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Abstract

Based on previously published research, the structural response of the tetragonal hybrid perovskite crystal
structure of MAPbX, [MA: [CH,NH,]", methylammonium; X =1, Br] to thermal expansion is reviewed here. From
an averaged crystal structure perspective, the tetragonal perovskite structure of MAPbI, and MAPbBr,, based on
diffraction data, shows apparent Pb-X bond length shortening and apparent shrinkage of the [PbX,] octahedra with
increasing temperature. At the same time, these apparent observations, and hence the thermal expansion, are
related to the progressive phase transformation towards the cubic structure, as the lattice parameters respond to a
shear stress that couples to the order parameters, and this coupling is predicted by group theory and thus aims to
explain precisely the apparent negative thermal expansion-like effects. A different picture emerges for the thermal
expansion when considering the very localized structure, since neither a shortening of the Pb-X bond lengths nor a
shrinking of the [PbX,] octahedra is observed with pair distribution function analysis, and the presence of
orthorhombic short-range order in the tetragonal and cubic perovskite structures is assumed in published studies.
The compared extended X-ray absorption fine structure studies, which also map the local structure and provide the
“true” bond distance, show no lead-halide bond length shortening with temperature. The perpendicular mean
square relative displacement has been determined. Therefore, a comparison of the tension and bond expansion
effects in both perovskites can be made. In the orthorhombic phase of MAPbI, and MAPbBr,, positive expansion
and negative tension of the lead-halide bond are almost balanced. After transitioning to the tetragonal phase, the
equilibrium shifts toward negative tension. This suggests that both hybrid perovskites have tighter lead-halide
bonds and less rigid [PbX,] octahedra in the tetragonal phase than in the low temperature perovskite crystal
structure.

Keywords: Hybrid perovskites, thermal expansion, local structure, pair distribution function (PDF) analysis,
extended X-ray absorption fine structure (EXAFS), tension effect
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INTRODUCTION

Due to their optoelectronic properties (high optical absorption coefficients, narrow-band bright
photoluminescence, tuneable bandgaps, low exciton binding energies, and long-range carrier diffusion)",

hybrid perovskites are promising materials for applications in photovoltaics. Hybrid perovskites of the
general form MAPbX, (MA: [CH,NH,]", methylammonium; X = I, Br) such as MAPbI, and MAPbBr,,

undergo phase transformations from the cubic high-temperature aristo-type structure (space group Pm3m)
first to a tetragonal structure (space group I4/mcm, T yaps = 330 Kand T, yapps = 236 K) and finally to an
orthorhombic low-temperature structure (space group Pnma, T, yupp, = 160 K and T yupys = 149 K) in
which the MA molecule is less disordered*”. In the cubic and tetragonal phase, only disordered positions
for the MA molecule can be observed with diffraction methods due to the fast jump-rotation of the MA
molecule (ps relaxation times and THz relaxation frequencies)”. In the low-temperature phase, the MA
molecule also jump-rotates, but much slower (ns relaxation times and GHz relaxation frequencies)™. Due to
the interaction between the strong MA molecule dynamics and the rigidity of the [PbX,] octahedra
framework structure, it is not surprising that liquid-crystal duality is increasingly employed in the
description of hybrid perovskites'™'”. In a new classification, the existing dynamic aspects are added to the
crystal structure description”. Thus, the tetragonal I4/mcm room-temperature structure might now be
described with the extended Glazer notation a‘a’b- and the cubic Pm3m aristo-type structure with a’a‘a? (in
this new notation, d corresponds to the dynamic tilt, which indicates that the corresponding octahedra
oscillate between two positions (positive and negative amplitude)). In this context, the quantitative analysis
of the structural dynamics in time and space from molecular dynamics (MD) simulations of perovskite
crystals by Liang et al. is noteworthy"”. Recent experimental work by Weadock et al. also attempts to
describe the nature of the dynamic local ordering of MAPbBIL, and MAPDBYr, in the cubic phase by a
combination of single-crystal diffuse scattering, neutron inelastic spectroscopy, and MD simulations"”. In
this investigation, a remarkable collective dynamics consisting of a network of local, two-dimensional,
circular regions of dynamically tilting lead halide octahedra (lower symmetry), giving rise to long-range
intermolecular CH,NH," correlations, has been identified"”. The presence of orthorhombic short-range
order in the tetragonal and cubic structures of MAPbX, has also been experimentally confirmed by studies
of the pair distribution function (PDF)"*"". As stated by Simenas ef al. in their comprehensive review of
hybrid perovskites"", referring to the work of Weadock et al."”), “the presence of such low symmetry
correlated octahedral distortions at the nanoscale could be related to the observed ferroelectric effects in this
compound”, but we will not discuss the ferroic properties in our selective review and refer to existing
experimental work** and review publications™*’ on this controversial topic. Due to the temperature-
dependent changes in the crystal structures, local ordering phenomena and structural dynamics, hybrid
perovskites exhibit a number of remarkable thermal properties that are particularly important for their
application in photovoltaics””. For example, the thermal expansion of the tetragonal room temperature
structure of MAPbI, is relatively high and strongly anisotropic. In the temperature range from 308 to 324 K,
Jacobsson et al. observed a negative linear thermal expansion coefficient a,, -106 x 10° K" in the
[001] direction and a positive linear thermal expansion coefficient oy, cagona = 132 % 10° K in the [100]

, tetragonal =

direction. Thus, the thermal expansion corresponds more to a soft material, for instance, a polymer such
as polypropylene (o = 118 x 10° K")), than, for example, typical representatives of semiconductor
technology such as silicon (o = 2.6 x 10° K*)". In keeping with soft materials, the thermal conductivity of
hybrid perovskites is very low, with Ge et al. observing an extremely low thermal conductivity of
k=0.3 Wm'K" for MAPbL,*”. The extreme thermal properties of hybrid perovskites cause difficulties
because photovoltaics require close coupling with many different materials that have completely different
thermal properties than hybrid perovskites. This affects both manufacturing and application stability and



Schuck et al. Microstructures 2024;4:2024047 | https://dx.doi.org/10.20517/microstructures.2024.33 Page 3 of 17

longevity of the thin film photovoltaic devices, making strain engineering important®’. The observed
thermal properties of hybrid perovskites indicate strong anharmonic interactions, with increasing evidence
that the anharmonic properties of the lead-halide bond in particular® play a prominent role when wanting
to better understand the extremely soft hybrid perovskite lattice. A very well-suited method to investigate
the anharmonic properties of the lead-halide bond is extended X-ray absorption fine structure (EXAFS)
analysis in combination with crystallographic structure determination*. Since EXAFS can be used to
determine the relative atomic vibrations, including the correlation of atomic motion, in the form of the
parallel and perpendicular mean square relative displacement (MSRD), the bond-bending and bond-
stretching effective force constants and frequencies of the Pb-X bonds are directly accessible”>**. The
perpendicular MSRD can be determined by comparing the “true” distance of certain atomic pairs, in this
case, lead-halide, obtained by fitting the EXAFS spectra with a simulation, with the “apparent” distance
measured by diffractometric means"".

In a selective short review, the thermal expansion of the tetragonal phase of MAPbI, and MAPDBE, is
discussed here on the basis of published work in which results from X-ray diffraction (XRD) and EXAFS are
combined™”. Based on the results of the structural investigations on the temperature-dependent XRD data
of MAPDI, and MAPDBEr,, the thermal expansion in the tetragonal phases is analyzed and described by
linear thermal expansion coefficients. The temperature dependence of these thermal expansion coefficients
is then quantified for MAPDL,. For both components, the phase transformation from the tetragonal to the
cubic perovskite structure is described by the corresponding order and strain parameters. Based on the PDF
analysis of MAPbBr, by Bernasconi et al., the thermal expansion is discussed from a local order
perspective'”. Finally, the results of temperature-dependent EXAFS analyses of MAPbI, and MAPDBr, are
compared and discussed.

DISCUSSION

Apparent shrinkage of [PbX;] octahedra and Pb-X bond lengths changes in the tetragonal phases of
MAPbDI, and MAPbBr,

Two previous temperature-dependent crystallographic investigations of MAPbI, from Schuck et al."” and of
MAPDBr, from Weadock et al.” are compared and discussed in relation to the observed volume changes of
the [PbX,] octahedra and the changes in Pb-X bond lengths. In the following, we will focus on the
tetragonal phase [Figure 1] and the transition to the cubic structure by looking at the behavior of the [PbX,]
octahedra network in dependence on temperature [Figure 2]. Powder samples of MAPbI, were measured by
Schuck et al. using synchrotron XRD as a function of temperature, and the resulting diffractograms were
refined using the Rietveld method. The MA molecule geometry was taken from the previous density
functional theory (DFT) optimization and treated as rigid™. The results of the structure refinements of
MAPDL, agree with previous temperature-dependent studies" .

The volume of MAPDI, increases with temperature over the whole temperature range (volumetric thermal
expansion coefficient ay, qmomompic = 90 X 10° K™ and oy, uyagona = 119 % 10° K). Based on the lattice constants
for a pseudo-cubic cell from Schuck et al., a negative linear thermal expansion coefficient of
Wjoor),tetragonat = ~23.3(3) X 10° K™ in the [001] direction and a positive linear thermal expansion coefficient of
W00, tetragonal = 75(3) % 10° K" in the [100] direction can be determined for MAPDI, (temperature range
220-260 K) [Figure 3A]". The differences between these linear thermal expansion coefficients of
Schuck et al. and those of Jacobsson et al. are due to the different temperature ranges used to determine the
gradient'””. Jacobsson ef al. used a higher temperature range of 308 to 324 K. Figure 4 shows the percentage
changes in Pb-X bond length expansion [Figure 4A] and the percentage changes in volume expansion
[Figure 4B] from the onset of the tetragonal phase to higher temperatures”. In the tetragonal phase, the
maximum thermal expansion at 300 K is +1.68% (compared to 160 K) for the whole volume and +2.14% for
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Figure 1. Detail of the tetragonal room-temperature structure of MAPbI, with its large iodine anisotropic temperature factors (ADPs)
(their flat shape indicates a transverse displacement perpendicular to the Pb-I-Pb bonds and in the direction of the MA molecule), the
coordination polyhedra of the MA molecule [MAI,], a cuboctahedron (light yellow), and one [Pbl,] octahedra (light gray)®”. The
anisotropic shape and orientation of the halide ADPs are partly due to the strongly anharmonic metal-halide bond (see EXAFS section)
and not only to the hydrogen bond between the MA and the halide atoms (formed between the jump rotations). In this representation
of a single MA molecule, neither the 4-fold rotational axis nor the 2-fold rotational axis of the 14/mcm space group symmetry seems to
exist for the molecule. However, since the MA molecule jump rotates™ and there are, on average, eight MA molecule orientations in
the cage, an average structure with [4/mcm symmetry is observed in diffraction.
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Figure 2. (A) The [Pbl] octahedra network of MAPblI, for the cubic high-temperature structure at 350 K®® (top) and the tetragonal
room-temperature structure at 300 K’ (bottom). (B) Pb-Xa-Pb bond angle (octahedra tilt) of MAPbI, (red) and MAPbBr, (blue) in
the tetragonal (solid symbols) and cubic phase (open symbols). Besides the data from Schuck et al’® and Weadock et al.””, values for
the cubic phase at 350 K of MAPbI, from Whitfield et al.are also given™®. Adapted with permission from Schuck et al.’’. Copyright
2022 American Chemical Society.

the [MAI,,] cuboctahedra. In contrast, the negative thermal expansion (NTE) of the [PbI] octahedra is
-0.5%, corresponding to the negative change in average bond length, which is -0.17% smaller at 300 K
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Figure 3. Temperature-dependent lattice constants for the tetragonal (pseudo-cubic) and cubic unit cell for (A) MAPbI; (cubic at
350 K from Whitfield et al.”®") and (B) MAPbBr; based on the results of Schuck et al™ and Weadock et al.””. In both cases, the linear
thermal expansion coefficients in direction [100] [positive thermal expansion (PTE)] and in direction [001] [negative thermal
expansion (NTE)] are also given. Adapted with permission from Schuck et al.'™™. Copyright 2022 American Chemical Society.
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Figure 4. (A) Averaged Pb-X bond lengths expansion and (B) volumetric expansion of MAPbI, (red) and MAPbBr, (blue) in the
tetragonal (solid symbols) and cubic phase (open and half-open symbols), the phase transformation temperature is indicated in each
case (tetragonal to cubic). Besides the data from Schuck et al.® and Weadock et al.!”*, values for the cubic phase of MAPDI; are also
given from Whitfield et al.”® (left half-open symbols) and Stoumpos et al.®® (right half-open symbols). (B) In addition to the volume
changes for the [PbX,] octahedra (squares), the volume changes for the total volume (diamond symbols) and the volume changes for
the [MAX,,] cuboctahedra (circles) are also given. Note: Both Pb-X bond lengths, i.e., the one along tetragonal c (Pb-Xb in Figure 2A)
and the one in the tetragonal a-b plane (Pb-Xa in Figure 2A), become smaller in the tetragonal phase with increasing temperature. Both
bond lengths (Pb-Xa and Pb-Xb) for MAPbl, and MAPbBr; are within the error bars of the averaged value Pb-X. Adapted with
permission from Schuck et al.”®. Copyright 2022 American Chemical Society.

compared to the value at 160 K. Based on the tetragonal lattice constants for a pseudo-cubic cell from
Weadock et al., which are available from their temperature-dependent single-crystal structure investigations
[crystallographic information files (CIF) were made available]", a NTE of 0/, ragonas = -66(3) x 10° K™ in
the [001] direction and a positive thermal expansion of o, iagona = 95(2) ¥ 10° K™ in the [100] direction
can be determined for MAPDbBr, (for the temperature range 200-230 K) [Figure 3B]. As shown in Figure 4, a
maximum thermal expansion at 240 K is observed for MAPbBr, in the tetragonal phase, analogous to the
behavior of MAPbI,. While the total volume of MAPbBr, and the [MABr ] cuboctahedra volume increase
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by +0.78% and +1.04%, respectively, the Pb-Br bond length decreases by -0.19% with a concomitant NTE of
-0.53% for the [PbBr,] octahedra. In both MAPbI, and MAPDBr,, the temperature-dependent negative
changes in the partial volumes of the [PbX,] octahedra, on the one hand, and positive partial volume
changes of the [MAX,] cuboctahedra, on the other hand, differ significantly from the change in the total
volume in the tetragonal phase. While the [MAX,,] cuboctahedra volume expands almost linearly with
increasing temperature (greater expansion than total volume), the [PbX,] octahedra volume shrinks towards
the cubic phase [Figure 4B]. A comparison with pressure-dependent data in the tetragonal phase would
certainly also be interesting, but for MAPbBr, such data are not yet available®™ in the corresponding
temperature and pressure range, and for MAPbI, a clearly different behavior of the tetragonal structure
already occurs at 300 K in the range of 0.05 GPa (the [Pbl,] octahedra become 0.15% smaller, and Pb-I
shortens by 0.05%)"*”, so that it cannot be excluded that phase transformations also occur at minimal
pressures and a direct comparison of the mechanochemical sensitive'*'’ MAPDI, data is not readily possible.

Temperature-dependent linear thermal expansion coefficients and the Griineisen tensor

The linear thermal expansion coefficients calculated for MAPbI, from the data of Schuck et al. differ
significantly from the values of Jacobsson et al.**”. This is not surprising since one linear fit obviously
cannot describe the entire temperature range of the tetragonal phase. For this reason, the temperature
dependence of the linear thermal expansion coefficients is investigated using the tetragonal lattice constants
of Whitfield et al. [the lattice constants from temperature-dependent synchrotron powder XRD
measurements of Whitfield et al. (figure 6C in Ref.””) have been digitized by us and are shown here in
Figure 5A]"". The temperature dependence of the linear thermal expansion coefficients [Figure 5B] can be
approximately described for the PTE oy, with a linear behavior; an increase towards the cubic phase up to
97 x 10° K is obtained. The NTE qy,, can be described with a third-order polynomial and reaches a
maximum value of -88 x 10° K™ towards the cubic phase. Due to the temperature dependence of the two
linear thermal expansion coefficients oy, and oy, the linear thermal expansion coefficient o, geq
determined from the averaged tetragonal lattice constant a, ... = ((2*a,)+c,)/3 is more suitable for
describing the thermal expansion as it has almost no temperature dependence. The value given by
Whitfiled et al.* is to be multiplied by 1/L, and then results in o,z = 42.4(4) x 10° K" (dotted line in
Figure 5B)™*. It is common to describe thermal expansion properties of solids in Griineisen parameters:
NTE results in negative Griineisen parameter y.

In the case of the tetragonal crystal structure of hybrid perovskites, two independent Griineisen parameters,
Y100 a0 7(o0,)» are related to the principal linear thermal expansion coefficients oy, and o, via (according
to Schorr et al.):

V
Y[100] = et + ¢3) 100 + C13001)]
G

4 M

Vv
Yioo1 = C_m [201530-'[100] B 0353“[001]]-

S

where V,, is the molar volume, C, is the molar specific heat at constant pressure, and the c; are the adiabatic
elastic stiffness coefficients in this Griineisen tensor (according to Haussithl and Kitaigorodskii)*. Using the
tabulated ¢, values'*”, a negative Griineisen parameter y,,,, can only be expected near the phase transition to
the cubic phase above 307 K [Figure 6A]. At lower temperatures, y,, is positive and the Griineisen
parameter v, is always positive for MAPbI, [Figure 6B].
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Figure 5. (A) Temperature-dependent tetragonal (pseudo-cubic) lattice constants according to Whitfield et al.®®’ (black) and from
Schuck et al.™ (red). (B) Temperature dependence of the linear thermal expansion coefficients 11003 Opoory @Nd O, e Dased on the
lattice constants of Whitfield et al.[displayed in (A)]Bé].amm: linear behavior; ayy,: third-order polynomial (solid lines). Adapted with
permission from Schuck et al.”. Copyright 2022 American Chemical Society.

A 0.0021 B 00010
MAPDI, MAPDl;
0.0020 - |~ Y1001 0.0008 ~Yoou | |
g -
& S 0.0006 - L
o 00019 L2
0 (%]
(3 0@ 0.0004 1 L
50.0018 -
S S 0.0002 -
92 5
5 0.0017 1 - o
e S 0.0000 - L
o
0.0016 0.0002 i
0.0015 -0.0004

T T T T T T T T | T T T T T T T T T
140 160 180 200 220 240 260 280 300 320 340 140 160 180 200 220 240 260 280 300 320 340
Temperature [K] Temperature [K]

Figure 6. (A) Temperature-dependent values of [2ciapoo) + cSs@oon] ~700n and (B) temperature-dependent values of
(e + e£2)as00) + cfagoon] ~ 10001, (A and B) for MAPbI, using the tabulated c; values from Feng et al."*"".

Tetragonal to the cubic phase transition

According to Whitfield et al., the phase transition from the tetragonal to the cubic crystal structure in
MAPbI, and MAPbBr, can be described by the temperature-dependent change of three degrees of freedom
in the tetragonal structure: the rotational distortion caused by the change of the Pb-Ia-Pb angle (R,), the
strain caused by the thermal expansion (GM, "), and the strain caused by the tetragonal distortion (GM,")"".

The temperature-dependent changes of the three degrees of freedom were analyzed for MAPbI, and
MAPDBr, using ISODISTORT (an internet-server tool for exploring structural phase transitions)" and are
shown in Figure 7. The thermal expansion in the tetragonal phase discussed in the previous two sections is
related to the progressive phase transformation towards the cubic structure, since the lattice parameters
respond to a shear stress coupled to the order parameters (analyzed with ISODISTORT), and this coupling
is predicted by a standard Landau theory treatment. The amplitude of the R," rotational mode, which is
directly proportional to the cubic-tetragonal order parameter, can be fitted by the power law R,'~(T-T)P,
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Figure 7. ISODISTORT analysis™*®’. The phase transition from tetragonal to cubic, based on the data from Schuck et al.'® and Liu et al.””
for MAPbI; and based on the data from Weadock et al” for MAPDbBr; can be described by the temperature-dependent changes of the
three degrees of freedom in the tetragonal structure: rotational distortion mode R[ (blue color, legend on the right) and the two strain
mode amplitudes (black color, legend on the left) GM," (thermal expansion) and GM," (tetragonal distortion (c-a)/c). Fit of the order
parameter R, for MAPbI, based on the data from Schuck et al.” (blue dashed line) and fit for the data from Liu et al.””? (blue dotted
line), additional also the R4+ fit from Whitfield et al.®®’ (figure 8Ain Ref.%) is reproduced (T_.=329.95 K and p = 0.26, solid blue line).
Fit of the order parameter R, for MAPbBr, based on the data from Weadock et al. (blue dash-dotted line)"”.

where B is the critical exponent [Figure 7]. Both Whitfield ef al.” and Liu et al.””’ conclude in their analysis
that the tetragonal/cubic phase transition for MAPbI, can be characterized by a single order parameter and
that its behavior as a function of temperature and spontaneous strain follows the form of a weakly first-
order, nearly tricritical phase transition, which is consistent with the description of a standard Landau free
energy function. The standard Landau theory treatment should then also explain the temperature-
dependent behavior of the Pb-X bond lengths and the [PbX,] octahedra in the tetragonal phase towards the
cubic structure, although it is worth noting that there is some variance in the description of the order
parameter in the case of MAPDL, [Figure 7]. However, the differences between the R," data of Schuck ef al.”
and Weadock ef al.” seem to be smaller.

Local structure of MAPbI, and MAPbBr, with atomic pair distribution function (PDF) analysis

The local atomic structure can be investigated by analyzing the total scattering from diffraction
experiments“**’, which, in contrast to XRD or neutron powder diffraction methods, use much shorter
X-ray or neutron radiation wavelengths. In addition, total scattering measurements are generally made over
a much larger scattering vector range (Q,,, = 30 A7) than in conventional XRD experiments (Q,,, =5 A™).
Besides Bragg scattering, total scattering includes diffusion scattering. The PDF can be used to analyze the
total scattering, whereby a Fourier transformation of the measured total scattering must be carried out after
extensive data reduction (including a thorough background correction)"***.

In the temperature-dependent pair correlation functions G(r) of MAPbDL,, it is, first of all, noticeable, as
already noted by Whitfield et al., that in a range up to about 4 A, no discontinuous changes occur in the
range from 10 to 350 K, but only a gradual broadening of G(r) towards high temperatures (see figure 4 in
Ref."), which is also especially the case in the range of the phase transformation from the orthorhombic to
the tetragonal structure (o/t)"". This range up to 4 A, which does not change discontinuously, corresponds
to the Pb-X bond distances. The situation is different for the range from 4 A to larger distances, where a
discontinuous change in G(r) in the temperature range of the o/t phase transformation is observed.
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together with the fixed refinement results at 200 K from Bernasconi et al.".In the PDF fit, only the scale and U, were refined.
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A very similar behavior can also be observed in the data available for MAPbBr,. Here, there is also no
discontinuous change at small distances in the region of the o/t phase transformation (see figure 1 in
Ref."”). In the PDF analyses available in the literature, it was observed for both MAPbI, and MAPbBr, that
in the temperature range of the tetragonal and cubic phases, the low range up to 10 A, can be best described
by a short-range octahedra distortion, which essentially corresponds to the orthorhombic low temperature
perovskite crystals structure for both MAPbL"*"” and MAPbBr,"*"". To illustrate and qualitatively
reproduce this effect, PDF fits in the range of 1-10 A are shown in Figure 8, using the MAPbBr, data at
200 K from Bird et al.'” and the refinement results from Bernasconi et al."” (here, only the lead and
bromine atoms were considered). In the PDF refinement only, the scaling and U,, were refined. Similar to
Bernasconi et al., the use of the tetragonal I4/mcm perovskite structure (Figure 8A, R, = 0.3449) leads to a
poorer refinement than the use of the orthorhombic Pnma perovskite structure (Figure 8B, R, = 0.1740)"".
Although the results of the PDF analysis in Figure 8 show deviations (in the regions of r =7 A and r = 9.5 A,
there are peaks in the simulation that are not present in the data, and the peak at r = 4 A is significantly off
in thickness), the same qualitative results can be obtained with the experimental data of Bird et al., and thus,
the observations of Bernasconi et al. can be confirmed qualitatively"*'”. The temperature-dependent lattice
parameters, Pb-Br bond lengths and [PbBr,] volumes determined by Bernasconi et al using the
orthorhombic perovskite structure in their PDF refinement for the range of 1-10 A are shown in Figure 9""°.

Obviously, the thermal expansion of the local structure of MAPbBr, is fundamentally different from the
thermal expansion of the averaged structure resulting from the analysis of the XRD data. The PDF
refinement results from Bernasconi et al. show that all three orthorhombic lattice parameters increase with
temperature, as do the Pb-Br bond lengths and [PbBr,] volumes"®. More recent structural PDF studies
using symmetry-adapted PDF analysis (SAPA)®™ have investigated the local structure of ScF, and hybrid
perovskites utilizing extended degrees of freedom (such as the “scissoring” mode X,")"*"),

Analysis of the anharmonic properties of the lead-halide bond with EXAFS

EXAFS spectroscopy is based on the ionization of an atom when an X-ray quantum is absorbed. This
releases an electron whose kinetic energy depends on the energy of the X-rays. The released electron
propagates as a matter wave and is scattered by neighboring atoms. Depending on the wavelength of the
electron, constructive or destructive interference occurs between the outgoing wave and the backscattered
waves. Because the energy of the X-rays is varied, the energy of the released electrons also changes and thus
the corresponding wavelength of the electrons. This leads to alternating constructive and destructive
interference and, thus, to a change in X-ray absorption depending on the energy, which corresponds to the
fine structure of the X-ray absorption spectrum. These X-ray absorption changes can be measured in the
energy range from just above the X-ray absorption edge up to a few hundred electron volts above it, i.e., in
the upper range of the X-ray absorption edge (hence the term “extended” in EXAFS). From the shape and
strength of the X-ray absorption changes, it is possible to deduce at what distance from the ionized atom it
is scattered and to what extent, i.e., a so-called radial distribution function is obtained via Fourier
transformation of the X-ray absorption “fine structure” data after normalization and background
subtraction (for example with the Athena software)". By comparing the scattering of electrons on and
between neighboring atoms with simulations (for example, with the Artemis software)*>*”, the atomic
distances of atom pairs Ry, can be determined with high accuracy. However, the radial distribution
function not only contains information about the atomic distances but also about the distance variations of
the respective atom pairs, which corresponds to the parallel MSRD (EXAFS Debye-Waller factor or C,).
Since the lifetime of the EXAFS photoelectron (~107 s) is very short compared to the atomic vibrations
(~10™"s), and, at the same time, the limited mean free path of the EXAFS photoelectron is restricted to the
local environment of the investigated atom, the anharmonic properties of the investigated bond pair can be
studied very well®". The relative AC, (T) was fitted with an Einstein behavior by Schuck et al."” to determine
parallel MSRD (T)"* of MAPbL.:
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llel MSRD (T) = i th(gE) @
paralle (T = e ZBECO >T

(u: reduced mass, ©: Einstein temperature). The resulting parallel MSRD (T) is shown in Figure 10A. This
figure also shows the parallel MSRD (T) for MAPbBr,, which was interpreted by Weadock et al. using both
a correlated Debye model and an Einstein behavior [in the Debye model, a distinction was made between a
low-temperature (0, = 148 K) and a high-temperature range (0, = 167 K)]"". Weadock et al. noted that
the Einstein temperatures for MAPbI, and MAPbBr, increase with decreasing reduced mass
p=mm,/(m, + m,), which corresponds to the relationship between the frequency and mass of an
oscillator”. From @y, a direct derivation of the effective force constant k, (bond-stretching effective force
constant) could be made since the following applies:

ko = ©2u = (1 * 1.660539%1077 kg * (21 * v)2)/16.022 [eV/A?] ?3)

[1 N/m = 1/16.022 eV/A%], [1 THz = 47.9924 K], and v;: Einstein frequency [THz] [Table 1].

From the temperature-dependent relative interatomic distances ARy, and the averaged relative
interatomic distances ARy, resulting from the synchrotron XRD [Figure 11], Schuck et al. determine the
relative “perpendicular MSRD” (A<Au2,,,>) for MAPDI,, which correspond to vibrations perpendicular to the
lead-halide bonding direction (bond-bending vibrations)'.

55]

The following relationship applied:'

A<Au?

perp™ = 2 ¥ Rxrp (ARexars - ARxgD). @

The absolute values of the perpendicular MSRD for MAPbI, were then obtained, analogously to the parallel
MSRD, through fitting of A<Auj..,> with a correlated Einstein model®". The parallel MSRD values were
fitted with two Einstein temperatures: one for the orthorhombic low-temperature range up to 160 K (LT),
the other for the tetragonal high-temperature range up to 260 K (HT). This procedure leads to a solid
explanation of the experimental values (also for the description of the yuy,r-dependence [Figure 10B and C,
Table 1]). The differing dimensionality (Auj.,,= Aui+Auj) compared to the parallel MSRD makes it necessary
to use the following term:"*>**

2

8
coth( E("””)) )

<Aud,, > (T) = S5

lukB HE(perp)

Analogous to k,, the corresponding perpendicular effective force constant k| (bond-bending effective force
constant) from the correlated Einstein model could be calculated for MAPbI, [Table 1]*. Analogous to the
procedure for MAPbI,, the relative perpendicular MSRD and the bond-bending effective force constant
were also determined for MAPDbBr, from the available data”. For MAPbBr,, this was possible only for the
tetragonal and cubic phases since the values determined for ARy, and ARy in the orthorhombic phase
[Figure 11], based on the results of Weadock et al., lead only to unphysical values for the relative
perpendicular MSRD (here, the digitization of the data from Weadock et al. could not be carried out with
sufficient accuracy for the orthorhombic phase)”. However, since the phase transformation from tetragonal
to cubic is being discussed here, this is not limiting. The ratio ygx,s = perpendicular MSRD/parallel MSRD
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describes the degree of anisotropy of the relative vibrations [Figure 10C]"". The uncertainties pointed out
by Schuck et al. may be of a similar (if not larger) magnitude in the behavior of MAPbBr, shown here, so
that the anisotropy of the relative vibrations and the perpendicular MSRD of MAPDI, and MAPbBr, are
unlikely to differ significantly. However, perpendicular MSRD <Auj..,> (T) reveals the negative tension
effect in the lead-halide bond [Figure 11]". Tension is defined as -<AuZ,,,>/2R," . In the tetragonal/cubic
phases of MAPbI, and MAPbBr,, strong negative tension effects result in a shortening of Ry, which is
accompanied by the observed negative changes in the partial volume of the [PbX,] octahedra. Tenison
effects are often used to explain the structural mechanism of NTE"”, and these tension effects are also
associated with the behavior of optical phonons"***. Although Dalba et al. point out that “in general the
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Table 1. Einstein temperatures and frequencies for parallel (@, vg,) and perpendicular MSRD (@g_,vg.), bond-stretching effective

force constant k; (corresponds to k;), and bond-bending effective force constant k

MAPblsm MAPbBr3m
n 78.702 57.666
Pb-X bond-stretching
O, [K] 97.0(3) 17.3(4) Op [K] LT:148 (4); HT:167 (5)
vg [THz] 2.021(5) 2444 (6) vpy [THz] LT:3.08 (8); HT: 3.48 (10)
k, [eV/A%] 1315 (3) 1.410 (6) k, [eV/A%] LT:1.43 (3); HT: 1.87 (5)
Pb-X bond-bending
0p. [K] LT:46.9 (8); HT: 50 (1) HT: 46 (1)
Vg [THZ] LT:0.98 (2); HT: 1.04 (2) HT: 0.96 (2)
k [eV/A%] LT: 0.309 (6); HT: 0.348 (7) HT:0.218 (5)

In each case, all values for the bond-stretching were determined for the orthorhombic phase (LT). For MAPbBr;, the Debye temperatures and
frequencies determined by Weadock et al” are also given for the parallel MSRD in the orthorhombic phase (LT) and the tetragonal/cubic
temperature range (HT).

Einstein frequencies cannot be correlated in a simple way to the phonon density of states”*”, the same
authors draw parallels between the relative atomic vibrations of EXAFS and optical phonons®*',

Also, an attempt is made here to establish correlations between the relative atomic vibrations obtained from
EXAFS studies on one hand and the behavior of optical phonons on the other. In addition, the Griineisen
parameters of individual phonon modes (also known as phonon deformation potentials) are of interest as a
probe of the anharmonicity associated with phonon-phonon scattering and heat transport"**>*’. Two recent
publications investigated the temperature dependence of optical phonons using infrared (IR) and terahertz
measurements of MAPbI, and MAPbBr,****. Two optical phonons at around 0.9 and 1.8 THz have been
reported from Boldyrev et al. in MAPbI, single crystals using temperature-dependent (figure 5 in Ref.""),
high-resolution terahertz reflection spectroscopy'*. The authors of the study attribute both modes to the
inorganic [PbI,] framework structure, with the low-frequency mode dominated by bending modes, while
stretching processes play a larger role in the higher-frequency mode. Both modes observed from
Boldyrev et al. show parallels to the bond-stretching frequencies of v, = 2 THz and to the bond-bending
frequency of ve- = 1 THz for MAPDI, both observed with EXAFS®. In a similar temperature-dependent
time-domain THz transmission and far IR reflectance investigation on optical phonons in MAPbBr, single
crystals, the higher frequency mode measured by Zelezny et al. shows an increase in the frequency in the
tetragonal phase from approx'®. 2.07 THz to approx. 2.12 THz (figure 5 in Ref.!*”), which corresponds to a
negative mode Griineisen parameter for this mode. In contrast, the low-frequency mode at 1.4 THz
observed by Zelezny et al. shows hardly any temperature dependence'*”. The similarities to the EXAFS
results of MAPDbBT, are also present here as the bond-stretching frequencies of vy, = 2.4 THz and the bond-
bending frequency of vg. = 1 THz for MAPbBr, are observed with EXAFS. Note the frequency increase in
the EXAFS results; for MAPbBr,, the bond-stretching frequencies determined with a Debye model are lower
in the low-temperature range (3.1 THz) than in the high-temperature range (3.5 THz). This frequency
increase can also be observed, although to a lesser extent, in the bond-stretching frequencies for MAPbI,.

CONCLUSION

The review of the results from the analysis of the averaged crystal structure with XRD diffraction methods
shows temperature-dependent changes in the tetragonal phase with an apparent shortening of the Pb-X
bonds and an apparent shrinkage of the [PbX,] octahedra in both MAPbI, and MAPbBr, with increasing
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temperature up to the cubic phase. The thermal expansion can best be described with the linear thermal
expansion coefficient ay,,....q for the averaged tetragonal lattice constant a,..q = ((2*a.)+c.)/3 since the
lowest temperature dependence occurs for this expansion coefticient. Using the Griineisen tensor, positive
Griineisen parameters y,,, and v, can be expected for nearly the complete temperature range of the
tetragonal phase of MAPDI, (with the exception of y,,,, in a small temperature range close to the cubic phase
transition above 307 K). The analysis of the tetragonal/cubic phase transformation using the standard
Landau theory treatment seems to show a certain variance in the determination of the order parameters, but
this can probably largely be explained by the quality of the underlying structure refinements. From the point
of view of the local structure, it is remarkable that the thermal expansion of the very local arrangement of
the lead halide octahedra is apparently unaffected by the tetragonal/cubic phase transformation. The
temperature-dependent changes in the range of 150-300 K of the Pb-Br bond distances determined for
MAPDBr, by Bernasconi et al. from PDF refinements in the range of 1-10 A using the orthorhombic Pnma
perovskite crystal structure are of approximately the same order of magnitude as the bond expansion values
ARy rs determined by Weadock et al. with EXAFS™'. Tension effects are observed with EXAFS in the
tetragonal phase for both MAPbI, and MAPbBr,. The positive bond extension and the negative tension
effects of the lead-halide bond are approximately the same in MAPDIL, (and presumably also in MAPDbBr,) in
the orthorhombic phase. After the transition to the tetragonal phase, the equilibrium shifted in favor of the
negative tension effects in both MAPbI, and MAPbBr,. Further analysis of similarities between EXAFS
relative atomic vibrations and optical phonon studies could be a rewarding way to better understand the
thermal expansion in the tetragonal perovskite structure of MAPbI, and MAPbBr,. This brief overview of
the thermal expansion of MAPbI, and MAPbBr, can hopefully contribute to a more comprehensive
description that includes all relevant inorganic halide perovskites and the discussion of NTE coeftficients for
ferroelectric oxide perovskites.
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