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ABSTRACT: The enormous research efforts dedicated to
hybrid organic−inorganic perovskites have led to a deep
understanding of these materials; however, the role of entropy
and its ramifications for the properties of the materials have
been only sparsely explored. In this study, we quantify the
phase transition mechanism in the hybrid organic−inorganic
perovskite [CH3NH3]PbBr3 by studying low-energy collective
phonon modes using a combination of inelastic neutron
scattering and ab initio lattice dynamics. We demonstrate that
a delicate interplay among hydrogen bonding interactions,
lattice vibrational entropy, and configurational disorder
determines the thermodynamics and results in the rich
phase evolution of [CH3NH3]PbBr3 as a function of
temperature. Our results have important implications for the manipulation of macroscopic properties and provide a blueprint
for future studies that will focus on unravelling phase transition mechanisms in hybrid perovskites and related materials such as
dense and porous coordination polymers.

1. INTRODUCTION

Understanding how the chemistry of a system affects the
structure and physical properties is at the heart of materials
science. Entropy plays a critical role in determining the
structural and dynamic properties of materials.1 In solid-state
inorganic systems, the role of configurational disorder has long
been recognized in the context of alloys and solid solutions.2−4

In biological systems and solutions, the contribution of
vibrational entropy has been shown to be of the utmost
importance in driving phase equilibria.5,6 Glass forming
behavior is dependent on the combination of vibrational and
configurational entropy.7−9 In the context of hybrid organic−
inorganic perovskites (HOIPs), we have recently shown
computationally that vibrational entropy can drive phase
transitions in materials such as [CH3NH3]PbI3 or [NH3NH2]-
Zn(HCOO)3.

10−12

HOIPs have risen to prominence in recent years in fields
such as photovoltaics and light-emitting diodes.13 In photo-
voltaics, the perovskites have revolutionized the field, offering
low-cost, high-efficiency devices after only a few years of
development.14,15 Even in the relatively short time that there

has been active research on HOIPs, it has become apparent
that low-frequency modes (≲5 THz), configurational disorder,
and hydrogen bonding are critical in a variety of ways such as
the phase stability and electron−phonon coupling.16 Inelastic
and quasielastic scattering studies of HOIPs have revealed
fascinating insights, such as soft phonon modes and local
symmetry-breaking phenomena.17−19 However, a deeper
understanding of low-frequency lattice dynamics modes,
molecular disorder, intermolecular bonds, and their link to
macroscopic properties is required for the development of
rational materials design principles.
Understanding low-frequency modes is as challenging as it is

important. Beyond vibrational entropy, these modes have been
implicated in a wide range of important physical phenomena
such as thermal conductivity,20 negative thermal expan-
sion,21,22 mechanical instabilities,23−25 co-crystallization,26

and structural destabilization.27 In recent years, the combina-
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tion of inelastic neutron spectroscopy (INS) with ab initio
lattice dynamics has provided powerful insights into the
mechanisms involved in low-frequency vibrations of solid-
state28,29 and hybrid materials.30−35 In particular, INS studies
have helped to develop a deeper understanding of the motions
of molecules and a framework in the halide perovskites across
phase transitions.36,37 Lattice dynamics calculations performed
using density functional theory (DFT) can be used to calculate
the vibrational spectrum of a material. The calculated
vibrational spectrum can then be related to the experimental
INS spectrum, which allows for a deconvolution of the
complex manifold of phonons involved in low-frequency
vibrations into characteristic molecular and atomic motions.
For instance, this type of analysis has recently been used for
the exploration of the role of low-frequency vibrations in
phenomena such as gate opening and mechanical shearing in
metal−organic frameworks.38

In this study, we combine terahertz (THz) INS with DFT
lattice dynamics to explore the origin and ramifications of
entropic effects in the halide perovskite [CH3NH3]PbBr3. After
confirming our structural model by comparing the exper-
imental INS data with our calculations, we analyze the role and
aspects of entropy and hydrogen bonding interactions in
determining the thermodynamics of [CH3NH3]PbBr3. Finally,
we link the microscopic details of the vibrational modes to the
differences in structure and ultimately phase stability among
the orthorhombic, tetragonal, and cubic polymorphs of
[CH3NH3]PbBr3. The quantitative picture we obtain then
allows us to discuss potential design principles that can
manipulate underlying thermodynamics and in turn macro-
scopic properties in these materials.

2. LOW-FREQUENCY VIBRATIONS
High-resolution INS measurements were performed on
powdered [CH3NH3]PbBr3 at approximately 10 K, using the
inverted-geometry neutron spectrometer TOSCA1−3 located
at the ISIS Pulsed Neutron & Muon Source, Rutherford
Appleton Laboratory (see the Supporting Information for
details). The experimental INS data are presented in the top
panel of Figure 1. Above 12 THz, the spectral intensities fall
away with an increased level of energy transfer due to the
presence of phonon wings.39 In the low-energy region of the
spectrum, a number of sharp peaks are observed. These peaks
are associated with the motion of the [CH3NH3]

+ molecule in
[CH3NH3]PbBr3 and are pronounced due to the large
incoherent neutron scattering cross section of hydrogen.
Notably, these signals have an energy and envelope similar
to those observed previously in [CH3NH3]PbI3,

40 indicating
that the molecule in [CH3NH3]PbBr3 is also not fully frozen,
even at low temperatures.
For a quantitative interpretation of the obtained INS spectra,

we compare our results to ab initio lattice dynamics
calculations. The phonon spectrum of [CH3NH3]PbBr3 in
the orthorhombic phase was calculated using the frozen
phonon approximation. Energies and forces of the system were
calculated from the generalized gradient approximation (GGA)
of DFT, using the VASP package.41 The dynamical matrix and
phonon frequencies were obtained using the PHONOPY

package.42 The calculated phonon spectrum was converted
to an INS spectrum using the semiempirical approach
developed by Howard and co-workers, and as implemented
in the latest version of the MANTID package,43,44 this approach
considers the vibrational spectrum across all of Q space. The

simulated INS spectrum thus obtained is shown in the middle
panel of Figure 1. The simulated spectrum from ab initio lattice
dynamics is in excellent agreement with the experimental
spectrum. It has previously been shown that INS spectra are
highly sensitive probes of structure, and a powerful tool for
ascertaining the validity of a model system, being able to
discriminate between small changes to the local environment.45

Thus, the match between experimental and calculated spectra
gives us a high degree of confidence in our structural model of
the orthorhombic ground state of [CH3NH3]PbBr3. Full
details of the computational setup are available in the
Supporting Information.
From the lattice dynamics calculations, the nature of the

vibrations responsible for the neutron energy loss can be
explored in more detail. At very low frequencies of ≤1.5 THz,
the modes in orthorhombic [CH3NH3]PbBr3 are mainly
associated with the Br atoms (see partial desnity of states
(DoS) in Figure 1). These modes are best described as typical
perovskite-tilting modes, in which PbBr6 octahedra tilt around
the center, although we note that some of these modes also
involve breathing of the octahedra (see our online repository,
eg mode 7a). Between 1.5 and 2.7 THz, the modes involve
concerted motion of both the [CH3NH3]

+ cation and the
cages, with vibrations of [CH3NH3]

+ coupled to the tilting of
the PbBr6 octahedra. At 2.7 THz, a clear peak associated with
motion of [CH3NH3]

+ can be observed, i.e., a nodding motion
of the CH3 end of [CH3NH3]

+ that has been described
previously as the “nodding donkey” mode.40 The modes at 4.5
THz arise from several types of vibrations, e.g., torsional
motions of [CH3NH3]

+ in which the CH3 and NH3 ends twist
in opposite directions, librational modes of [CH3NH3]

+, and
modes associated with breathing motions of the inorganic
[PbBr3]

− lattice where alternating PbBr6 units expand and
contract. Animations of all modes are available in an online
repository.a We also performed similar calculations for the
tetragonal and cubic phases of [CH3NH3]PbBr3, revealing that
the nature of the modes is largely unchanged between different
polymorphs.

Figure 1. Comparison of the INS-calculated (top) and ab initio-
calculated (middle) neutron energy loss spectra, with the partial
density of states (bottom). The INS spectrum was recorded on the
TOSCA beamline at 10 K.
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Interestingly, the site-resolved phonon DoS analysis reveals
evidence for Pb2+ s2 lone pair activity at low frequencies. To
further investigate the possibility of a stereochemically active
lone pair, we have calculated the electronic structure of the
material at the equilibrium position and distorted along the
mode at 2.6 THz. Figure 2 shows an isodensity plot of the

valence band maximum, arising from Pb 6s and Br 4p orbitals.
The Pb electron density is clearly anisotropically distorted at
the extreme of the mode, demonstrating the importance of a
stereoactive lone pair in this phonon mode and more generally
in the low-frequency vibrational behavior of the material. This
finding is particularly intruiging because experimental evidence
for lone pair activity has been discussed for the Sn2+ and Ge2+

homologues, e.g., [CH3NH3]SnBr3, CsSnBr3, and [CH3NH3]-
GeBr3.

46−48

3. THERMODYNAMICS
We next consider how the thermal occupation of these modes
impacts the thermodynamics of different polymorphs of
[CH3NH3]PbBr3. The high density of low-energy vibrational
modes and their thermal populations provide an important
contribution to the Helmholtz free energy of the system in the
form of vibrational entropy. The vibrational entropy, which can
be calculated from both the experimental and the theoretical
DoS by integrating over the DoS with a population factor,
provides a bridge between the microscopic details of the crystal
and the observed macroscopic properties related to lattice
dynamics, e.g., phase stabilities and thermal conductivities.
From the phonon DoS [g(ε)], the lattice entropy can be
obtained from eq 1

S T k g n n n

n

( ) 3 ( ) ( ) 1 ln ( ) 1 ( )

ln ( ) d

vib B
0

∫ ε ε ε ε

ε ε

= {[ + ] [ + ] −

[ ]}

∞

(1)

where n(ε) = [exp(ε/kBT) − 1]−1, kB is Boltzmann’s constant,
and ε is the mode energy.
The vibrational entropy as a function of temperature is

shown in the inset of Figure 3 (full range in the Supporting
Information). Experimentally, it has been established that
[CH3NH3]PbBr3 crystallizes in an orthorhombic phase at low
temperatures (Pnma). When the temperature is increased and
only Bragg scattering is considered, it is observed that
[CH3NH3]PbBr3 transforms to a tetragonal-II phase (P4/
mmm) at 145 K and further to a tetragonal-I phase (I4/mcm)
at 155 K. At temperatures above 237 K, [CH3NH3]PbBr3
becomes cubic (Pm3̅m) with a highly dynamic [PbBr3]

−

framework.49−51 To gain insight into the contributions of

vibrational entropy to the different phase transitions while
maintaining a reasonable level of computational resource, we
consider three phases; Svib

ortho(T) is compared with Svib
tet (T)

(tetragonal II phase) and Svib
cubic(T). Notably, the vibrational

entropies as a function of temperature were obtained by
applying the same methodology that was used for the
orthorhombic phase. We discuss the origins of configurational
entropy in more detail in the Supporting Information.
The vibrational entropies (Svib) of the tetragonal and the

orthorhombic phases are nearly identical across the whole
temperature range (the Svib of the orthorhombic phase is
greater by 0.85 J K−1 mol−1); thus, the phase transition from
orthorhombic to tetragonal is not driven by an increase in
vibrational entropy. Instead, as a result of the increased
number of available orientations of the [CH3NH3]

+ cation in
the tetragonal phase, it is the increase in configurational
entropy (Sconfig) that shifts the thermodynamics in favor of the
tetragonal-II phase. In a simplified picture and under the
assumption of no disorder of [CH3NH3]

+ between C and N,
the difference in Sconfig between the orthorhombic and
tetragonal phase is Sconfig = R ln(4) = 11.53 J K−1 mol−1 and
is independent of temperature.49 The total Helmholtz free
energy (F) of the system can be calculated from the enthalpy
(H), vibrational energy (Evib), and entropy

F H E T S S( )vib config vib= + − + (2)

The calculated Helmholtz free energy is plotted in Figure 3
and shows the phase transition from orthorhombic to
tetragonal at 152 K, which is in excellent quantitative
agreement with the experimental measurement of 145 K.49

The phase transition from tetragonal to cubic is associated
with an increase in both Svib and Sconfig. Figure 1 of the
Supporting Information and the inset of the bottom panel of
Figure 3 show the difference in Svib between the tetragonal and
cubic phase, which is up to 11.39 J K−1 mol−1 and is around 10

Figure 2. Lone pair activity in lattice vibrations. Equilibrium (left)
and extended (center) configurations of the vibrational mode at 2.6
THz. The charge density of the valence band maximum is plotted in
the background using an isolevel interval of 3.5 × 10−4 e. The right
panel is a three-dimensional representation of the same charge
density.

Figure 3. Phases and free energy with temperature. Schematic
representations (top) of the three phases considered here:
orthorhombic, tetragonal-II, and cubic phases from left to right,
respectively. Total free energy of the three phases (bottom) calculated
according to eq 2. The regions of stability of the three phases are
shaded accordingly. The inset shows the vibrational entropy (joules
per kelvin per mole) vs temperature (kelvin) in the region of the
phase transitions.
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J K−1 mol−1 in the region of the phase transition (see the inset
of the bottom panel of Figure 3). Under the assumption of
disorder around the C−N axis in the cubic phase, the increase
in Sconfig from tetragonal-II to cubic can be calculated as R
ln(6) J K−1 mol−1.49 This results in the overall difference in
entropy between the tetragonal-II and cubic phase of ΔS =
ΔSvib + ΔSconfig = 25.58 J K−1 mol−1. This entropic difference,
which is greater than that of the orthorhombic to tetragonal
transition, outweighs the difference in enthalpy between the
tetragonal and cubic phases at 197 K; although this is
somewhat lower than the experimentally reported transition
(237 K), we note that we consider only one of the two
tetragonal phases here.
The thermodynamic properties presented here are calcu-

lated on 0 K ground-state structures, within the harmonic
approximation of lattice dynamics. There are two important
assumptions that need to be validated. (i) Lattice expansion
and anharmonicity are ignored. In the Supporting Information,
we calculate the mode Grüneisen parameters and estimate the
effects of lattice expansion on vibrational frequencies and
thermal properties. (ii) Imaginary modes are excluded from the
partition function and therefore do not contribute to the
vibrational free energy. In the Supporting Information, we used
the approach outlined in ref 52 to estimate effective
(renormalized) harmonic frequencies and an associated
correction to the free energy. Both effects are shown to be
negligible in the systems studied here, although they have
important consequences for mechanisms of phase transition
and could be important in the thermodynamics of other
materials.

4. MICROSCOPIC ORIGIN OF THERMODYNAMICS
After establishing the origin of thermodynamic differences, we
are now in a position to explore the sources of vibrational
entropy for the different polymorphs in more detail. To
facilitate this analysis, we calculate the vibrational entropy
contributions from the various atomic sites, by integrating the
partial DoS for the various sites (eq 3).

S v S v S v v( ) ( ) ( ) d
v

0
vib
a

vib
b∫Δ = [ − ]

(3)

where v is the frequency and superscripts a and b refer to the
different polymorphs, with Svib calculated as shown in eq 1.
Because of the exponential decay of the Boltzmann population
of the vibrational states, the differences in entropy contribu-
tions fall off rapidly as v increases, so that almost all of the
difference arises from modes with v < 15 THz.11 The obtained
differences between the integrated site entropies (ΔS) of the
phases are listed in Table 1.
Although the total Svib values in the orthorhombic and

tetragonal phases are similar, the site contributions to entropy

are significantly different (see Table 1). The NH3 moiety
contributes more in the orthorhombic phase, and the CH3
moiety has larger contributions in the tetragonal phase.
Interestingly, the Br Svib contribution decreases slightly across
the phase transition, which implies a more rigid framework in
the tetragonal phase. This is contrary to the intuitive picture,
where the framework should become more flexible with an
increase in temperature. However, the increased Sconfig is
sufficient to favor this unexpected result. We note that there is
an additional tetragonal phase reported experimentally (I4/
mcm);40,53 the disorder in the I4/mcm phase is greater by a
factor of 2. However, the binding of the molecule seems to be
similar; in both phases, it has been reported54 that the CH3
moiety is not hydrogen bonded in the I4/mcm phase as in our
model P4/mmm system.
The difference in the site contributions to Svib between the

tetragonal and cubic phases is shown in Table 1. In this case,
there is a pronounced difference between the total Svib of the
two phases, which favors the cubic polymorph at higher
temperatures. In terms of Svib arising from the [CH3NH3]

+

cation, the cubic phase essentially recovers the vibrational
entropy forfeited in the orthorhombic to tetragonal transition
at the NH3 end while forfeiting some of the Svib from the CH3
end, a situation that corresponds to the [CH3NH3]

+ cation
being overall more loosely bound to the [PbBr3]

− cage in the
cubic phase than in either of the other phases. The average
CH3−Br separation is 3.36 Å and the average NH3−Br
separation 2.92 Å in the cubic polymorph compared to 3.22
and 2.83 Å, respectively, in the tetragonal polymorph; note
that these values are calculated from DFT at 0 K and as such
are merely indicative of tighter bonding but should not be
treated as quantitative representations of the real structure,
where the bonds will have large thermal motions. In addition
to the increased Svib from [CH3NH3]

+, there is also a large
increase in Svib from the Br atoms in the cubic phase compared
to that in the tetragonal phase.55 This corresponds to a wider
range of tilting in the PbBr6 octahedra and again is a result of
the less dense, more open structure of the cubic phase
compared to the other phases.
The results that we have presented fit into a wider picture

that is emerging related to phase changes in hybrid halide
perovskites. Guo and co-workers demonstrated that there is a
coupling between the dynamics of organic and inorganic
components; this results in an abrupt phase transition, when
hydrogen bonding is broken, and is contrasted to the gradual
phase transition in the all-inorganic CsPbBr3.

53 Their findings
are in line with neutron scattering studies of the phase
transition, which find a band of vibrations at ∼5 meV that
shows soft modes at the phase transition,36 and Raman studies
that show hydrogen bonding affects octahedral tilting.54 The
overall picture of the phase transition that emerges from these
studies is of a mixed displacive/order−disorder transition. All
of these studies emphasize the importance of hydrogen
bonding in these systems, as do our results. Previously,
Swainson and co-workers showed that the NH3−Br hydrogen
bond affects the lone pair activity of Sn in [CH3NH3]SnBr3.

47

In light of the lone pair activity that we demonstrate here, this
kind of interaction may also be important in B-site off-
centering in Pb halide perovskites. This kind of tuning of lone
pair activity has been demonstrated on all-inorganic halide
perovskites, where larger A sites, lighter B sites, and harder X
sites all drive increased lone pair activity.46,48,56 Increased lone
pair activity then has applicational implications, affecting

Table 1. Entropy Changes at Phase Transitionsa

transition ΔSvibPb ΔSvibBr ΔSvib
NH3 ΔSvib

CH3 ΔSvibTot Ttrans

orthorhombic →
tetragonal

−0.18 −0.58 −1.49 1.39 −0.86 152

tetragonal →
cubic

−1.01 7.14 5.57 −1.01 10.68 197

aThe difference in site-resolved vibrational entropy between the
phases involved in the two phase transitions. Differences in ΔSvib are
reported in joules per kelvin per mole, and values of Ttrans (transition
temperature) are in kelvin.
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properties such as lattice polarization and charge carrier
lifetimes. Tuning the hydrogen bonding interactions between
the molecule and framework, by balancing the enthalpy and
vibrational entropy of the interactions, provides an additional
handle for altering the phase transition and structural
properties of hybrid halide perovskites.

5. CONCLUSIONS
In conclusion, we unravelled and quantified the thermody-
namic origin of the phase evolution of the hybrid organic−
inorganic perovskite [CH3NH3]PbBr3 by combining high-
resolution inelastic neutron scattering with ab initio lattice
dynamics. The differences in enthalpy and configurational and
vibrational entropy of the phases are all on the same order of
magnitude, meaning that each of these factors is important in
determining the stable structure as a function of temperature.
These contributions are even more significant when one
considers the decreased role of the Madelung energy in
determining structure in halide perovskites, compared to
oxides.57 We find that a complex interplay between entropy
and hydrogen bonding interactions leads to the phase
transitions as a function of temperature, a result that seems
to be generally applicable for crystalline hybrid materials.
These insights can now be used to understand behaviors in
related materials and for the design of materials with tunable
properties. For instance, it seems that by small substitutions of
Pb2+ with Sn2+ or Ge2+, low-frequency modes related to the
stereoactive lone pair can be directly manipulated. Likewise,
lattice dynamics related to hydrogen bonding strength play an
important role and can be manipulated by replacing
[CH3NH3]

+ with [(NH2)2CH]
+. Such attempts, however,

also go beyond these considerations; e.g., the size of the cation
must be considered, which in turn can have a significant impact
on the crystal chemistry and the symmetry of the molecule can
have an impact on configurational entropy. More generally, the
methodology applied here demonstrates the power of ab initio
lattice dynamics to provide predictions in excellent agreement
with experiment. The combination of INS with ab initio
calculations provides a blueprint of how to understand lattice
vibrations and relate them to macroscopic properties in an
accurate, quantitative way, not only in the context of hybrid
organic−inorganic perovskites but also similarly for related
hybrid materials. For instance, in flexible metal−organic
frameworks, a balance between enthalpic dispersion forces
and vibrational entropy exists; our methodology paves the way
for understanding these on a microscopic level and in turn
facilitates the targeted design of such effects.58
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