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Kacper Druzḃicki,* Pablo Gila-Herranz, Pelayo Marin-Villa, Mattia Gaboardi, Jeff Armstrong,
and Felix Fernandez-Alonso*

Cite This: Cryst. Growth Des. 2024, 24, 391−404 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Hybrid organic−inorganic perovskites exhibit re-
markable potential as cost-effective and high-efficiency materials for
photovoltaic applications. Their exceptional chemical tunability
opens further routes for optimizing their optical and electronic
properties through structural engineering. Nevertheless, the
extraordinary softness of the lattice, stemming from its
interconnected organic−inorganic composition, unveils formidable
challenges in structural characterization. Here, by focusing on the
quintessential methylammonium lead triiodide, MAPbI3, we
combine first-principles modeling with high-resolution neutron
scattering data to identify the key stationary points on its shallow
potential energy landscape. This combined experimental and
computational approach enables us to benchmark the performance
of a collection of semilocal exchange−correlation functionals and to track the local distortions of the perovskite framework,
hallmarked by the inelastic neutron scattering response of the organic cation. By conducting a thorough examination of structural
distortions, we introduce the IKUR-PVP-1 structural data set. This data set contains nine mechanically stable structural models, each
manifesting a distinct vibrational response. IKUR-PVP-1 constitutes a valuable resource for assessing thermal behavior in the low-
temperature perovskite phase. In addition, it paves the way for the development of accurate force fields, enabling a comprehensive
understanding of the interplay between the structure and dynamics in MAPbI3 and related hybrid perovskites.

■ INTRODUCTION
Hybrid organic−inorganic perovskites (HOIPs) such as
methylammonium lead triiodide (MAPbI3) have recently
attracted an enormous level of interest owing to their versatile
applications in photovoltaics and photonics.1 The crystal
structure of three-dimensional (3D) HOIPs is characterized by
a classic ABX3 perovskite architecture, in which light and
highly mobile organic cations are confined within the voids of
the soft and heavy metal-halide framework. Such a duality
translates into a coherent photocarrier transport characteristic
of crystalline semiconductors, combined with a dielectric
response and atomic dynamics reminiscent of those seen in
liquids.2 The extraordinary softness of the perovskite frame-
work allows for exceptional chemical tunability, where different
kinds of ions and/or their mixtures can be incorporated into
the lattice. This key feature paves new routes for modifying
electronic and optical properties, sensitive to the degree of
orbital overlap dictated by the local structure of the
material.3−6

The elucidation of the structure of inorganic perovskites
poses significant challenges, and this task becomes even more

complicated when dealing with HOIPs.7−10 As a result of the
shape anisotropy and charge distribution in nonspherical A-site
cations, HOIPs have additional degrees of freedom compared
to those of their all-inorganic analogues. Cations such as
methylammonium (MA+) show a propensity to donate
protons and form hydrogen bonds with the neighboring halide
ions, which can considerably affect the structure of the
perovskite framework. Further, the subtle balance between
complex dipole ordering and cation mobility in HOIPs usually
reduces their crystal symmetry from cubic to tetragonal with
decreasing temperature and, eventually, to cation-ordered
orthorhombic phases. Depending on temperature and, there-
fore, on crystal structure, the A-site cations can be partly bound
or move almost freely inside the cub-octahedral interstice. Yet,
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the directional interactions arising from structural anisotropy
can further alter this rich behavior, particularly at low
temperatures. In fact, the space-group assignment of the
prototypical MAPbX3 (X = Cl, Br, and I) trihalides has not
been devoid of controversy, and a similar situation is
encountered when considering the evolution of the structure
as a function of temperature. Notably, recurrent observation of
nanoscale domains of different origins, mainly in scanning
probe microscopy images, has led to a vivid debate about the
ferroic properties of these materials.4,11 A pronounced
tendency to form nanoscale domains and superstructures,
combined with a high propensity toward crystal twinning,
further hampers a robust formulation of a comprehensive
structural model bridging long-range and short-range
order.12,13

As a result of the above, average crystal structures inferred
from standard diffraction experiments often depart from the
perovskite local structure, and a consistent picture of the short-
and long-range structures remains a challenge to both
experiment and computation.14 This situation holds even
within the “cation-ordered” phases observed at low temper-
atures, where the effects of dynamical disorder are mini-
mized.15 These limitations call for using local structure probes
rather than conventional crystallographic techniques, the
sensitivity of which is limited to long-range order. In this
regard, nuclear magnetic resonance (NMR) and radiation-
scattering techniques using photons and neutrons can be
deployed.15,16 In such a context, vibrational spectroscopy
techniques, such as optical terahertz (THz) spectroscopy and
inelastic neutron scattering (INS), can be considered valuable
alternatives. THz spectroscopy combined with first-principles
calculations allows insight into the local structure and the
interactions responsible for preferred short-range ordering
under temperature−pressure conditions that are often hardly
accessible to other spectroscopy techniques. Figure 1 provides
a visual summary illustrating the complementarity of the
aforementioned techniques in discerning the low-energy
vibrational response of MAPbI3. INS is uniquely sensitive to
the organic cation, given the large incoherent neutron cross
section of hydrogen. In such a way, in our previous works,
high-resolution INS and first-principles modeling have
provided substantial evidence for the reduction of the local
symmetry around the organic cation relative to the average in
the low-temperature crystal structure of MAPbI3.
Building upon our previous efforts,15,19,21 this work

systematically explores the low-temperature structural dis-
tortions in MAPbI3. To this end, we developed a computa-
tional protocol accounting for all possible axial reorientations
of the MA+ cation in the low-temperature phase. Harmonic
lattice dynamics (HLD) calculations utilizing a solid-state
formulation of density functional theory (DFT) are used to
explore the potential energy landscape. This exercise also
provides a means of benchmarking modern semilocal density
functional approximations (DFAs) and provides further
insights into the local structure and preferable cation alignment
in the low-temperature phase of MAPbI3. We thoroughly
scrutinize the large configuration space using high-resolution
experimental INS data and identify a much-reduced subset of
structural models with a systematically lowered crystallo-
graphic symmetry. This collection of structural models,
hereafter denoted IKUR-PVP-1, was scrutinized further in
terms of their thermodynamic and mechanical stability.
Following a quantitative assessment of possible structural

distortions at low temperatures, this data set also provides a
new reference for further theoretical studies of MAPbI3 and
related HOIPs.

■ EXPERIMENTAL AND COMPUTATIONAL DETAILS
In situ neutron powder diffraction (NPD) measurements were
performed on the OSIRIS backscattering instrument at the ISIS
Neutron & Muon Spallation Source (STFC, Didcot, UK),22−26 using
the same hydrogenous sample of MAPbI3 (purity >99%; Xi’an
Polymer Light Technologies) that had been extensively characterized
in our previous works.15,21 Raw time-of-flight data were reduced to d-
spacing using the Mantid software package,27 roughly covering the
range 3−6.5 Å. The whole pattern fitting of the NPD data was
performed using the GSAS-ii software.28 Instrument and profile
parameters were fitted for a Na2Ca3Al2F14 (NaCaAlF) standard
sample and fixed during the refinement of MAPbI3.

The theoretical calculations were performed under periodic
boundary conditions (PBCs) with the plane-wave pseudo-potential
(PW-PP) formulation of DFT, as implemented in the CASTEP
code.29,30 The numerical settings, along with the selection of the
semilocal DFAs, follow those used in our previous studies on
MAPbI3.

15,19,21,31 Following the work of Jepsen and Clark,32 we
emphasize the need for high numerical accuracy to achieve an
accurate description of the potential energy surface (PES). In order to
discern many closely lying local minima on a shallow potential energy
landscape, the total energy was converged to within 1 × 10−12 eV/
atom, which allowed us to minimize the residual atomic forces down
to at least 1 × 10−5 eV/Å. These optimized trial models were further
subjected to vibrational analysis using the finite-displacement method.
The vibrational analysis allows us to confirm that the models are in
mechanical equilibrium, i.e., with all phonon modes having real and
positive eigenvalues. The calculations of phonon band structures and
related thermodynamic properties were performed with the non-

Figure 1. Comparison of low-frequency experimental Raman (RS, in
blue),17 infrared (IR, red),18 and inelastic neutron scattering (INS,
black) spectra of MAPbI3.

17 These data have been obtained at low
temperatures (4−20 K).19 Optical spectra are also displayed in the 9−
20 meV range to resolve the low-intensity features. Note the
difference in the peak positions for each technique. The inset within
the figure shows stacked histograms representing the contributions
from the inorganic (PbI3) and organic (MA+) sublattices to the low-
energy phonon modes, calculated using the P1 model of the low-
temperature phase.17,20 The cartoons show characteristic cation
vibrations linked to the most intense INS bands. Two alternative
structural models of the low-temperature phase (Pnma and P1) are
further presented on the right. The intense feature at ca. 40 meV is
not accessible to the IR or Raman spectrum, and the most intense
features in the optical spectra are solely linked to the inorganic
framework. IR and Raman features exhibit a characteristic mutual
exclusion arising from the centrosymmetric character of the structure
of the low-temperature phase.

Crystal Growth & Design pubs.acs.org/crystal Article

https://doi.org/10.1021/acs.cgd.3c01112
Cryst. Growth Des. 2024, 24, 391−404

392

https://pubs.acs.org/doi/10.1021/acs.cgd.3c01112?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.3c01112?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.3c01112?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.3c01112?fig=fig1&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.3c01112?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


diagonal supercell method of Lloyd-Williams and Monserrat to reduce
the supercell size required to converge the dynamical matrix.33 The
phonon eigenvalues and eigenvectors calculated using HLD served as
input for the further modeling of the INS spectra using the Abins and
aClimax codes.34,35 To further confirm the thermodynamic stability of
the considered structures, we performed finite-temperature (50 K)
AIMD simulations in the isothermal−isobaric (NpT) ensemble using
the CP2K code,36 following the Martyna−Tobias−Klein implemen-
tation,37 and using the canonical sampling through the velocity
rescaling (CSVR) thermostat to ensure the correct kinetic energy
distribution.37 Further computational details are provided in the
Supporting Information.

■ RESULTS AND DISCUSSION
Neutron Scattering. Following the seminal work by

Poglitsch and Weber,38 a number of studies have explored the
phase behavior of methylammonium lead halide triiodides

(MAPbX3, X = I, Br, and Cl) using X-ray and neutron
diffraction for both powder and single-crystal specimens. These
materials are commonly accepted to reveal three different
crystal structures at ambient pressure, with increasing partial
disorder upon heating a low-temperature cation-ordered
phase; an intermediate tetragonal phase; and a high-temper-
ature cubic phase. Yet, as extensively discussed in ref 39, no
consensus has been reached on the space-group assignment,
phase coexistence, or the formation of superstructures,
particularly at low temperatures. In the case of MAPbI3, the
space-group assignment for both the low-temperature and
ambient tetragonal phases has been debated from the outset.
The low-temperature phase of MAPbI3 was initially ascribed to
a polar monoclinic Pna21

38 space group, which has been
further refined by Baikie et al. to centrosymmetric
orthorhombic Pnma40 since the refinements and subsequent

Figure 2. (a) Representative NPD pattern and associated whole−pattern profile refinement of MAPbI3, collected at a base temperature of 10 K
(top panel). The accompanying color map below shows the evolution of NPD intensities upon heating from the base temperature and across the
stability regime of the low-temperature phase of MAPbI3. (b) Pseudocubic cell parameters and volume in the low-temperature phase as a function
of temperature. The adopted crystallographic convention follows the one presented earlier by Weller et al.54 The cell volume is given per formula
unit, and the orthorhombic cell parameters (a, b, and c) were converted to the pseudocubic ones using the following relations: a/ 2 , b/2, and c/

2 .
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symmetry analyses were suggestive of missing symmetry
elements in Pna21.

38 Notably, this work revealed the presence
of some considerable residual electron density at distances
unreasonably close to the iodine positions, possibly indicating
short-range distortions of the corner-shared octahedra.40 This
assumption can be further inferred from subsequent neutron
diffraction experiments,41 suggesting the presence of consid-
erable diffuse scattering even at cryogenic conditions, which
seems to be related to the thermophysical and dielectric
anomalies reported by Fabini and co-workers.42 The analysis of
the low-temperature (5 K) neutron pair distribution function
(PDF) recorded for a perdeuterated d6-MAPbI3 also reveals
some discrepancies when confronted with the Pnma model of
the low-temperature structure.41 The differences were found to
be quite notable below r = 4 Å, attributable to close contacts
between neighboring organic cations, and, hence, correlated
with small structural fluctuations around MA+.41 Further
controversies have focused on the structure of the ambient-
temperature phase of MAPbI3. Following a vibrant debate on
the emergence of ferroic properties in MAPbI3,

43 Breternitz et
al.44 have questioned the nonpolar I4/mcm assignment of the
tetragonal phase in favor of a distorted I4cm structure�the
maximal polar subgroup of the former. Yet, structural solutions
in the polar I4cm structure have been unsuccessful, as reported
elsewhere.40,45−47 While focusing on cation disorder, differ-
entiating unambiguously between the 4-fold and 8-fold
disordered models is also challenging, even with high-quality
neutron diffraction data,41 calling for the use of subatomic
resolution.48 Likewise, the transition from the low-temperature
to the tetragonal phase manifests a predominantly discontin-
uous character. Since no group-subgroup relationship exists
between the I4/mcm and Pnma structures, it is impossible to
descend continuously through this sequence.40 As a con-
sequence, the existence of an intermediate phase is justified for
both MAPbI3 and MAPbBr3. The existence of such an
intermediate phase has already been confirmed for the bromine
analogue,49,50 yet it has eluded clear experimental evidence for
MAPbI3. Despite revealing considerable contributions to the
transition entropy already below 100 K, the thermophysical
measurements could not resolve the presence of an
intermediate state.51 Yet, recent works report abnormal
luminescent behavior around the tetragonal−orthorhombic
phase transition,52 as well as pronounced phase heterogeneity
well within the range of orthorhombic-phase stability. These
results raise additional questions about the existence of
putative intermediate states over a broader range of temper-
atures and the extent of disorder in the low-temperature
limit.53

To build a structural reference of the low-temperature phase
of MAPbI3, we performed variable-temperature NPD measure-
ments, as presented in Figure 2. The NPD patterns could be
indexed according to the Pnma model of the average structure
provided by Weller et al., as illustrated by the representative
NPD pattern shown in Figure 2a.54 The total profile
refinement brought the average weighted-profile R-factor,
RWP, below 2% across the whole range of phase stability
(Figure 2b). The associated structural parameters shown in
this figure are in excellent agreement with the synchrotron X-
ray diffraction data reported by Lehmann et al.55 In line with
this work, we also observed phase coexistence between 150
and 160 K upon heating. The total change in cell volume upon
heating from 10 to 160 K was found to be below 1.5%. By
inspecting the pseudocubic cell parameters, one can note a

pronounced thermal expansion above 50 K. This trend is in
line with the onset of enhanced cation dynamics observed in
neutron-spectroscopic experiments.56,57 These observations
are in line with the substantial changes in local structure
evinced from abnormal luminescent behavior at elevated
temperatures, yet they do not seem to be so evident from the
crystallographic lattice parameters.
Spectroscopic methods provide information about the local

fluctuations of the structure at shorter time scales, which are
subsequently smeared into a time-averaged scattered intensity.
The experimental INS spectrum of MAPbI3 is displayed in
Figure 3a, reflecting the low-energy vibrational response of

MA+. The cartoons displayed in Figure 3b schematically
illustrate the rotational and translational character of the
underlying vibrations, allowing for a generalized spectral
interpretation of MAPbI3 and related compounds. The key
spectral features contribute at 38 meV [as τ(NH3

+)] and over
the range of 10−20 meV. Following the convention introduced
in previous works,19 bands i−ii are ascribed to the MA+

librations localized at the hydrogen-bonded (NH3
+−C) moiety

(see the cartoon at the bottom right side of Figure 3b). This
set of three modes is expected to be highly sensitive to the
strength of the confining potential according to interactions
with the lead-halide cage. While INS spectroscopy is not
subjected to optical selection rules, by further referring to
optical THz spectra (see Figure 1), these librations are
detectable by both IR and Raman spectroscopy, with spectral

Figure 3. (a) Experimental INS spectrum of MAPbI3 recorded at a
base temperature of 10 K. The spectral range of 1−50 meV reflects
the low-energy excitations of the MA+ cation. The most intense
features were ascribed to torsional modes localized on the NH3

+ and
CH3 moieties. The librational transitions resulting from the coupling
of translational and rotational motions are denoted by Roman
numerals (i, ii, iv, and vi), following the previously established
convention.17 The spectral regions corresponding to vibrations
predominantly localized on the NH3

+ and CH3 groups are
represented by blue and gray color shading, respectively. (b)
Schematic representation of the translational (left), internal torsional
(middle), and external rotational motions (right) of the MA+ cations.
These motions contribute to the spectral range below 20 meV. For
ease of visualization, the iodine atoms are omitted from the display.
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maxima at different energies. Similarly, the range below 10
meV shows high complementarity between IR and RS, which,
according to the mutual exclusion rule, suggests the structure
to be centrosymmetric. Analogously, the bands denoted as iv
and vi reflect the similar librational character as i and ii, yet
with an amplitude of displacement predominantly localized on
the (CH3−N) fragments, yet with contributions of both cation
rattling and the methyl-spinning mode, τ(CH3

+), which has
been schematically illustrated in Figure 3b. The spinning mode
further defines the most intense spectral feature observed at ca.
12 meV. Interestingly, as in the case of τ(NH3

+), this transition
is silent in the optical spectra as it does not lead to a change of
polarization or polarizability. We note that the well-resolved
feature found at 11 meV in the RS spectrum is due to the
libration denoted as vi in the INS spectrum.
Exploring the Configuration Space in MAPbI3. Using

the reference experimental data, we aim to explore the
configuration space in MAPbI3 by following axial reorienta-
tions of the MA+ cation, dictating the dipole ordering in the
low-temperature phase. To this end, we have developed a
computational protocol that is presented in Figure 4. Our
strategy combines a systematic exploration of the PES with
HLD calculations, taking the experimental spectroscopic data
as the reference. The computational protocol combines two

stages, starting from different initial configurations. In stage I,
the reference point stems from the aforementioned nonpolar
Pnma model of the average structure reported by Weller et
al.,54 adopting the cell parameters obtained through the
refinement of the OSIRIS data presented in the previous
section. After scrutinizing the resulting configurations with
respect to the experimental INS data, the configuration space
has been further extended by accounting for the Z = 8
superstructures. The final set of structures presented as the
IKUR-PVP-1 data set was subjected to mechanical and
thermodynamic stability analysis. We note that all of the
total-energy considerations presented herein are given per
CH3NH3PbI3 formula unit.
Stage I: Search across Centrosymmetric Space (Z =

4). The starting point in our considerations was defining the
rotational coordinates. This is analyzed in detail in Figure S1.
Two rotational angles ϕ and θ define axial reorientations along
the [110] and [101] directions in the standard crystallographic
convention.54 Since the Pnma structure involves eight
symmetry elements, including the mirror plane perpendicular
to the y-axis, which prevents ϕ rotations, the symmetry was
lowered to P1̅ leaving the inversion center as the only
symmetry constraint. In the Z = 4 unit cell, there are two
independent MA+ cations, denoted as A and B, respectively. By

Figure 4. Schematic computational protocol established to systematically explore the configuration space in MAPbI3 that results from cation
reorientation. Stage 1 invokes systematic reorientation of the MA+ cation in the centrosymmetric arrangement (P1̅ symmetry constraint, Z = 4).
This is followed by full cell relaxation and the subsequent synthesis of the resulting equilibrium structure. The phonon calculations at the Γ-point
facilitate filtering of the generated ensemble in terms of total energy and degeneracy of the τ(NH3

+) mode. In stage 2, the configuration space is
expanded to incorporate previously reported models (ref 21) and those with Z = 8. Following subsequent geometry optimization and structure
filtering, the stability of selected systems is confirmed through phonon dispersion relation calculations and ab initio MD simulations at 50 K. The
fully mechanically stable structures are eventually gathered as the IKUR-PVP-1 data set. See the main text for further details.
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combining rotations of 90° for each molecule, the config-
uration space explored in stage I contains forty-nine structures
summarized in Table S1.
A reliable description of the shallow PES required high

numerical precision, allowing for an accurate account of the
underlying mechanical forces. Furthermore, the relative
stability of the trial structures varying in shape and size was
sensitive to the selection of the number of k-points in
reciprocal space due to odd/even effects. As reported
elsewhere, this issue is related to difficulties in describing the
wave function phase factor at the center and boundaries of the
Brillouin zone (BZ).58 Thus, we carefully analyzed the energy
convergence with respect to the density of the Monkhorst−
Pack grid using the PBEsol functional. These results are
presented in Figure S2, finding that a constant spacing of 0.05
Å, corresponding to the k-point mesh of 2 × 2 × 2, is required

to converge the total energy within 1 kJ/mol and resolve the
same number of distinct low-energy structures in the energy
window of 1 kcal/mol. Afterward, we benchmarked semilocal
DFA approximations for the whole configuration space,
following the selection of exchange−correlation functionals
presented in our previous works.15,19,21 PBEsol with
Tkatchenko−Schefler corrections was included to check the
performance of soft-GGA in conjunction with semiempirical
dispersion corrections. The results of these tests are presented
in Figure 5.
Exhaustive cell relaxation at ambient pressure allowed the

minimization of the residual forces down to 1 × 10−5 eV/Å,
and the resulting structures obtained at each level of theory
were further symmetrized to the closest higher-symmetry space
group, with a tolerance of 0.001 Å. The relative total energy as
a function of different DFAs [PBEsol, rSCAN, PBEsol-TS,

Figure 5. Benchmark of semilocal exchange−correlation functionals applied to the low-temperature phase of MAPbI3. These results are obtained
following the computational protocol outlined in Figure 4. (a) Relative total energies were examined as a function of different exchange−correlation
functionals [PBEsol, rSCAN, PBEsol−TS, PBE−TS, and PBE−D3(BJ)]�concerning the lowest-energy model of Pnma symmetry. Symmetry
labels highlight distinct structures resolved in a given energy range. (b) Energies of the τ (NH3

+) disrotatory mode are examined as a function of
the calculated volume for the set of unique energy structures identified in (a). The ensemble was subsequently refined based on the degeneracy of
the resulting τ(NH3

+) mode energies for the cations denoted as A (red) and B (blue), respectively. Dashed vertical lines denote the experimental
volume boundaries, while the experimentally determined position of the τ(NH3

+) band is indicated by a horizontal dashed line. For further details,
see the main text.
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PBE-TS, and PBE-D3(BJ)]�with respect to the lowest-energy
model of Pnma symmetry is displayed in Figure 5a. The
symmetry labels highlight distinct structures resolved in a given
energy range for energetically distinct models. We note the
significant influence of the exchange−correlation functional on
the relative stability of each structure considered, with a
significant contribution from dispersion corrections. The
smallest relative differences were found for the rSCAN and
PBEsol approximations, which severely miss the description of
the van der Waals (vdW) forces yet are believed to provide an
improved description of the inorganic framework. By
comparing the two pairwise dispersion correction schemes,
namely, TS and D3(BJ), the latter is augmented with the three-
body term, and we note the energy difference at the order of 1
kJ/mol.
All the structures presented in Figure 5a were used to

perform Γ-point phonon calculations, and the configuration
space for each DFA was reduced by imposing the structure
filtering in regard to the total energy and degeneracy of the
τ(NH3

+) spinning mode (see Figure 4). A relative total-energy
threshold of 0.01 kJ/mol per formula unit was used to filter out
clone structures. Since only a single band was resolved
experimentally with INS, further analysis excluded models with
pronounced site splitting, i.e., all the structures varying in
predicted τ(NH3

+) energy by more than 1 meV. Band splitting
was a common occurrence, particularly in the case of higher-

energy P21/m models. In Figure 5b, the reduced configuration
space is analyzed as compared to the experimental limits in
terms of the experimentally observed energy of the τ(NH3

+)
mode and the formula unit volume explored with NPD (see
the horizontal and vertical dashed lines, respectively). For each
functional but rSCAN, the number of distinct models was
reduced by more than 70%, leaving about 10 distinct structures
for further scrutiny. By inspection of Figure 5b, we note that
only PBEsol and PBE-D3(BJ) provide structures commensu-
rate with the cell volume observed experimentally. More
advanced rSCAN and PBE-TS clearly overestimate the
volumetric properties, and PBEsol-TS shows the opposite
trend. While we anticipate that the inclusion of vdW-
corrections might be beneficial for the future use of regularized
SCAN functionals in HOIP simulations,59 we further note
issues with the use of TS corrections in the noniterative
Hirshfeld partitioning scheme reported elsewhere.60 This
limitation also refers to the current implementation of the
many-body dispersion (MBD) scheme in CASTEP, which has
not been included in the analysis yet has been recommended
elsewhere based on reference calculations using random phase
approximation (RPA).61 In line with our previous findings,15

PBE-D3(BJ) has been considered the most advanced and
versatile approximation for further analysis.
In Figure S3, the representative INS spectra obtained using

PBE-D3(BJ) are compared to the ones calculated with PBEsol

Figure 6. Collection of nine distinct structural models (I−IX) of the low-temperature phase of MAPbI3 included in the IKUR-PVP-1 data set. Z
represents the number of asymmetric units per primitive unit cell of each model. The symmetry labels are given in parentheses. For ease of
comparison, all of the models are aligned with the long crystal axis. The structural data set in the*.cif format is deposited in the Supporting
Information.
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and rSCAN. At this stage, we note that the Pnma symmetry
models by no means allow matching the experimental INS
spectrum, with severe overestimation of the most intense
spectral features due to the τ(NH3

+) and τ(CH3) spinning
modes, and the considerably more advanced meta-GGA
approximation represented by rSCAN does not provide a
remedy in this regard. Yet, stage I provides a new, nonpolar
model with Cmca symmetry, allowing a considerably improved
description of the INS response. The Cmca symmetry was
previously noted by Rakita et al. as an antiferroelectric
analogue of the polar I4 cm model of the tetragonal phase of
MAPbI3, which shows antipolar displacements along the long
cell axis.11

Stage II: Construction of the Structural Data Set. The
Cmca model, developed in stage I, is among the highest
symmetry models. Compared with Pnma, one of the screw axes
transforms into a rotation axis. However, the structure with Z =
4 is primitive of a C-centered orthorhombic cell with Z = 8.
This points to a possible scenario of cell doubling in the low-
temperature phase of MAPbI3. We note that to date, among
the methylammonium lead trihalides, only MAPbCl3 was
found to show the low-temperature Pnma phase with Z = 8.62

Motivated by this finding, we extended the configuration space
to include Z = 8 superstructures. This type of superstructure
corresponds to that used by Swainson for the case of
MAPbCl3. It is also based on the Cmca model introduced in
the previous section by considering further axial reorientations
of MA+. In addition, the considered structural ensemble was
augmented with the set of alternative models earlier reported
by our group according to PBE-TS calculations.21 In total, at
stage II, we have further introduced 16 distinct models that are
mechanically stable at the Γ-point as confirmed by the
vibrational analysis. Once filtered against the τ(NH3

+) site-
splitting and total energy difference, the HLD calculations
resolved 12 distinct models with no mechanical instabilities in
the phonon band structure. Three of them were further
rejected based on NpT MD simulations at 50 K as they rapidly
relaxed (within 10 ps) to the nearest configuration with lower
energy. Finally, the configuration space was reduced to nine
configurations, which, according to AIMD simulations, can be
considered the stationary points on the free energy surface
(FES). These nine structures constitute the IKUR-PVP-1 data
set and are presented in Figure 6 sorted in terms of ascending
total energy.
According to Figure 6, the four lowest-energy models (I−

IV) are described by Pnma space-group symmetry. The
common feature of the remaining models is the loss of the
end-to-end cation ordering owing to uniaxial fluctuations of
the MA+ cations. Such structural distortions are challenging to
be tackled by Bragg diffraction experiments, as discussed in
detail with an example of the single-crystal studies of the
tetragonal phase of MAPbI3.

41 For example, in the tetragonal
phase with I4/mcm symmetry, the cation could be disordered
end-to-end, distributed over eight orientations in the unit cell
or with the molecular axes aligned in an ordered manner, with
only four accessible orientations. Using subatomic resolution
single crystal neutron diffraction, Ren et al. have proposed an
alternative disorder for the MA+ cations, where nitrogen atoms
remain ordered on the mirror plane and the methyl group is
disordered off the mirror plane.41,48 A similar scenario can be
postulated for the low-temperature phase, yet its detailed
description would be far more challenging.

A more thorough scrutiny of the local structure is given in
Figure S4. The P1 model, introduced as a result of our
previous efforts,21 can be further symmetrized (within 0.1 Å
tolerance) to the monoclinic Cc space group. In this case, the
minimal cell is the primitive of the C-centered monoclinic
phase with Z = 2, characterized by only two symmetry
operators: identity and a glide plane (see Figure S4a).
Similarly, the P1̅ model, shown in Figure S4b, can be
symmetrized to nearly isoenergetic configurations, i.e., the
monoclinic C2/m and the orthorhombic Cmca, commensurate
in size with both primitive (Z = 4) and conventional cells (Z =
8) and preserving the mirror-plane as symmetry operator. Also,
the monoclinic configurations are of possibly maximal
symmetry for the higher energy models (see Figure S4c).
All the structures contained in the IKUR-PVP-1 data set are

subjected to thermodynamic analysis using the harmonic
phonon calculations presented in Figure S5. At a given
temperature T and constant pressure p, a material under
interest reaches equilibrium by minimizing its Gibbs free
energy63

= + [ ]G T U T pV T S T( ) ( ) ( ) (1)

where U(T) is the internal energy and S(T) denotes the
entropy term (which consists of both vibrational, Svib(T), and
configurational, Sconfig(T), contributions).

64

Within the harmonic approximation, the Gibbs free energy
of an electrical insulator as a function of temperature at a given
pressure can be written as

= + + [ ]G T E E T pV T S T( ) ( ) ( )latt. vib. (2)

where the internal energy comprises both the Elatt. and Evib(T)
terms. Elatt. is the ground-state lattice energy at 0 K, while
Evib(T) is the total (thermal and zero-point vibrational energy).
The pressure−volume work term, pV, is negligible at ambient
pressure.65,66 At constant volume, eq 2 can be rewritten to
express the Helmholtz free energy, F(T)

= + [ ] = [ ]F T E E T T S T E T T S T( ) ( ) ( ) ( ) ( )latt. vib.
(3)

where E(T) stands for the internal energy.
For a system consisting of a set of independent vibrational

modes, the calculated phonon band structure encodes the
harmonic energy Eq,j of a given mode j at a given wave-vector
branch q. The vibrational density of states [VDoS, D(E)],
defined as the number of modes per unit of energy, is obtained
by integrating over all q-points.15 Using the VDOS, the
thermodynamic quantities under interest can be expressed as
follows67
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where kB is Boltzmann’s constant. In that sense, at the zero-
temperature limit, the primary vibrational contributions stem
from high-energy modes (see Figure S5a), whereas the thermal
population above the ground vibrational state is driven mainly
by low-energy modes (see Figure S5b).
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Figure 7. Thermodynamic properties of the low-temperature phase of MAPbI3 in the low-temperature regime (<50 K) according to nine structural
models (I−IX) collected as the IKUR-PVP-1 data set. The results are obtained according to PBE-D3(BJ). The temperature-dependent harmonic
Helmholtz free energy (F) for the lowest-energy Pnma structure and the intermediate Cc (P1) and Cmcm states are presented with solid lines, while
the results for the remaining structures are depicted as black dashed lines. The energy contributions are expressed per formula unit basis and
compared to the lowest-energy reference model denoted as I (Pnma).

Figure 8. Theoretical INS spectra of the low-temperature phase of MAPbI3 according to nine (I−IX) structural models comprising the IKUR-PVP-
1 data set. The spectral intensities are normalized with respect to the τ(NH3

+) peak intensity. Dashed vertical lines denote the position of the most
prominent bands observed experimentally at the base temperature. The spectral intensities were predicted from the set of PBE-D3(BJ) calculations
using q-resolved harmonic phonon calculations across the first BZ. Only fundamental, one-phonon excitations were considered in the simulations.
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The analysis of structure stability obtained from HLD
calculations is presented in Figure 7. In line with the phonon
picture presented in Figure S5a, the 0 K vibrational
contributions do not noticeably affect the energy difference
between the considered models, generally contributing at the
level of a fraction of kJ/mol per formula unit.
The differences at 0 K are mainly due to the electronic

structure, and they are smaller than 100 meV, which is below
the bending/stretching range of the phonon spectrum (see
Figure S5a). At this point, we further recall the benchmark of
DFAs presented in Figure 6, which shows that the difference in
electronic energies can vary as much as 50% between different
approximations. This finding calls for more advanced
electronic structure calculations such as those using the
RPA.61,68 According to PBE-D3(BJ), the relative difference
in free energy between the ground Pnma structure and the
lowest-lying symmetry-lowered P1 configuration21 is below 1
kcal/mol, therefore below the chemical accuracy limit, which is
hardly expected to be reachable with any of the DFAs tested in
this work. Interestingly, this value roughly corresponds to the

energy limit for the low-lying phonon band structure presented
in Figure S5b.
Finally, Figure 8 compares the theoretical INS spectra

obtained via phonon calculations beyond the Γ-point, sorted in
terms of the increasing total energy. The dashed vertical lines
represent the positions of key spectral features observed
experimentally. A quantitative inspection of the root-mean-
square deviation (RMSD) errors for the predicted transla-
tional/rotational transitions is further given in Figure 9a.
Inspection of Figure 8 shows that all Pnma models (I−IV),
including the ones with Z = 8 (III−IV), severely fail in the
description of both τ(NH3

+) and τ(CH3) energies. The
symmetry-lowering in structures V−IX significantly improves
this picture, with both P1 (V) and Cmca (VI) structures
providing a much-improved description of the INS response in
terms of both peak positions and spectral intensities across the
whole spectral range of interest. As the RMSD analysis
corroborates, these models also provide the most accurate
descriptions of the key translational and rotational features
across 7.5−25 meV.

Figure 9. Quantitative analysis of the key vibrational and structural features for the nine structural models (I−IX) comprising the IKUR-PVP-1 data
set. (a) RMSDs for the predicted translational/rotational transitions. RMSD errors are calculated across the 5−25 meV range, considering the
bands marked as i, vi, and τ(CH3) in Figure 8. (b) Distribution of the NH···I contacts (2.50−3.00 Å) as a function of predicted τ(NH3

+) mode
energy. The close contacts below and beyond 2.70 Å are marked in red and blue, respectively. The energy of the τ(NH3

+) band observed
experimentally is marked with a dashed vertical line.
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In addition, we refer to Figure 8b to correlate the MA−PbI6
interactions with the spectral response. This panel shows the
distribution of the NH···I contacts as a function of the average
energy of the τ(NH3

+) spinning mode. The symmetry of the
ground-state Pnma configuration represents an extreme case
where each donated proton participates in an equidistant
NH···I contact of 2.58 Å. While giving rise to the strongest
hydrogen-bonding interactions, INS spectroscopy does not
support such a configuration. On the contrary, spatial
fluctuations around the organic cation can considerably
weaken the NH···I contacts with the inorganic framework.
As such, the underlying NH···I distances for a given NH3

+

fragment can differ by as much as 0.3 Å. This is the case for
models P1(V), Cmca(VI), and Cmcm(IX), which provide the
best match to INS data. The inequivalence of proton donation,
resulting in double rather than triple hydrogen bonding,
supports the spectroscopic picture with a substantial reduction
of the RMSDs (see Figure 9a).
The local structure is further scrutinized according to

Figures S7 and S8, providing a quantitative assessment of
structural distortions around the organic moieties for the most
representative models. As illustrated in Figure S8, the axial
cation fluctuations are accompanied by the precession of the
PbI6 octahedra, as also seen in differences in the rotational
angles ϕ, θ, and Ψ. Interestingly, the reduced tilting along
some principal directions�i.e., the 15° reduction of the [110]
in-plane octahedral tilting (θ)�correlates with the presence of
residual electron density in low-temperature X-ray diffraction
data.40 These axial fluctuations are accompanied by a 10°
octahedral precession (ϕ and Ψ) out of the putative mirror
plane.

■ CONCLUSIONS
Following up on our previous efforts in scrutinizing local
structural distortions in MAPbI3, we provide further
spectroscopic insights into the low-temperature phase of
MAPbI3 at the limit of numerically precise HLD calculations.
A new computational protocol was developed to explore
possible structural distortions induced by the axial reorienta-
tion of anisotropic organic moieties in hybrid perovskites. As
such, it represents an alternative for other well-established
computational protocols, including the analysis of zone-
boundary phonon instabilities.69

We find that cation fluctuations about the putative mirror-
plane symmetry are a key feature to understand the distinct
spectroscopic response of MAPbI3 at low temperatures. The
systematic computational screening with the help of solid-state
DFT calculations allows resolving nine mechanically stable
structures and the IKUR-PVP-1 data set. This data set serves as
a further guide to understanding the thermal evolution of the
low-temperature phase, which could help address nagging
questions on the origin of anomalies in the vicinity of the
transition to the dynamically disordered phases of MAPbI3.
By benchmarking several widely used semilocal DFT

approximations, we pose further questions on their accuracy
and the importance of the vdW corrections on the relative
stabilization of energetically competing structures.59,70,71 This
further calls for using more advanced computational strategies
to account for many-body electronic interactions.61,68 Within
the limits of the HLD approximation, this work also aims at
stimulating more advanced analyses of the low-temperature
phase of MAPbI3 and related HOIPs, particularly in terms of
the importance of anharmonicity nuclear quantum effects

(NQEs).72−76 Recent literature findings point at the
importance of NQEs, which could affect quite considerably
the angular velocity of the cation, further promoting the loss of
the long-range end-to-end cation ordering.77 We anticipate
that the provided data set will facilitate the development of
accurate force fields, allowing us to address these urgent
questions with state-of-the-art computational strategies.78−82

Finally, the structures presented in this work could facilitate
further understanding of the uncharted regimes of structural
stability of MAPbI3 and related HOIPs. This applies to the
onset of orientational disorder at both extreme thermodynamic
conditions and upon chemical stress introduced by cation
engineering,83 which continue to be a matter of vibrant
debate.84,85
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Unraveling the Ordered Phase of the Quintessential Hybrid
Perovskite MAPbI3�Thermophysics to the Rescue. J. Phys. Chem.
Lett. 2022, 13, 8422−8428.
(16) Kubicki, D. J.; Prochowicz, D.; Hofstetter, A.; Péchy, P.;
Zakeeruddin, S. M.; Grätzel, M.; Emsley, L. Cation Dynamics in
Mixed-Cation (MA)x(FA)1‑xPbI3 Hybrid Perovskites from Solid-State
NMR. J. Am. Chem. Soc. 2017, 139, 10055−10061.
(17) Pérez-Osorio, M. A.; Milot, R. L.; Filip, M. R.; Patel, J. B.; Herz,
L. M.; Johnston, M. B.; Giustino, F. Vibrational Properties of the
Organic−Inorganic Halide Perovskite CH3NH3PbI3 from Theory and
Experiment: Factor Group Analysis, First-Principles Calculations, and
Low-Temperature Infrared Spectra. J. Phys. Chem. C 2015, 119,
25703−25718.
(18) Pérez-Osorio, M. A.; Lin, Q.; Phillips, R. T.; Milot, R. L.; Herz,
L. M.; Johnston, M. B.; Giustino, F. Raman Spectrum of the
Organic−Inorganic Halide Perovskite CH3NH3PbI3 from First
Principles and High-Resolution Low-Temperature Raman Measure-
ments. J. Phys. Chem. C 2018, 122, 21703−21717.
(19) Druz ̇bicki, K.; Lavén, R.; Armstrong, J.; Malavasi, L.;
Fernandez-Alonso, F.; Karlsson, M. Cation Dynamics and Structural
Stabilization in Formamidinium Lead Iodide Perovskites. J. Phys.
Chem. Lett. 2021, 12, 3503−3508.
(20) Kendrick, J.; Burnett, A. D. PDielec: The Calculation of
Infrared and Terahertz Absorption for Powdered Crystals. J. Comput.
Chem. 2016, 37, 1491−1504.
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