
elastic peaks as a function of the temperature. Low temperature CP
widths above the transition are fitted using an Arrhenius law, allowing
extrapolation of high temperature values (red crosses).

temperature. The evolution of the two different widths seems
to be in line with the scenario proposed by Chen al for
CH;NH,PbL,.** They describe a rotational model of the
CH,;NH;" molecule, associated with two relaxational motions,
the slowest one being related to the tumbling of the C—N axis
and the fastest one with the rotation around the same axis.
Therefore, the LQE observed in the present BS experiments on
MAPDBr; may be attributed to the fast motion of the hydrogen
atoms around the C—N axis, whereas the CP can be tentatively
assigned to the tumbling motion of the cations. Then, the

characteristic relaxation times can be calculated from

h 658

i when the energy is expressed in peV and the

time in ps. The corresponding relaxation time at T, deduced
from the present study on MAPbBr;, (Figure 7) is about 28 ps
(CP). In MAPbL,, the relaxation times reported by the INS
study being equal to about 3 ps for the CP at T, (330 K).*’ In
MAPDBTr;, the CP obtained by BS exhibits an anomaly around
T, in the [220—240 K] temperature range (Figure 7). We may
notice that the CP obtained in MAPbI; by INS is also
exhibiting a discontinuity at the cubic to tetragonal phase
transition, although a precise comparison with the present work
is difficult since the INS study displays very few experimental
points in the same temperature range close to T.."” The CP
anomalies close to T. in MAPbX; compounds should be
investigated more precisely in the future using other
experimental techniques.

The relaxation times reported for the two compounds using
various techniques are gathered in Table 4. The tumbling of the
C—N axis is frozen in the orthorhombic Pnma phase of
MAPbI;, whereas the motion of the hydrogen atoms around
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Table 4. Relaxation Times Corresponding to CP from
Different Sources

material technique T (K) 7cp (ps) phase
MAPbI, INS* RT 14 tetra
MAPbI, INS* RT 47 tetra
MAPbIL, INS* 350 2.7 cubic
MAPbI, INS* T. = 330 3 cubic-tetra
MAPbI, INS* T =230 ~25 tetra
MAPbI, millimeter-wave'® RT 54 tetra
MAPbDI; molecular dynamics36 400 10.5 cubic
MAPbBr;  millimeter-wave' RT 2.7 cubic
MAPDBr, Brillouin, this work T. =230 28 cubic-tetra
MAPbBr;  Brillouin, this work RT S cubic
MAPbBr,  INS* 165 131 tetra

the C—N axis is still effective.”” A further slowing down of the
two relaxational modes may be inferred below 230 K for
MAPbBr; (Figure 7). Unfortunately, a complete study around
the tetragonal to orthorhombic phase transition at 150 K was
not possible due to the presence of multiple strained domains,
and thus multiple acoustic phonon lines below T = 200 K.
Through combined neutron, Brillouin and Ultra Sound
scattering measurements, we were able to measure for the first
time the transverse and longitudinal sound velocities of
CH;NH;PbBr; perovskite single crystals allowing RT evalua-
tion of the three cubic elastic constants. It reveals a very low
value of the C,, shear constant. A further softening is observed
by Brillouin scattering close to the cubic to tetragonal phase
transition, by a low energy coupling between the LA phonon
mode and a CP. This CP is attributed to a relaxation mode of
the CH;NH;* molecule (tumbling around the C—N axis),
which is consistent with an order—disorder character of the
structural phase transition. Broad quasi-elastic excitations and
low energy optical phonons were also observed for the first
time using INS, confirming the large anharmonicity of the
perovskite lattice modes. These optical modes do not exhibit a
displacive behavior in the cubic and tetragonal phases, but
Raman scattering, INS and Brillouin scattering are compatible
with an order—disorder character related to the stochastic
relaxational motions of the MA" cations. This disorder leads to
a breaking of the Raman scattering selection rules in the high
temperature phase, characteristic of a plastic crystal phase.

B EXPERIMENTAL METHODS

Various single crystals of MAPbBr; have been sgfnthesized,
purified and grown according to Saidaminov et al,,* with sizes
up to ~1 cm® (see Supporting Information). Concerning the
Brillouin scattering experiments, spectra were recorded at 647.1
nm by using a krypton ion laser and a tandem of Fabry—Perot
interferometers where each interferometer is triple-passed
giving a contrast larger than 10".°° Different free spectral
ranges between 10 em™' (1 em™ = 30 GHz, 8 cm™ = 1 meV)
and 1 cm™" have been used in order to give a full description of
the low-frequency spectra. The advantage of this tandem of
interferometers over the single one (see for instance Sander-
cock’") is that it removes the periodicity of the interferogram
allowing the observation of broad and narrow components in
the same spectrum without any confusion due to order
overlapping. The polarization of the incident light was rotated
by a half-wave plate and filtered by a Glan prism, whereas the
scattered beam was not analyzed.
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Coherent INS experiment has been performed using the
triple-axis spectrometer 4F1 located on a cold-neutron source
at the reactor Orphée (Laboratoire Léon Brillouin, CEA-
Saclay).>” The incident and scattered beams were focused by a
pyrolytic graphite (002) double-monochromator and analyzer,
respectively. The collimation conditions were open. The final
neutron wave vector was held fixed at k¢ = 1.55 A™". A beryllium
filter cooled with liquid nitrogen was placed after the sample to
remove high-order neutrons from the beam. The resolution
function was of the order of 0.2 meV. Here, the sample is
protonated, yielding a large background due to the incoherent
neutron cross section of hydrogen. The sample was mounted
on a close-cycle refrigerator installed on the spectrometer
sample table, ensuring temperature stability less than 0.1 K. The
sample was mounted in a scattering plane such that reciprocal
directions (1,0,0) and (0,1,1) were within the horizontal plane.
We quote the wave-vector Q= (H,K,L) in units of cubic lattice
vector a* = 27/a, where a is the lattice parameter (a=591A
and a* ~ 1.06 A™' at RT). Bragg reflections of the RT cubic
phase Q = (H,K,K) are then accessible. This has been chosen in
order to reach the superlattice reflections appearing in both the
tetragonal and orthorhombic low temperature phases, which
are occurring at the M (%, %, O) and R (%, %, %) or equivalents
points.

Ultrasonic time-domain reflectometry measurements have
been carried out at RT using a longitudinal probe at 7.46 MHz.
A smaller single crystal (~0.2 cm®) was carefully chosen in
order to yield a (001) flat surface with a crystal thickness equal
to 3 mm. A thin (<0.1 mm) gel layer was used between the
probe and the crystal in order to ensure a maximum
transmission and reflection of the ultrasonic pulse.

The polarized Raman scattering spectra covering the
frequency range from 7 to 358 cm™' with a resolution of
about 2 cm™ (full width at half-maximum) were obtained on a
triple monochromator Jobin Yvon T64000 spectrometer
equipped with a liquid-nitrogen-cooled silicon CCD detector.
A linearly polarized diode laser emitting at 660 nm was used to
excite the sample and the scattered light was collected through
a 50X objective in the backscattering configuration. The laser
power impinging the sample with a spot diameter of 3 ym was
kept below 1 mW to avoid heating effects. An analyzer was used
to select the outgoing polarization, followed by a rotating half-
wave plate to maintain a vertical polarization at the entrance of
the spectrometer. The polarization-dependent transmission of
the collecting optics was calibrated using the known
depolarization ratio of the T,, Raman mode measured in
backscattering on a [111] silicon plate: Iyy/Iyy = 2/3. The two
MAPDBr; samples used for the Raman scattering experiment
were single-crystal plates (~4 X 4 X 1 mm?®) with the surface
oriented perpendicularly to the [001]-type cubic direction.
Setting the polarization of the incoming beam along [100] and
measuring parallel and crossed polarized intensities of the
outgoing light leads to the first two spectra S, and S,

S, = Ay, + 4EZ(X, X)Z

S, = TZ(X, Y)Z

A rotation of the incoming beam polarization along [110] gives
the other two spectra S; and S,

S3=A, +E +T,Z(X+Y,X+Y)Z
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S, =3EZ(X+Y,X-Y)Z

It is interesting to note that for both sets of geometry sums of
parallel and crossed polarized spectra are expected to be
identical, that is, S; + S, = S+ Sy = Ay, + 4E; + T,,. We used
this property to obtain the intensity scale factor between the
two scattering geometries.
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Details about sample growth; acoustic dispersion curves
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