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The phase transitions and orientational order of the methylammonium molecular ion in a deuterated
sample of [CH3zNHz]Pbls have been studied using neutron total scattering and Reverse Monte Carlo
methods. From analysis of the C—N bond orientational distribution functions, obtained both by forming
histograms and by analysis using orthonormal spherical functions, we showed that the molecular ions
were found to have an almost completely uniform distribution of orientations in the high-temperature
cubic phase. The C-N bonds then show progressively increasing order on cooling within the
intermediate phase, and complete order in the low-temperature phase. Analysis of the network of
connected Pblg octahedra has shown that the rigidity of the Pblg octahedra is similar to that in the
related cubic perovskite CsPblz, and is intermediate between the oxide perovskite SrTiOs and the more

flexible ScFz. Both the fluctuations of the |-Pb-I right angle and the orientations of the Pblg show
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Accepted 1st December 2023 normal variation with temperature across the range of temperatures of all three phases. The Pb—I| bond

has been found to be highly anharmonic, comparable to the same bond in CsPbls. We find no evidence

DOI: 10.1039/d3ta04586b for static ferroelectric distortions at any temperature, but dynamic fluctuations in the local dipole
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1 Introduction

Methylammonium lead iodide ([CH;NH;]Pbl;; denoted here as
MAPDI;) is the parent of the large and rapidly growing family of
halide perovskite photovoltaics. This family combines a high
power conversion efficiency with easy and cheap solution pro-
cessing and good defect tolerance, and thus shows tremendous
potential for solar cells among many other optoelectronic
devices."™

The atomic structure of MAPDbI; is analogous to that of the
inorganic perovskites, such as CsPbl;.® The crystal structure
consists of a network of corner-linked Pbls octahedra as in
CsPbl;, but with the methylammonium (MA) cations rather
than Cs" cations in the interstices with 12-fold coordination to
the iodine anions.”"® MAPbI; has been shown to undergo two
phase transitions, with the highest-temperature phase having
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moment are found to be larger than in some other materials.

the same cubic symmetry as the high-temperature phase of
CsPbl;, but with orientational disorder of the MA cations, and
with the intermediate-temperature phase also having some
degree of orientational disorder.***

In this paper we use neutron total scattering measurements
coupled with analysis using the Reverse Monte Carlo (RMC)
method™ to study the atomic structure of MAPbI; in its ordered,
partially ordered and disordered phases. We address two issues:
the changes in the orientational order/disorder of the MA
cations on heating from low to high temperature, and the
behaviour of the inorganic PbI; network. Both of these issues
are where total scattering with RMC can provide information
that is harder to obtain using diffraction methods with standard
crystal structure analysis, which usually need to identify specific
sites for the positions of the disordered atoms prior to
refinement.®* Detailed analysis of the Bragg diffraction data
from this study was recently published.*

The total scattering method yields the pair distribution
function (PDF),"*** which is similar to a histogram of instan-
taneous interatomic distances, and as such it contains infor-
mation about fluctuations of the local structure. The RMC
method is used to generate supercell configurations of atoms —
effectively instantaneous images - that are simultaneously
consistent with the long-range order revealed by the informa-
tion contained in the Bragg scattering and with the fluctuations
of the local structure revealed by the PDF. The configurations
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can therefore give information about the distributions of
orientations of molecules and molecular ions in ordered,
partially ordered and disordered phases, and about fluctu-
ations within inorganic crystal networks.**>** We believe that
the total scattering method coupled with RMC analysis gives
a unique view of disordered crystalline materials.">"*

In the next section we give the crystallographic background
necessary to understand the scientific problem being tackled in
this paper. We review the current information about the phase
transitions and what is currently known about the atomic
structures of the three phases of MAPbDI; from previous
diffraction studies. In Section 3 we describe the methods used
in this study. Results are given in two sections. Section 4 pres-
ents an analysis of the distribution of the orientations of the MA
cations in the three phases of MAPDbI;. In Section 5 we analyse
the flexibility and fluctuations of the inorganic network of
corner-linked PblIs octahedra. Finally the results are discussed
with conclusions in Section 6. Some details are given in the
ESI.7 Analysis of the Bragg diffraction data giving information
about the variation of the crystal structure of the inorganic
network of MAPbI; through the phase transitions has been
given in a preceding publication.™

15-21

2 Crystallographic background

At high temperatures MAPbI; adopts the aristotype cubic
perovskite structure,” space group Pm3m, with corner-linked
Pbls octahedra, and with the MA cations lying within the large
cages bounded by 12 iodine anions.”® The symmetry of this
structure implies that the MA cations are orientationally
disordered, the molecular symmetry 3m being lower than that
of the site, m3m.

On cooling MAPbI; undergoes two phase transitions,
involving rotational distortions of the network of linked Pbl,

a) Pnma

b) 14/mem
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octahedra and progressive ordering of the orientations of the
MA molecular cations.*™ The crystal structures of all three
phases are shown in Fig. 1, where the coordinates are taken
from the refinement of Weller et al.? and as refined as a function
of temperature in our previous report.**

The first phase transition on cooling from high temperature
is at 327 K. The new phase has a body-centred tetragonal
structure of space group I4/mcm.**° The network of Pbls octa-
hedra shows rotations about the tetragonal [001] axis, described
as a’a’c” using the Glazer notation.?®?” This means that there
are no rotations about the [100] and [010] axes, but rotations
about the [001], and with alternate (001) layers having opposite
rotations leading to a doubling of the ¢ repeat distance. This
pattern of orientations is identical to that in the famous
example of SrTiO;. The phase transition at 327 K is nearly
continuous. The variation of the octahedral rotations with
temperature is close to that of a classical tricritical phase tran-
sition,>"* where the rotation angle varies as (7. — 7)*%, but in
fact the phase transition is weakly discontinuous with thermal
hysteresis, and can described by a Landau free energy function
appropriate for a first-order phase transition (that is, with
a negative coefficient for the term in the fourth power of the
rotation angle, even though the nearly-continuous nature of the
phase transition means that the value of this coefficient is
small)."* The small discontinuity observed in the previous
diffraction studies is consistent with a small latent heat
observed through calorimetry.”®

The second phase transition occurs at 165 K. In the phase
below this temperature MAPbI; has an orthorhombic crystal
structure, space group Pnma, with ordered orientations of the
MA cations.*®'* The rotations of the Pbly octahedra in this
phase are described as a b"a” in Glazer notation.”**” In this
case there are rotations about the new [010] axis in which
alternate layers have the same rotation, and with equal

c) Pm3m

Fig.1 Schematic representation of (a) orthorhombic Pnma phase (vertical axis [010], structure at 10 K), (b) tetragonal /14/mcm (vertical axis [001],
structure at 200 K), and (c) cubic Pm3m phase (structure at 380 K) represented as a v/2 x /2 x 2 supercell of the cubic aristotype with 45°
rotation of the a—b axes. The crystallographic parameters for these structure diagrams were taken from our earlier work,** which was based on
the atomic coordinates first obtained by Weller et al.® The disordered MA ions are represented by placing atoms with partial occupancies in sites
that were refined, but the sites do not have actual significance. For clarity of comparison between different phases, the cubic phase is shown as
a /2 x /2 x 2. supercell, and the origin of the orthorhombic phase has been shifted by a/2. Images were produced using CrystalMaker®.2*
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rotations about the [100] and [001] axes with alternate layers
having opposite rotations. This pattern of rotations is identical
to that seen in the mineral perovskite, CaTiO;. The ortho-
rhombic and tetragonal phases do not have a direct group-
theoretical symmetry relationship, and thus the phase transi-
tion between these two phases at 165 K is necessarily discon-
tinuous.' There appears to be only a weak variation of the
symmetry-breaking distortions and coupled lattice strains in
this phase with temperature.*

Before the recent neutron powder diffraction studies®*'
there had been suggestions of different symmetries for the
lower-temperature phases, including the possibility of ferro-
electric phases.”>* These are not consistent with the diffraction
data, and other recent work has indicated that none of the bulk
phases are ferroelectric.**

Although the octahedral tilts in MAPDI;, their variation with
temperature, and their relationship to spontaneous lattice
strains have been characterised, the orientations of the MA
cations are completely undetermined. Previous work on the
orientations has tended to be concerned with the dynamics,
using techniques such as NMR,* inelastic and quasielastic
neutron scattering,**** and ultrasound absorption.*® These are
indirect probes of structure, and whilst their data indicate the
existence of orientational disorder in the tetragonal and cubic
phases - and indeed see a gradual change in the orientational
behaviour on changing temperature across the tetragonal-cubic
phase transition - they give divergent opinions on the extent to
which the MA cations are freely rotating or executing rotational
jumps between a set of well-defined orientations. This is exactly
the sort of question that total scattering methods analysed by
the RMC method can tackle and provide useful, and unique,
new insights.*>*

3 Methods

3.1 Sample synthesis

Synthesis of deuterated samples of MAPDI; for this work has
been described in detail in our recent paper,' and readers are
referred there for details. Diffraction data show that the sample
has no observable impurity phases. The diffraction data for the
low-temperature ordered phase show some evidence for
incomplete deuteration. Refined site occupancies on the D/H
sites in the ordered phase suggested that the rehydrogenation
was on the N-H bonds, and were used to establish the degree of
deuteration." This degree of deuteration was used in all
subsequent analysis described in this paper, including in the
processing of the total scattering data as discussed next.

3.2 Neutron total scattering measurements, data processing,
and the RMC simulations

Neutron total scattering experiments were performed on the
POLARIS diffractometer at the ISIS spallation neutron source.*”
The sample temperature was controlled by a closed-cycle
refrigerator (CCR) capable of heating above room tempera-
ture. Measurements of total scattering for RMC analysis were
performed at temperatures of 10, 100, 155, 170, 293, 300, 320,

This journal is © The Royal Society of Chemistry 2024
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335, 350, 375, and 400 K. Data correction measurements were
taken, at room temperature, of the empty instrument, empty
CCR, and empty can within the CCR, together with a calibration
measurement from a vanadium rod.

The GUDRUN package was used to obtain the corrected
scattering functions and PDFs from the raw data.*® Funda-
mental equations for total scattering and the transformation to
the pair distribution function D(r)***** are provided in Section
S1 of the ESL.{

We remark that the corrections for inelasticity are least
satisfactory for light elements such as deuterium - which in the
case of MAPbI; means half the atoms - and we encountered
some difficulties in achieving a good match between the scat-
tering functions measured by different banks of detectors. Our
approach to deal with this problem was to use a combination of
the top-hat function* and fitting the sample packing efficiency.
This approach will also effectively sweep up errors in the levels
of the self-scattering function and incoherent scattering caused
by errors in our knowledge of the exact H/D ratio.

Experience has shown that the effects of errors in the pro-
cessing of total scattering data have the largest impact on the
lowest-r peaks in the PDF. It is probably because of errors
associated with the inelasticity corrections that the consistency
of results we will report in this paper is not quite as high as was
achieved in our other recent RMC studies, such as of CsPbl;
(ref. 6) and ScF;.»

Rietveld refinements were performed using the GSAS
package** with the EXPGUI interface.”” The detailed analysis of
these results was published recently," including data for many
intermediate temperatures. The point to note here is that the
refined crystal structures from this work were used to generate
starting configurations for the RMC using the RMCcreate/
data2config tool,** adapted to allow for the molecular ions to
be oriented in any chosen state. For the ordered orthorhombic
Pnma phase we used the refined crystal structures as the starting
points at each temperature. For the disordered phases (tetrag-
onal 4/mcm and cubic Pm3m) we used the refined values of
lattice parameters and coordinates of the Pbls network, and
placed MA cations at their nominal positions. The MA orien-
tations were then disordered by various types of random rota-
tions after the creation of the supercell, from simple single
rotations to completely random disorder. It was found that the
final results in the RMC were not affected by the exact choice of
starting point, perhaps because (anticipating the results
described below) the final states in the RMC are highly disor-
dered. The initial configurations were prepared to contain 6 x 4
X 6,6 X 6 x 4and 8 x 8 x 8 supercells of the conventional unit
cells of the orthorhombic, tetragonal and cubic phases respec-
tively, with an approximate configuration edge length of 50 A.

Reverse Monte Carlo simulations were performed using the
RMCprofile package (v6.7).** Details are given in Section S2 of
the ESL{ Data included were the scattering function i(Q), the
PDF D(r) - equations are defined in several papers'*** and are
reproduced and explained in the ESIf - and the Bragg profile
extracted by GSAS. Further information, together with the best
fits to the data (Fig. S1), are shown in the ESL}
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4 Orientational ordering of the
methylammonium molecular cations
4.1 Visual analysis of atomic configurations

Representative configurations from the RMC simulations are
shown in Fig. 2a-c. The images for the two lower-symmetry
phases show the large rotations of the Pbls octahedra, with
alternate layers having opposite rotations in the I4/mcm phase
and the same rotations in the Pnma phase. The Pmna phase also
has smaller rotations of opposite sense about the other two
axes, as can be seen from the upper vertices of the octahedra.
On the other hand, the Pm3m phase has the octahedra perfectly
aligned on average, but the effects of thermal motion are clear,
both in terms of rotations and shear distortions of the
octahedra.

Fig. 2 also shows the onset of orientational disorder of the
MA molecular ions on transforming from the Pmna phase to the
I4/mcm phase and then to the cubic Pm3m phase. The disorder
in the cubic phase is visualised in panels (d-g) of Fig. 2. Fig. 2d
shows the atoms of several configurations collapsed into one

N ~ 5 = = e

a) Pnma phase at 10 K
[010] projection

b) /4/mcm phase at 293 K
[001] projection
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unit cell by applying the appropriate lattice translations, rep-
resenting a slice of atoms parallel to the (001) plane at height
z = 1/2 of the cubic unit cell, containing iodine atoms and the
MA ions. The disorder is clear, with a central distribution of C
and N atoms surrounded by the hydrogen (mostly deuterium)
atoms. Unfortunately, although such plots have a large visual
impact, they can be misleading since we see only the outer
atoms of a cluster. Thus the same plane was also analysed by
calculating the atomic density, which is shown in panels (e-g) of
Fig. 2 for each of the three types of atom in the MA molecular
ion. It is seen that there is an inner shell of C/N atoms sur-
rounded by an outer shell of the D/H atoms.

4.2 Orientational disorder in the high-temperature cubic
phase of (CD;ND;)PbI,

Here we analyse the orientational order of the MA molecular
ions quantitatively by focussing on the orientations of the C-N
bonds; the orientational distribution that includes the C-D and
N-D/H bonds is much more disordered and less informative.

0090964
020009
D 9 0860604
090000904
LA A A A4
06909009
° P%%T]ppﬁgjs:cﬁéﬁoo «

- - - *

T T T T

T T T T T T T T

d) Collapsed configuration
at 400 K

e) C atom density
at 400 K

f) N atom density
at 400 K

g) D/H atom density
at 400 K

Fig. 2 Panels (a—c) show projections of the atomic configurations of the three phases from the RMC simulations at a single temperature each,
showing the correlations between rotations of octahedra and orientational disorder of the MA molecular ions. (d) Slice of one configuration of
the cubic phase in the plane parallel to (001) at height z = 1/2 of the cubic unit cell, with all atoms of the simulation translated into a single unit
cell, where black and blue spheres stand for C and N atoms respectively, pink and silver spheres represent H and D atoms respectively, and purple
spheres represent iodine atoms. Panels (e—g) show the corresponding atomic density of the C, N and D/H atoms respectively in the cubic phase.
The visualisations in panels (a—d) were constructed using CrystalMaker®.24
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The C-N distribution function for the cubic phase has been
extracted from 30 independent RMC configurations for each
temperature, with all configurations containing 512 MA cations.
The orientational distribution function P(Q), where Q repre-
sents the pair of polar angles 6, ¢ with ¢ as the zenith angle and
¢ as the azimuthal angle, is defined such that the number of
bonds lying within the angular range § + df/2 and ¢ £ d¢/2 is

View Article Online

Journal of Materials Chemistry A

equal to (N/4m)P(Q) sin 6 df d¢, where N is the total number of
bonds. For completely random disorder P(Q) = 1/4w = 0.08.
The results for the highest temperature, 400 K, are shown in
Fig. 3 for three arcs of orientations, namely for the (110) plane (¢
= 45°), which includes the [001], [111] and [110] directions, for
the (010) plane (# = 90°) which includes the [001], [101] and
[100] directions, and for the (001) plane (¢ = 90°) which

Cubic phase at 400 K

[001] [111] [110] [001] [011] [010] [100][110][010]
0.16 —l 0.16 — 0.16——! x ,
0.14 1 0.14 1 0.14 1
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Cubic phase Tetragonal phase Orthorhombic phase

170K

400 K

300K

155 K 10K

Fig. 3 The orientational distribution functions P(Q) of C—N bonds in the three phases of MAPbls. The top row shows the ODFs for the cubic
phase at 400 K. Left to right are, respectively, P(6, ¢) for orientations in the (110) plane with ¢ = 45°, in the (010) plane with ¢ = 90°, and in the (001)
plane with with § = 90°. The middle row left shows P(Q) with Q oriented in the (110) plane for the tetragonal phase at temperatures 170 K, 293 K
and 300 K. The middle row, centre and right, show P(Q) for the orthorhombic phase at 10 K, 100 K and 155 K. Lattice vectors, where given at the
top of a diagram, correspond to specific values of Q. The filled circles in each case represent P(Q) obtained directly from the atomic configu-
rations, and the continuous lines show the corresponding functions calculated using the derived harmonics as described in the text (eqn (1) and
(2) for the cubic phase; eqn (3)-(5) for the other phases). For a completely uniform distribution in each case, P(Q) = 1/47 = 0.08. The bottom row
shows the three-dimensional representation of the C—N orientational distribution functions for each data set.
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includes the [100], [110] and [010] directions (of course, the
second and third are identical, but they probe the statistical
distributions in different ways given the definition of the axis
system for the polar coordinates). Results for other tempera-
tures are given in the ESI (Fig. S2-S47). The distribution func-
tions are close to the random value in all cases, with departures
from the random value being inconsistent and due to the effects
of statistical noise.

To assist in the analysis we represent the orientational
distribution function P(Q) as an expansion of symmetry-
adapted spherical variables. For molecules lying on sites of
cubic symmetry m3m, it is convenient to expand P(Q) in terms of
Kubic harmonics:***

P(Q) = ﬁZC/K/(Q) @)

The functions K;(2) are defined in the ESL} and here we only
need K, = 1 and even values of /= 4. Whereas in the analysis of
crystallographic data the coefficients ¢, might be fitted to data
for the structure factors of Bragg reflections,*® the ortho-
normality of the functions K;(Q) means that we can obtain the
values of ¢, directly from the distribution of atoms in the RMC
configurations rather than by fitting, making use of the
relationship

o = (Ki(Q)) (2)

where the averages are over all molecules in a set of configu-
rations. This approach has been used recently to analyse the
RMC configurations of the cubic phases of KCN," BaCOj3,"
methane® and SFg.*!

In Fig. 3 the data for P(Q) extracted directly from the
configurations are compared with the form of P(Q) calculated by
eqn (1) and (2), obtained from the configurations generated
from data at a temperature of 400 K. Corresponding results for
three other temperatures are given in the ESI (Fig. S2-S47),
together with the calculated values of ¢, for all temperatures
(Table S1t). It is clear from these results - particularly when
compared with corresponding data for other systems, such as
SF¢ and CBr, (ref. 46) - that the distribution is never signifi-
cantly different from random. There appears to be a slight
overall preference towards alignment of the C-N bond away
from the (001) and (111) directions, and a preference towards
directions in the (011) planes at an angle of around 30° to the
nearest major axis. Similar results were anticipated in a neutron
diffraction experiment with a single crystal with refinements of
site occupancies.'” However, the effects are small, albeit with
some degree of consistency between the different temperatures,
but clearly susceptible to statistical noise in the data, and the
preference for alignment of the C-N bonds along the (110)
directions in P(Q) is at most only about 25% different from the
random value of 1/4.

An image of the full three-dimensional P(Q) function from
eqn (1) and (2) obtained from analysis of the data at 400 K is
shown as an inset in Fig. 3, with the corresponding images for
other temperatures being shown in the ESI (Fig. S2-S41). The
functions are roughly spherical in shape with some small
ripples, consistent with the data shown in Fig. 3. Visual
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differences between the orientational distribution functions for
different temperatures are purely due to statistical noise.

The key finding from this analysis is that the orientations of
the MA cations are close to being randomly oriented, with just
some weak preferences for preferred orientations. This is
different to the behaviour identified for some other orienta-
tionally disordered crystals, where molecules or molecular ions
execute jumps between a small set of well-defined orientations,
but similar to that seen in some other systems. Our recent RMC
study of orientational disorder in deuterated adamantane®
shows that the RMC method is quite capable of obtaining well-
defined orientations if they exist. Thus we conclude that in the
cubic phase of MAPDbI;, the MA molecular cations have a nearly
random orientational disorder. The distribution is more
random than in some other systems as noted (including SFs and
CBr, (ref. 46)), but not very different from the orientational
disorder of cyanide molecular anions in KCN."®

4.3 Partial orientational order and disorder in the
intermediate-temperature phase of [CD;ND;]Pbl;

The site symmetry of the MA cation in the tetragonal phase is
42m, which is again higher that the symmetry of the MA
molecular ion (3m), which means that some degree of orienta-
tional disorder must be present in this phase. Previously
attempts have been made to fit the orientations of the MA
cations to Bragg diffraction data via the use of atomic sites with
partial occupancy and allowing large thermal displacement
parameters.*® However, two different models, allowing or not
allowing head-to-tail disorder, were reported, both apparently
with the satisfactory agreement between the observed and
calculated diffraction patterns.

For molecules lying on sites of lower than the full cubic
symmetry, the equivalent of eqn (1) will make use of appropriate
combinations of the real spherical harmonics,*® defined for m >
0 as

myc _ L m —m
V() = S (Y(Q)+ ¥ (@) 3)
Y(@) = —é(nm(a) ) (4)

We can then expand the bond orientational distribution
function as

PQ) = g I3 e () )
where the allowed values of / and m, and whether we have the
terms ¢ and s, can be determined by symmetry.*” As in eqn (2) we
can obtain the coefficients ¢ ,,” = (Y,"?(Q)) directly from the
atomic configurations.*®

Fig. 3 shows the histograms of orientations of the C-N bonds
for all directions in the tetragonal (110) plane for temperatures
170 K, 293 K and 300 K, together with the corresponding
functions P(Q) calculated using eqn (5) (values of the coeffi-
cients ¢, ,,” are tabulated in the ESI, Table S37). Fig. 3 also shows
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the three-dimensional P(Q) functions at 170 K and 293 K. The
clear features are peaks within the (110) planes at an angle of
around +30° to the (001) plane. These directions are closest to
the eight directions [+1, 0, +1] and [0, £1, +1] in the cubic
phase, and may reflect the weak peaks in the calculated P(Q)
functions close to the set of [110] directions in the high-
temperature cubic phase discussed above. The high degree of
disorder in our room-temperature data confirms the finding
from the single-crystal study of Ren et al.’® Unfortunately these
authors did not record data below room temperature, so they
were unable to see the onset of order seen in our work.

The most striking feature of the results shown in Fig. 3 is
that the distribution P(Q) sharpens considerably on cooling
from 300 K to 170 K. The crystallography shows a gradual
increase of the rotations of the Pbls octahedra on cooling below
the cubic-tetragonal phase transition," and this appears to be
reflected in a gradual sharpening of the C-N bond orientation
distribution function.} That is, the nature of the orientational
disorder changes on cooling from a near-uniform distribution
of orientations of the MA molecular ions towards disorder
involving a defined set of specific orientations.

4.4 Orientational order in the low-temperature phase of
[CD;ND;]PbI;

The symmetry of the site occupied by the MA ions in the low-
temperature orthorhombic phase is m, much lower than in
the other two phases, and lower than the symmetry of the
molecule. This lower symmetry allows for complete orienta-
tional order of the MA cations.

The C-N bonds lie within the (010) planes, as can be seen in
Fig. 1, at an angle of around 57° to the [100] direction. Fig. 3
shows the orientational distribution of the C-N bonds for three
temperatures in this phase, together with the three-
dimensional representation for the lowest and highest
temperatures. In these plots [010] is taken as the zenith direc-
tion that defines the angle 6. The histograms and calculated
P(Q) from eqn (5) are shown for two arcs, namely one for ¢ =
57.3° with varying 6, and one for § = 90° with varying ¢ (that is,
within the (010) plane). These two arcs both pass through the
peaks of P(Q).

It can be observed that for each temperature in this phase
there is a high degree of orientational order. We showed above
that on cooling across the range of temperatures in the inter-
mediate tetragonal phase there is a growth in some degree of
orientational order that accompanies the gradual increase in
the size of the network distortion as characterised by the rota-
tions of the Pbls octahedra and accompanying lattice strains.™
On the other hand, our results here show that the orientational
order is complete for all temperatures within the orthorhombic
phase, which is consistent with the lack of significant changes
in Pbl, octahedral orientations and lattice strains across the full
range of temperatures. The only effect of temperature seen in

1 It is to be regretted that we do not have data for more temperatures within the
tetragonal phase, but this is the hazard of experiments at central-site facilities: you
never quite know what measurements you need to perform in the limited time
available for the experiment until after you have done the analysis.
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Fig. 3 is simply due to thermal motion rather than changes in
orientational ordering.

4.5 Comment on the thermodynamics

Onada-Yamamuro et al. have reported extensive measurements
of the thermodynamics of MAPbI; and other MA-halides.*® For
MAPDbI; they report entropy changes of AS = 9.7 J K ' mol ' =
RIn3.2and 19.0 J K ' mol ' = R1n 9.8 for the cubic-tetragonal
and tetragonal-orthorhombic phase transitions respectively.
They interpreted these results in terms of changes in the
numbers of specific molecular orientations of the MA molecular
ions in each phase (see their Fig. 14). Essentially their inter-
pretation (with a slight change in their sequences in their
figure) would be that in the cubic phase the MA molecular ions
have 12 possible orientations of the C-N bond with 2 orienta-
tions around this axis, changing to 8 orientations of the C-N
bonds in the tetragonal phase, giving an entropy change of AS =
R1n 3. The transition to the orthorhombic phase would involve
complete ordering, and hence an entropy change of AS =RIn 8.
We can make three points to take the discussion further.

The first point is that the thermodynamic data of Onoda-
Yamamuro et al.*® show a gradual change in entropy over the
temperature range of the tetragonal phase, with a sharp change
at the lower-temperature phase transition and with little change
over the temperature range of the orthorhombic phase. This is
fully consistent with our observation of a high degree of
disorder in the cubic phase, a high degree of order across the
temperature range of the orthorhombic phase, but with
a continuous change in the degree of orientational order in the
intermediate-temperature phase. The observation of a gradual
change in the ordering of the MA orientations in the tetragonal
phase matches the observed behaviour of the rotations of the
Pbl octahedra in this phase, with a nearly-continuous phase
transition which is closely approximated by a tricritical phase
transition in which the rotation angle closely follows the
temperature dependence (T. — T)"*. However, there is a small
discontinuity at the phase transition, seen in the diffraction
data,"* consistent with the small latent heat seen in the ther-
modynamic data.?®

The second point is that the change in entropy associated
with the change in order from the tetragonal to orthorhombic
phase is significantly higher - nearly by a factor of 2 - than that
associated with the change in order from the cubic to tetragonal
phase. This ratio is not very different from the ratio In 8/In 3,
which is consistent with the change on orientations seen in our
study.

The third point is that the changes in entropy seen by Onoda-
Yamamuro et al.”® are larger than the simple RIn3 and RIn 8
predicted by the simple model of ordering. If we accept that the
entropy should be modelled as configurational, then two factors
account for this difference. One is that in the cubic phase the
preference for alignment of the C-N bonds along the cubic
(110) directions is only weak, with a much broader range of
orientations (as shown in our Fig. 3. The second is that there is
a much greater degree of disorder of the rotations about the
C-N bond than assumed by Onoda-Yamamuro et al.”® However,
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treating the entropy as purely configurational, without allowing
for a vibrational contribution, is equivalent to assuming that
the potential energy minima associated with each orientation of
the MA ion have identical shapes. In practice, this is unlikely to
be true, so that vibrational contributions must also be included
for an accurate assessment of the entropy change.*” For
instance, we recently showed that the entropy change in
ammonium sulfate, despite being very close to 3RIn 2, is best
interpreted in vibrational terms rather than twofold configura-
tional disorder of the three molecular units.*

5 Flexibility and fluctuations of the
lead iodide octahedral network
5.1 Rigidity of the Pbls octahdedra

Since the two phase transitions in MAPbI; involve rotations of
the Pblg octahedra, it has been suggested that the coupling
between the orientations and motions of the Pblg octahedra and
of the MA ions may have an impact on the optical properties.* It
is therefore interesting to analyse the flexibility of the Pbls
octahedra and of the network of connected octahedra.

We start by using the approach encapsulated within the
GASP method.”*** In brief, the GASP method analyses the
positions of polyhedron-vertex atoms in a single configuration
in terms of their displacements from either an ideal set of
positions or else from the positions in a second configuration. It
decomposes these displacements into motions associated with
polyhedral rotations, whole-body translations, bond-bending
distortions, and bond-stretching distortions, using a least-
squares matching algorithm. More details have been docu-
mented elsewhere,**** and a number of examples of analysis of
RMC configurations using the GASP method have been reported
previously in both tetrahedral networks,***® perovskite networks
of octahedra,****® and mixed networks.”” Our recent paper on
ScF; (ref. 23) gives further details and an example of this
approach for a related system.

e bend
® rotation
e stretch

50

150 200 250 300
Temperature (K)

0 50 100 350 400

Fig. 4 The breakdown of three motions inherent to the Pblg coordi-
nation octahedra obtained from the GASP analysis.>>=** namely
bending of the right-angle |-Pb—I connections, whole-body rotations
of the Pblg octahedra, and stretching of the Pb—I bonds.
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The results of the GASP analysis for MAPbI; are shown in
Fig. 4, where we show how the instantaneous displacements of
the iodine atoms within the Pbl, octahedra can be decomposed,
on average, into Pb-I bond stretching, bending of the I-Pb-I
bonds, and whole-body rotations of the Pbls octahedra. Results
are given across the full range of temperatures in this study. For
the cubic phase, we find on average that around half of the
atomic motions associated with the Pbl, octahedra are associ-
ated with bending of the I-Pb-I right angle bonds, around
a quarter with octahedral rotation, and around a quarter with
Pb-I stretching. The trend is similar for the higher-temperature
data in the intermediate tetragonal phase, although the results
for 170 K are not as consistent with the overall trend as are the
other temperatures. On cooling into the lower-temperature
phases the bending motion remains dominant, but the rota-
tions become more important than the bond stretching.

It is interesting to compare the behaviour in the high-
temperature cubic phase of MAPbI; with corresponding
results for other cubic perovskites obtained from analysis of
RMC configurations. Fig. 5 shows results for SrTiO;,** CsPbl;,*
and ScF; (ref. 23) together with our results presented here for
MAPDI;. The interesting feature is the size of the bond bending
component compared to the whole-body rotation. The first key
point is that the results are quite similar to those of CsPbl;,*
which is not surprising. The second key point is that CsPbI; and
MAPDI; are intermediate between those of SrTiO; (ref. 56) and
ScF3.»* Generally we might expect the oxide octahedra to be
stiffer than the halide octahedra in terms of bond bending, as is
clearly seen in Fig. 5. It is interesting that the fluoride octahedra
show the greater degree of bond bending than the iodide
octahedra, a point that we will discuss further as we now analyse
the distributions of atomic motions in more detail.

The GASP analysis gives the absolute motion in addition to
the relative motions shown in Fig. 4, and in 6 we show the
distributions of the absolute Pblg rotations from their average
orientations (summing the rotations about the three axes in
quadrature). Note that in these distributions the value of zero
angle represents the average orientation, which differs in each
phase and differs with temperature!) throughout the range of
temperatures. Fig. 6 specifically shows the fluctuations in the
orientations away from the mean orientations, not the distri-
bution of exact orientations.

Unsurprisingly the distributions of rotational angles
becomes broader on heating, with a commensurate shift of the
maximum in the distribution to higher angle on heating. At very

Il Bond bending
Il Octahedral rotation
Il Bond stretching

SITIO,

CsPol,
—
—_—
]

AP,
S —

ScF, I

(S—

o
Ny
O

40
Percentage of motion

[0}
S

80

Fig. 5 Comparison of the GASP2~>* results for a selection of cubic
perovskite phases, namely SrTiOs,5¢ CsPblz,® MAPbIz, and ScF3.23
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Fig. 6 Angle distribution functions (normalised histograms) of the Pblg whole-body rotations from the GASP analysis of the RMC configurations
of MAPbI5 for the full range of temperatures, with separate plots given for each of the three phases as indicated in the legend.

low temperature (10 K) the distribution of rotation angles has
a maximum below 2°. Strikingly the distribution of angles
increases quickly on heating to 155 K in the low-temperature
disordered phase. In the two disordered phases (the
intermediate-temperature tetragonal phase, and the high-
temperature cubic phase) the distribution of octahedral rota-
tions broadens rather more gradually with temperature than as
is seen in the low-temperature ordered phase. This presumably
reflects the role of the orientational disorder of the MA ions.
It is interesting to compare the results in Fig. 6 for the high-
temperature cubic phase with those obtained for some other
systems. From Fig. 6 we see that at 400 K the maximum in the
distribution, which will be close to the mean value, is around 5°.
On the other hand, corresponding results for both CsPbl; (ref.
6) and ScF; (ref. 23) are around 10° at the same temperature.

Data presented for SrTiO; are in different form, showing the
distributions for the individual axes and for positive and
negative angles rather than as absolute magnitudes, but we can
see that the distributions at the maximum temperature of 300 K
are of order 2° only. Presumably the larger size and shape of the
MA cation as compared to the Cs cation acts to limit the rota-
tions of the Pblg octahedra in MAPDI;.

We now consider the distribution of I-Pb-1 angles within the
Pbl octahedra. Fig. 7 (top row) shows the full distribution of all
I-Pb-T angles, from both the right angle and linear connectivi-
ties. Whilst a simple normalised one-dimensional histogram is
useful for the right angles, giving a peak very close to 90°, the
one-dimensional histogram cannot give a peak at 180° because
this is a maximum value, and since the solid angle around this
angle becomes vanishingly small for angles close to 180°, the
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Fig.7

(Top row) The one-dimensional angle distribution functions (normalised histograms) of the octahedral I-Pb—I angles in MAPblIs for the full

range of temperatures, with separate plots given for each of the three phases as in Fig. 6. (Bottom row) The same distribution functions scaled by
the sine of the octahedral I-Pb—1 angles for the nominally linear angles, showing that the full three-dimensional angular distribution functions for
these angles have their peaks at 180°.
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Fig. 8 Angular fluctuations in MAPbls across the range of tempera-
tures. Filled circles represent the square of the Pblg octahedral rota-
tions, and open circles represent the variance of the bending of the |-
Pb—Iright angle in the Pblg octahedra. The curves are fitted to the data
as guides to the eye, using the form x = xg + (x'/6) cot h(6/T), where we
set § = 50 K and fit the values of xo and x” to the data.

histogram necessarily has a value close to zero for an angle close
to 180°. We therefore also show in Fig. 7 (bottom row) the same
distributions for the near-linear I-Pb-I angles scaled by the sine
of the angles. In all cases these show that the three-dimensional
distribution function is peaked at 180°.

It is clear from Fig. 7 that both distributions of bond angles
broaden on heating, and for the linear bond this means that the
maximum in the distribution function appears to shift away
from 180°. It is interesting to compare the variance of the angle
distributed around 90° shown in Fig. 7 with the variance of the
whole-octahedral rotations give in Fig. 6, and this comparison is
shown in Fig. 8. It can be seen that the variance of the bending
motions is slightly more than twice as large as the whole-
octahedral rotations. This is a larger difference than in ScF;,*
where these two variances were more-or-less of equal value. It is
possible that this difference arises from the fact that MAPbI;
has the large MA ion within the perovskite A site, whereas this
site is empty in ScFj.

Recently Liang et al®® reported a molecular dynamics
simulation of MAPbI; using a machine-learning force field.
They performed analyses of octahedral rotations. Their rotation
angles appear to be larger than those reported in Fig. 8, but it is
not clear from their work whether they have decoupled the
effects of octahedral bond bending in the way that we have.
Therefore at this point we do not consider it to be straightfor-
ward to compare the two sets of results.

5.2 Flexibility of the linear Pb-I-Pb linkage

The distributions of the near-linear inter-octahedra Pb-I-Pb
angles are shown as normalised histograms in Fig. 9 for the
various temperatures corresponding to each of the three pha-
ses. As for the near-linear I-Pb-I bonds shown in Fig. 7, in the
cubic phase the one-dimensional histograms fall to zero at an
angle of 180°, whereas the distribution functions scaled by the
sine of the angle show peaks at 180° for the angles in the cubic
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phase and for two angles in the tetragonal phase, as expected in
the full three-dimensional distribution function.

In the cubic phase, the distribution functions are centred on
an angle # of around 15° from exact linearity, with a tail
extending to higher angle. This is slightly larger than twice the
octahedral rotation angle, consistent with a significant contri-
bution from bond-bending motions as well as arising from
rotations of two Pb-I angles. This is consistent with the corre-
sponding findings in both CsPbl; (ref. 6) and ScF;.>

Carignano et al.> have reported ab initio molecular dynamics
simulations of MAPbI; nominally in the cubic phase. They
studied this angle, at a higher temperature, in terms of the
transverse displacement of the iodine atom from the centre of
the Pb-Pb vector. Their distribution of displacements peaks at
avalue around 0.6 A, which corresponds roughly to a peak in the
angular distribution function of around 158°. This is slightly
larger than obtained in our RMC configurations, as shown in
Fig. 9. Whilst the higher temperature may be a factor in
explaining this difference, we also believe that the small size of
the configuration in the molecular dynamics simulation (4 x 4
x 4 unit cells) will be important.§

In the tetragonal phase, one of the Pb-I-Pb linkages has an
equilibrium value less that 180° due to rotations of the Pblg
octahedra around the [001] axis (Fig. 1b). The equilibrium value
from the crystallographic data reported previously'* has a range
from close to zero at the nearly-continuous phase transition
from the cubic phase to a value of § = 157° at 170 K. In Fig. 9 we
see that at a temperature of 170 K there is one peak centred on ¢
= 155° consistent with the crystallographic data. There is
a second peak at around f = 174°, which represents the
thermally-induced fluctuations from the linear arrangement
along the [001] directions. The amplitude of this fluctuation is
reduced from that seen in the cubic phase. On the other hand
for the other two data sets, at temperatures of 293 K and 300 K,
which are closer to the temperature for the cubic-tetragonal
phase transitions, the crystallographic data™ give a Pb-I-Pb
bond angle of § = 163°, which is closer to linear than for 170 K.
The maxima in distribution functions f{f) are again consistent
with this mean value, but the distribution is broader due to
increased thermal motion, probably due in part both to the
increased temperature and the greater proximity to the cubic
phase. It is noticeable that the maxima in the distributions of
the angle for linkages parallel to [001], which are not centred on
6 = 180° because of the solid-angle argument, are actually
broader and with a maximum at a higher angle than the cor-
responding distribution for 170 K. This again reflects the
increased thermally-induced disorder.

Finally the crystallography of the orthorhombic phase'
shows that there are two Pb-I-Pb angles of around 151° and
162°. The distribution function for a temperature of 10 K shown

§ A small configuration gives only a coarse sampling of wave vectors in reciprocal
space, giving a larger relative weighting to the line of Rigid Unit Modes (RUMs)
along the edges of the Brillouin zone - 12/64 wave vectors, whereas the
weighting of a line to volume in an extended sample is close to zero — which
means there is an exaggerated weighting to the amplitude of the RUMs; these
are the phonons that primarily give rise to octahedral tilting.*

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 (Top row) The angle distribution functions (normalised histograms) of the linear inter-octahedral Pb—I-Pb angles in MAPbIs for the full

range of temperatures, with separate plots given for each of the three phases as in Fig. 6. (Bottom row) The same distribution functions scaled by
the sine of the octahedral Pb—I-Pb angles, showing that the full three-dimensional angular distribution functions for these angles in the cubic
phase, and for two angles in the tetragonal phase, have their peaks at 180°.

in Fig. 9 is consistent with the crystallography, with the maxima
in the distribution corresponding to the angles from the crys-
tallographic analysis. On heating it is clear that the distribu-
tions broaden considerably. The crystallography shows that the
average values of both angles do not change significantly on
heating," and this is consistent with the shapes of the distri-
butions at higher temperatures, even though the broadening
means that the two peaks overlap and blur the maxima.

5.3 Anharmonicity in the Pb-1 bonds

Our recent RMC study of CsPbl; found that there is consider-
able anharmonicity of the Pb-I bond.® This was identified
through a significant asymmetry in the distribution of nearest-
neighbour Pb-I distances. Here we show that there is a similar
anharmonicity in the Pb-I bond in MAPDI;.

Fig. 10 shows the distribution of nearest-neighbour Pb-I
distances in MAPbI; at different temperatures in the cubic
phase. There is a very similar asymmetry to the distributions as
found in CsPbI;.° Initially we might expect the distribution of
Pb-I distances for the first neighbour to be symmetrical, since
the two types of atoms lie in lines with equal spacing. Expansion
of one Pb-I bond along the line should lead to an equal
contraction of a neighbouring bond. Thus it is most likely that
the asymmetry arises from transverse rather than longitudinal
motions.

As in our work on CsPbl; we have characterised this asym-
metry by fitting the distribution of Pb-I distances by a function
of the form P(r) o« exp(—¢(r)/kgT), where ¢(r) is an effective
potential energy function, which we have assumed can be

This journal is © The Royal Society of Chemistry 2024

described by a conventional Morse potential to give the asym-
metry in the distribution function:

#0) = s (exp( ~2a(r — 1)) ~ 2exp( —a(r—n))) (6

Here r, represents the point of minimum energy and therefore
represents the low-temperature equilibrium bond length; & is
the effective harmonic force constant at the point of minimum
energy; and « is defined such that the minimum of the energy is
equal to E, = —k/2a”.q We fitted a single set of values of ro, k and
« to the data for all temperatures of MAPDbI; in the cubic phase,
obtaining values ro =3.16 A, k=1.21meVA™2 and a = 1.72 A™".
The fitting is shown in Fig. 10.||

These results are quite similar to those found for CsPblI;.° In
Fig. 10 we show the calculated form of ¢(r) for both MAPbI; and
CsPbl;, and compare with a harmonic function defined as
Gnarm(r) = Eo + (k/2)(r — ro)>. Although the cases of MAPbI; and
CsPbI; have different values of E,, as seen by the vertical offsets
of the functions ¢(r), the way ¢(r) departs from ¢y m(7) for both
r < 1o (positive departure) and r > r, (negative departure) is
similar in both cases.

For the lower temperatures, where the octahedra are rotated
on average, the first peak in the Pb-I distributions became more
symmetric. The bond anharmonicity is a particular feature of
the high-symmetry cubic phase.®*

€ In many representations eqn (6) has prefactor D, where D = —E,.

|| We need to stress that this is an effective potential, and it is not reasonable to
treat the parameter D as a bond dissociation energy. It is also not reasonable to
treat the force constant k as representing a pure bond-stretching force constant.
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Fig. 10 (Top) Pb-I bond distance distribution function in the cubic
phase of MAPblsz from the RMC configurations (points), fitted with
a probability distribution described by a Morse potential as discussed in
the text (lines). (Bottom) Fitted Morse potentials (solid lines) and the
corresponding harmonic potentials (broken lines) for CsPbls (ref. 6)
(black) and MAPblIz (red).

5.4 Ferroelectric fluctuations

There have been occasional reports of ferroelectricity in
MAPDI;, although the consensus is now against this view.
Certainly the existence of bulk ferroelectricity is not compatible
with the accepted ecrystallography over the full range of
temperatures.®>*"*

We have investigated whether the RMC configurations
support the existence of ferroelectric fluctuations by calculating
the instantaneous dipole moment associated with each Pblg
octahedron (calculated associating a unit of charge of +e/2
either end of the Pb-I bond, and summing over the 6 bonds
from each lead atom). Presumably any ferroelectricity will arise,
at least in part, from fluctuations of the positions of the lead
atoms away from the centres of the octahedra.

The mean value of the dipole moment is effectively zero to
within noise. The mean-square dipole moment, representing
the fluctuations, is shown as a function of temperature in
Fig. 11. This shows a linear increase with temperature, sug-
gesting that the fluctuations in the octahedral dipole moments
are thermally excited. For comparison, we note that this value of
the variance of the fluctuation of the dipole moment in MAPbI;
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Fig. 11 Variation of the mean-square dipole moments of the Pblg
octahedra in MAPbIs with temperature. The curved line, given as
a guide to the eye, was obtained as in Fig. 8.

is an order of magnitude larger than the dipolar fluctuation of
the OCu, squares in CuO.®>* This suggests a degree of flexibility
of the Pblg octahedra, as indicated by the other results in this
study.

6 Discussion and conclusions

In this paper we have reported an extensive analysis of the
results of an RMC study of MAPbI; using neutron total scat-
tering data and deuterated samples. The focus has concerned
changes in structure and local structure fluctuations associated
with the two phase transitions involving both octahedral rota-
tions and ordering of the orientations of the MA ions.

Orientational disorder of molecules within crystals is very
difficult to study using normal diffraction methods, particularly
if the distribution of molecular orientations cannot be simply
described by a small number of possible orientations. This is
where total scattering and the RMC method play a unique role
in structural studies. We have shown that in the cubic phase
there is almost a completely random distribution of orienta-
tions of the MA ions. We have also characterised the orienta-
tional disorder in the intermediate tetragonal phase, showing
a significant departure from random disorder on cooling, with
clear preferred directions for the C-N vector in the MA ions. In
the ordered low-temperature phase the MA ions show a high
degree of orientational order, with increased librational
amplitude on heating from low temperature. These results are
fully consistent with, but significantly extending, prior knowl-
edge from crystallographic studies.®***

We have also explored the flexibility of the backbone network
of connected Pbls octahedra, comparing with some other recent
studies. We have shown by comparison with other systems that
the Pbls octahedra move as rigid units but also have a high
degree of flexibility regarding flexing of the I-Pb-I bonds. The
same flexibility leads to a marked anisotropy of the distribution
of Pb-I neighbour distances and of thermally-induced dipolar
fluctuations of the Pblg octahedra.

This journal is © The Royal Society of Chemistry 2024
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