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The hybrid lead halide perovskite (LHP) family exhibits large structural fluctuations that contribute
to the remarkable properties of LHP-based optoelectronic devices. In three-dimensional LHPs such as
CH3NH3PbBr3, the structural phase transitions have been well characterized; changes in local structure
and origins of structural disorder, however, have received less attention. We investigate the temperature
dependence of the Pb—Br bond distribution, effective spring constant, and dynamic correlations with a
combined extended x-ray-absorption fine structure (EXAFS), single-crystal x-ray diffraction (SXRD) and
ab initio molecular dynamics (AIMD) study. EXAFS provides a snapshot of the local environment around
the probe atom, rather than the time- and space-averaged structure obtained from SXRD. Molecular libra-
tions are observed below the orthorhombic-tetragonal transition temperature, and across this transition
we find an anomalous increase in the Pb-Br effective spring constant. The x-ray absorption near edge
structure reveals only subtle changes in the electronic structure; therefore, we propose that the increase in
bond strength is the result of a redistribution of the charge density, concomitant with the loss of persistent
Br. . . H bonding. Furthermore, the temperature dependence of the Pb—Br bond asymmetry indicates that
the structural disorder in CH3NH3PbBr3 is primarily driven by thermally activated anharmonic dynamics
rather than static disorder. Our results describe the local structure responsible for the optoelectronic perfor-
mance of LHP devices and bring new insights into modifying halide bonding to prevent halide migration.
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I. INTRODUCTION

Metal halide perovskite semiconductors (MHPs) have
attracted much attention for application in optoelectronic
devices. The primary research focus of MHPs has been as
solar absorbers, with device efficiencies recently exceed-
ing 25.5% [1,2]. This high efficiency is explained by the
relevant optoelectronic properties of MHPs: they possess
a tunable band gap, sharp optical absorption edge, low
rate of nonradiative recombination, long carrier diffusion
length, and reasonable charge carrier mobility [3–5]. What
is remarkable is that these optoelectronic properties are
achieved in materials with strongly anharmonic lattice
dynamics, facile halide migration, and a structure with
significant disorder [3,6].

Bulk MHPs have the stoichiometric perovskite formula
ABX3, with common A-site cations including methylam-
monium (CH3NH+

3 , MA+), formamidinium [CH(NH2)+2 ,
FA+], or Cs+, B-site cations including Pb2+ or Sn2+, and
halides (Cl−, Br−, I−) as the X-site anions. X-ray and
neutron diffraction experiments show well-resolved crys-
tal structures; the majority of MHPs are orthorhombic
at low temperatures, then transition to a tetragonal and
cubic phase with increasing temperature [7–11]. These
phase transitions are displacive and proceed by succes-
sive tilting of metal-halide octahedra along different crys-
tallographic axes. For organic-inorganic hybrid MHPs,
organic A-site cations can unlock from well-defined posi-
tions and begin librating and rotating at the orthorhombic-
tetragonal transition and are disordered within the cubic
phase. This behavior has been well characterized in MA+-
containing MHPs [7,8,12]. The global phase transitions in
MAPbBr3 are at T ∼ 147 K (orthorhombic to tetragonal)
and T ∼ 236 K (tetragonal to cubic). The transition from
orthorhombic includes an intermediate incommensurate
tetragonal phase over a narrow temperature range [13–16].
Single-crystal neutron diffraction experiments, which have
a higher sensitivity to C, N, and H, identified a second,
low-temperature incommensurate phase within the MA+

sublattice [15].
The majority of research on MHP solar absorbers has

focused on hybrid lead halide perovskites (LHPs), with
the highest efficiency perovskite solar cells utilizing alloys
based on lead-iodide perovskite absorber layers [1,17].
Compared to the iodides, lead-bromide perovskite-based
solar absorbers have lower peak efficiencies but larger
band gaps and have proven to be more resistant to degrada-
tion [18]. This larger band gap leads to a higher open cir-
cuit voltage device [19,20] and shows promise in tandem
device applications [21]. The inclusion of robust MAPbBr3
into a FAPbI3-based device improved both the stability and
optoelectronic performance, suggesting a successful path
to commercial devices [22].

Recent computational studies have connected key opto-
electronic properties in hybrid LHPs, including the ideal

optical absorption onset and long charge carrier lifetimes,
to the large structural disorder in the device-relevant cubic
phases [4,12,23]. This disorder can also modify the bar-
riers to halide migration, a known cause of LHP device
degradation [24]. Experimentally, disorder in LHPs man-
ifests as large anisotropic thermal displacement parame-
ters (ADPs) [3]. In neutron and x-ray scattering experi-
ments, large ADPs reduce the intensity of Bragg peaks
and increase the width of peaks in a pair-distribution
function through the Debye-Waller factor. Beyond the
large ADPs, however, there is a discrepancy between the
long-range order (measured with diffraction) and local
order in cubic LHPs. X-ray and neutron total scattering
experiments on cubic LHPs find reduced local symme-
try within a few unit cells [25–28], with a recent study
identifying dynamic, two-dimensional structural correla-
tions in MAPbI3 and MAPbBr3 [29]. A room-temperature
extended x-ray-absorption fine structure (EXAFS) com-
parison of the Pb—Br bond dynamics in CsPbBr3 and
FAPbBr3 found signatures of dynamic Pb-Br disorder in
both compounds, dynamics that are further modulated by
hydrogen bonding in the case of FAPbBr3 [30].

The origin of structural disorder in LHPs has
been widely investigated and may contain contributions
from anharmonic interatomic potentials [26,31,32], point
defects [33], Pb lone-pair-driven off-centering [27], or
polymorphous ground states [23]. These contributions can
be distinguished by their temperature dependence; disor-
der due to anharmonicity is expected to grow continuously
with increasing temperature, whereas disorder from point
defects or a complex ground state will be significant even
at low temperatures. A recent EXAFS analysis of MAPbI3,
MAPbCl3, and chloride-substituted MAPbI3 found sig-
nificant lead-halide bond anharmonicity for both halides,
pointing to anharmonicity as a significant contributor to
disorder in MA-based LHPs [34].

In this study we investigate the temperature-dependent
local and long-range structure of MAPbBr3 through a com-
bined analysis of EXAFS, single-crystal x-ray diffraction
(SXRD) experiments, and ab initio molecular dynamics
(AIMD) simulations. The temperature-dependent EXAFS
spectra are analyzed with a cumulant expansion to extract
bond lengths and pairwise thermal displacement param-
eters and reveal asymmetries in nearest-neighbor pair-
distribution functions (PDFs). In this article, PDF refers
to the pair-distribution function obtained from EXAFS
measurements unless otherwise defined. Comparison with
SXRD results yields further insight into the correlated
motions of the nearest neighbors [35–38]. We find that
the structural disorder in MAPbBr3 has a significant ther-
mal component, arising from a dynamic exploration of
an anharmonic potential landscape. The structural changes
associated with the orthorhombic-to-tetragonal transition
are accompanied by an anomalous increase in the Pb–Br
effective spring constant. The origin of this increase is

033004-2



THERMAL CONTRIBUTIONS. . . PRX ENERGY 2, 033004 (2023)

investigated with x-ray-absorption near-edge spectroscopy
(XANES) and proposed to be a subtle redistribution of
the charge density. These changes in Pb—Br bonding con-
tribute to the picture of the anharmonicity in MAPbBr3 that
governs the thermal and optoelectronic properties.

II. STRUCTURE DETERMINATION WITH X-RAY
DIFFRACTION

The crystal structure of MAPbBr3 is solved from
SXRD measurements at several temperatures ranging from
100–300 K. Details of the refinement are provided in
Appendix A 2, and the resulting crystallographic informa-
tion files (CIFs) and comparisons to existing literature are
provided as Supplementary Material [39] (with additional
references therein [40–42]) and illustrated in Supplemen-
tary Material Fig. S1. The structure of MAPbBr3 is refined
in the orthorhombic Pnma phase from 100–145 K, the
tetragonal I4/mcm phase from 155–230 K, and the cubic
Pm3m phase from 240–300 K. The structure solutions we
obtain are used as the initial structures for EXAFS analy-
sis of samples 1 and 2 (termed samples S1, S2) and AIMD
simulations, both described in detail below. Figure 1(a)
plots RC, the Pb—Br bond lengths obtained from SXRD,
compared with the EXAFS Pb—Br bond length ravg. We
observe subtle differences in RC in the orthorhombic and
tetragonal phases for each crystallographically distinct Br
atom, indicating a slight distortion of the PbBr6 octahe-
dra. These differences are too small to be resolved in
EXAFS. In SXRD, the RC is calculated as the distance
between average atom positions, whereas in EXAFS ravg
is an average of instantaneous bond lengths that include
contributions from transverse displacements. The relation-
ship between ravg and RC is provided in Eq. (A4), which
shows that ravg is greater than RC. We also plot the SXRD-
and EXAFS-equivalent bond lengths, RMD

C and rMD
avg , cal-

culated from our AIMD simulations (using the FHI-aims
code [43] and the Perdew-Burke-Ernzerhof [44] density
functional together with the Tkatchenko-Scheffler [45] dis-
persion correction; see Appendix A 4 for details) according
to Eqs. (A5) and (A6). The AIMD bond lengths show close
agreement with experiment and reproduce the temperature
dependence.

Anisotropic thermal displacement parameters (ADPs)
for each atom are obtained from the SXRD refinements
and AIMD simulations. In Fig. S2 within the Supple-
mentary Material [39], we plot the components of the Br
ADPs that are parallel and perpendicular (U‖, U⊥) to the
Pb—Br bond directions. These values are calculated fol-
lowing the procedure outlined by Downs [46]. As detailed
in Appendix A 3, the correlated motions of neighboring
Pb-Br atoms can be inferred from a comparison of U‖
and U⊥ to the mean-square relative displacements, σ 2 and
σ 2

⊥, obtained directly from EXAFS fits and from Eq. (A4).
This comparison yields correlation coefficients φ‖ and φ⊥,
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FIG. 1. (a) Pb—Br bond lengths obtained from EXAFS sam-
ple S2 (circles) and SXRD (squares), where SXRD reports
different bond lengths for the three crystallographically distinct
Br sites in the orthorhombic phase, and two sites in the tetrago-
nal phase. Equivalent values calculated from AIMD simulations
included in gray, with SXRD an average of each Br site. Note that
small systematic errors between bond lengths from the density
functional used and bond lengths from diffraction experiments
are expected at the scale resolved here. Correlation coefficients
for atomic displacements parallel (b) and perpendicular (c) to the
Pb—Br bond for crystallographically distinct Br atoms. The cor-
relation coefficients are only calculated for SXRD and EXAFS
data points that are within 5 K of each other. Correlation coef-
ficients φMD

‖ and φMD
⊥ calculated from AIMD are plotted as

blue- and red-filled symbols, respectively. Experimental error
bars may be smaller than the corresponding symbol. Error bars
for EXAFS bond lengths in (a) are the relative error bars between
temperature points.

defined by Eqs. (A2) and (A3), which describe the degree
of correlated motion between neighboring atoms paral-
lel and perpendicular to the bond direction. For purely
correlated motion, the pair of atoms move entirely in
phase (φ = 1), while anticorrelated motion describes out-
of-phase atom displacements (φ = −1) [38]. A schematic
of the parallel and perpendicular correlated motions of the
Pb-Br atom pair is provided in Supplementary Material
Fig. S3.

033004-3



NICHOLAS J. WEADOCK et al. PRX ENERGY 2, 033004 (2023)

Figure 1(b) plots Pb-Br φ‖ and φ⊥ calculated from
Eqs. (A2) and (A3). At all temperatures, parallel motion is
moderately to highly correlated. Initially, φ‖ increases with
the transition from the orthorhombic to tetragonal phase,
which is unusual, before declining slightly with increasing
temperature above 150 K. The correlation coefficient φ⊥ is
low for all temperatures; it increases at the orthorhombic-
tetragonal transition and then changes little from 150 to
300 K. We also calculate and plot Pb-Br correlation coef-
ficients from our AIMD simulations, φMD

‖ and φMD
⊥ , using

Eqs. (A2)–(A4), (A7), and Eq. (S7) within the Supplemen-
tary Material [39]. The AIMD φMD

‖ is in good agreement
with experimental values. The agreement between φ⊥ and
φMD

⊥ is less good, likely a result of the small supercell
AIMD simulations that may not correctly capture longer
wavelength phonons. A discussion of this discrepancy is
provided in Sec. III within the Supplementary Material
[39].

III. EXAFS DATA AND ANALYSIS

A. k-space and r-space data

The k-space EXAFS data at the Pb LIII edge are plot-
ted in Fig. 2(a). They exhibit a novel behavior that is not
often seen so clearly in raw k-space data, and often not
observed at all up to 300 K. Specifically, the data show an
accordionlike effect in which the zero crossings in k-space
shift to higher k with increasing temperature and the mag-
nitude of the shift increases with k. The shift of the zero
crossings is highlighted in Fig. S4 within the Supplemen-
tary Material [39], which presents an expanded view of the
Pb LIII-edge k-space data. This behavior is a clear sign of
increasing asymmetry in a PDF. The k-space EXAFS data

are modeled with a cumulant expansion [35,47,48]. When
terms up to k4 are included in this expansion, the EXAFS
function for the Pb-Br pair, kχPb-Br(k), has the form

kχs(k, r) = A1sin
(

2kr − 4
3

C3k3 + φ(k)
)

, (1a)

A1 = NS2
0

r2 F(π , k)e−2r/λ(k)+2C4k4/3, (1b)

kχPb-Br(k) =
∫ ∞

0
g(r, ravg)kχs(k, r)dr. (1c)

Here N is the number of Br neighbors, S2
0 is the ampli-

tude reduction factor, F is the backscattering amplitude
of the photoelectron wave, λ is the mean free path (the
term e−2r/λ(k) is often combined together with F), φ(k) is a
known phase factor arising from the excited and backscat-
tering atoms (calculated using FEFF7 [49]), g(r, ravg) is
the PDF centered at ravg (the variance of this function,
σ 2, is usually called the Debye-Waller factor), and C3 is
proportional to the skewness of the PDF, a measure of
the asymmetry [35,47,48]. The C3k3 term produces the
stretch of the waveform in k-space; see Fig. 2(a). The term
involving C4 is a small correction to the amplitude that is
proportional to the kurtosis.

Figure 2(b) plots fast Fourier transforms (FFTs) of the
Pb LIII-edge k-space data to r-space with peaks corre-
sponding to various shells of neighbors about the excited
atom. In such r-space plots, the fast oscillation is the
real part R of the FFT, while the envelope function is
±√

R2 + I 2, where I is the imaginary part of the FFT. The
dominant peak is the nearest-neighbor Pb-Br peak near
2.6 Å; several weak overlapping Pb-N and Pb-C peaks
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FIG. 2. (a) Pb LIII-edge data from sample S1 in k-space that exhibits an unusual temperature dependence. Upon close inspection
of the zero crossings, the accordion effect associated with an asymmetric distribution is evident; at high k, the positions of the zero
crossings move to higher k as temperature increases and the wave pattern is stretched. (b) Temperature-dependent Pb LIII r-space data
obtained from FFT of k-space data; blue lines (10, 70, 110, 145 K) are the traces for the orthorhombic phase, light green lines (160,
185, 200, 232 K) are the traces for the tetragonal phase, and red-orange lines (243, 275, 300 K) are the traces for the cubic phase. The
fast oscillation is the real part R of the FFT, while the envelope function is ±√

R2 + I 2, where I is the imaginary part of the FFT. The
FFT range is 3.5–10.0 Å−1, Gaussian rounded by 0.2 Å−1. The multiscattering peaks dominate the 5.3–5.9 Å range. (c) Example of a
fit to the 10-K Pb LIII-edge data over the r range 1.6–6.3 Å and using the same FFT range as in (b).
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combine to form the structure from 4–5.3 Å, and the small
peak near 5.6 Å is a combination of a Pb-Pb peak, a weak,
second Pb-Br peak, plus several multiscattering peaks such
as Pb-Br-Pb-Br-Pb. The Pb-C and Pb-N pairs are identified
by average bond lengths because EXAFS cannot discrim-
inate between weak N and C backscatterers. Note that the
Pb-C and Pb-N peaks damp rapidly with increasing tem-
perature and can only be investigated in the orthorhombic
phase. For T > 150 K, the tail of the nearest-neighbor
Pb-Br peak is the primary contribution to the EXAFS
amplitude from 3.3–4.8 Å.

We also perform Br K-edge EXAFS measurements,
which require removal of underlying Pb LIII oscillations,
as shown in Supplementary Material Fig. S5 [39]. The
k-space and r-space data are plotted in Supplementary
Material Fig. S6. The amplitude of the k-space data is
reduced by the reduction in the number of nearest neigh-
bors and partial destructive interference caused by the
crystallographically distinct Br sites. Despite the reduced
signal to noise of the Br K-edge data, we still observe the
shift in zero crossings of the k-space data in Supplemen-
tary Material Fig. S6(a) and perform an FFT to the r-space
data in Supplementary Material Fig. S6(b).

B. Fits

We extract the three parameters defining the atomic
PDFs (ravg, σ 2, and C3) by fitting a sum of EXAFS
functions to the Pb and Br r-space data. The number of
neighbors is fixed to the values from the structure. We mea-
sure S2

o at low temperature for several samples and fix it at
a value of 0.994 for the Pb LIII edge. The C4 parameter
is negligible except at the highest temperatures. A repre-
sentative fit to the 10-K Pb LIII-edge data is provided in
Fig. 2(c). EXAFS functions are calculated using FEFF7
[49] for each atom pair in a given structure corresponding
to the space groups obtained from SXRD. EXAFS can-
not resolve peaks that are split by less than 0.15 Å for
an FFT range up to 10 Å−1 for the Pb LIII edge; there-
fore, slightly split peaks are treated as a single peak. For
example, although the nearest-neighbor Pb-Br peaks are
slightly split in the orthorhombic phase, a single EXAFS
function is used with an amplitude of six neighbors. Addi-
tional details of fits to the Pb LIII edge and Br K edge are
presented in the Supplementary Material [39]. Because the
first Pb-Br peak is quite well separated, 1-peak fits are also
performed over the restricted range 2–3.1 Å; three param-
eters are varied, ravg, σ 2, and C3, and three degrees of
freedom remain [50]. Figure 1(a) plots ravg along with RC;
the σ 2 and C3 results are discussed below.

1. σ 2 and bonding

The results for σ 2(T) obtained for the nearest-neighbor
Pb-Br and Br-Pb pairs are shown in Figs. 3(a) and 3(b).
The results are nearly identical for the two edges and are

very reproducible, with error bars calculated from three
separate measurements. Surprisingly, the values do not fol-
low a correlated Debye (or Einstein) model over the entire
temperature range; specifically, the plots show a change
in slope near 145 K. The correlated Debye model used to
model the data is expressed as

σ 2
cD = 3�

2MR

∫ ωD

0

ω

ω3
D

Cpaircoth
(

�ω

2kBT

)
dω + σ 2

static, (2)

where MR is the reduced mass, ωD is the Debye fre-
quency, and Cpair is a correlation function defined as 1 −
sin(ωravg/c)/(ωravg/c) with c = ωD/kD and kD the Debye
wave vector.

Fits to a correlated Debye model are then performed
(for both samples and edges) over two temperature ranges,
0–145 K and 145–300 K; these are shown as solid lines in
Figs. 3(a) and 3(b) with dotted lines showing an extension
of the low- or high-temperature fits. The static component
of σ 2 increases from σ 2

static = 0.000 35(5) Å2 in the low-
temperature range to σ 2

static = 0.0023(7) Å2 in the high-
temperature range. From this we extract a very small static

disorder,
√

σ 2
static, of 0.018(1) Å and 0.047(4) Å in the low-

and high-temperature ranges, respectively. The correlated
Debye temperatures, �cD, from these fits are 148 ± 4 K
for low temperature and 167 ± 5 K above 150 K. We use
the temperature dependence of σ 2 to estimate the effective
spring constant of the bond. In the high-temperature limit

κ = kB/(∂[σ 2]/∂T), (3)

where κ is the effective spring constant for the pair that
includes interactions with other neighboring atoms. It can
be obtained from the inverse slope of the σ 2 versus temper-
ature plot at high temperature. The values of κPb-Br from
these fits are 1.43 eV/Å2 and 1.87 eV/Å2 for low and
high temperatures, respectively. These values are consis-
tent with other reported lead-halide κ values of 1.47 eV/Å2

for CsPbI3, 1.32 eV/Å2 for MAPbI3, and 1.75 eV/Å2 for
MAPbCl3 [28,34]. We note that none of these studies
resolved a change in κ across the orthorhombic-tetragonal
transition. Figure S7(a) within the Supplementary Mate-
rial [39] compares the temperature dependence of σ 2 for
MAPbBr3 to that reported for MAPbCl3 and MAPbI3 [34].
Above 75 K, σ 2 increases slightly with halide mass. We
also estimate the transverse effective spring constant κ⊥ by
fitting Eq. (2) to the temperature dependence of σ 2

⊥ [see
Eq. (A4)]. The results are shown in Supplementary Mate-
rial Fig. S8. Low-temperature values for σ 2

⊥ are calculated
using RC reported by Swainson et al. [8]. The obtained
κ⊥ = 0.11 eV/Å2 is extremely small (a factor of 10 less
than κ) and consistent with κ⊥ = 0.31 eV/Å2 reported for
MAPbI3 [34].

Figure 3(c) plots σ 2 for the Pb-N and Pb-C pairs. The
data point for the Pb-N pair (green) at 145 K is 0.063 Å2,
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FIG. 3. The σ 2 for the first neighbor pair at each edge as a function of temperature: (a) Pb-Br from the Pb LIII edge with one plot for
Br-Pb (blue circles) for comparison of the two edges, (b) Br K edge for two different analyses. R1 is the Pb–Br bond length parameter
varied in the fits, yielding ravg at each temperature. In the second set of fits for σ 2, R1 is fixed to values obtained from a linear fit of
ravg(T). The broadening with temperature is nearly identical for the two edges and is not sensitive to small variations in the bond length
ravg. The curves show a change in slope near 145 K, and do not fit a correlated Debye (or Einstein) model over the entire temperature
range. Fits over restricted temperature ranges, 0–145 K and 145–300 K, agree well with the data and are identical within errors for
the two edges; the Debye temperature for the orthorhombic phase is 148 ± 4 K while that for higher temperatures is 167 ± 5 K. No
obvious change in slope is present at the tetragonal-to-cubic phase transition near 240 K. In (c) the low-temperature σ 2 results for the
first two Pb-C and Pb-N peaks from sample S1 are shown—these small peaks occur near 4.1 and 4.3 Å in Fig. 2(b) (actual distances
4.66 and 4.88 Å), and damp rapidly with temperature. Simple correlated Debye or Einstein models do not fit as σ 2 increases much too
rapidly above 100 K; note that σ 2 at 145 K for the 4.66-Å peak (green) is far off scale. The value at 145 K for Pb-N is 0.063 Å2, which
is too large to be meaningful. Restricted correlated Debye model fits (solid lines) of the lowest two data points for each bond length
suggest a moderate �D of order 240 K. In (a), the σ 2

MD values obtained from AIMD simulations [Eq. (S6) within the Supplementary
Material [39] ] are plotted as solid triangles, showing reasonable agreement with the experiments.

which is too large to be meaningful. Correlated Debye
(or Einstein) models can be fit to the lower two data
points with a correlated Debye temperature of order 240 K
for Pb-C; the effective spring constant is correspondingly
weak, of order 0.5 eV/Å2. The effective spring constant
is a combination of any direct attraction or repulsion plus
contributions from surrounding atoms. As a result, it is
possible to obtain a positive κ despite the cationic nature of
both Pb2+ and MA+. The rapid rise in σ 2 above about 100
K, however, is not consistent with either a Debye or Ein-
stein model. The dramatic increase in σ 2 is concomitant
with a reduction in amplitude in the r-space data between
4 and 4.6 Å [Fig. 2(b)] in the orthorhombic phase EXAFS;
it is likely indicative of a break in hydrogen bonds between
the MA+ ion and the PbBr6 sublattice. At higher temper-
atures in the tetragonal or cubic phases, changes in the
amplitude of this peak cannot be measured.

2. C3 and asymmetry

Figure 4 plots the C3 parameter for the Pb-Br peak as
a function of temperature. The obtained parameters fol-
low the expected T2 dependence [51–53], and the value
at 300 K is an order of magnitude larger than observed
for other semiconductors [53]. Setting C3 = 0 in fits of the
EXAFS data results in a poor fit, indicating that asymmetry
in the PDF is significant. At low temperature, the small

C3 values arise from zero-point motion within an anhar-
monic potential [51–53]. The asymmetry to the high-r side
becomes significant at 300 K. We isolate the asymme-
try in the Pb—Br bond with a back FT of the r-space
Pb-Br and Br-Pb peaks in Fig. S9 within the Supplemen-
tary Material [39]. This back FT also exhibits shifts in
the zero crossing of k-space data, visible even within the
orthorhombic phase. We quantify the shift in zero cross-
ings of the back FT in Supplementary Material Fig. S10
and see an increase with temperature as expected from the
C3 behavior. Supplementary Material Fig. S7(b) compares
the Pb-Br C3 parameter with those previously reported for
Pb-I and Pb–Cl. Below 150 K, C3 increases slightly with
halide mass at a given temperature; however, the scatter in
reported C3 for Pb-I and Pb–Cl at high temperatures makes
the trend less clear [34].

C. XANES

We characterize the Pb LIII and Br K-edge XANES to
investigate any possible electronic structure changes of
the Pb and Br ions, motivated by the change in effective
spring constant of the Pb—Br bond. The Pb and Br full
XANES spectra, plotted in Fig. S11 within the Supple-
mentary Material [39], show no shifts of the edges (within
0.15 eV), only changes in amplitude with temperature.
The top of the Pb LIII edge, plotted in Supplementary
Material Fig. S12(a), has an oscillation at 13 057 eV that
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FIG. 4. The C3 parameter for the Pb-Br peak as a function of
temperature for both samples. Generally, C3 varies as T2; [35]
the two lines show a T2 fit for each sample, and fit the data well
within the fluctuations. The C3 values obtained from AIMD sim-
ulations [Eq. (S6) within the Supplementary Material [39] ] are
denoted with solid triangles.

exhibits significant changes across the orthorhombic-to-
tetragonal transition. Figure 5 plots the temperature depen-
dence of the amplitude and position of this oscillation near
13 057 eV (from 13 053 to 13 065 eV). Both the ampli-
tude and position decrease strongly with temperature in the
orthorhombic phase before achieving steady state in the
tetragonal and cubic phases.

The Br K-edge XANES in Fig. S12(b) within the Sup-
plementary Material [39] exhibits a large peak centered
near 13 477 eV. The amplitude of this peak, plotted in
Supplementary Material Fig. S13, decreases linearly with
temperature through all three phases with no indications
of the phase transitions. The magnitude of the change
is greater than observed for Pb and reflects the large
transverse motion of Br. This large decrease, however,
could mask a small discontinuity at the phase transi-
tion. Additional changes in the Br XANES, outlined in
the Supplementary Material, are all gradual. Thus, the
detectable electronic structure changes that correlate with
the orthorhombic-tetragonal transition are associated with
the Pb2+ ions.

IV. AIMD RESULTS

AIMD simulations provide a unique view of the dynam-
ics that are spatially averaged out in EXAFS and XRD
measurements. Supplementary Videos 1–3 [39] visualize
the dynamics of MAPbBr3 at three temperatures, 98, 220,
and 317 K, corresponding to the orthorhombic, tetragonal,
and cubic phases. These simulations are used to calculate
the SXRD- and EXAFS-equivalent Pb—Br bond lengths,

 0.976

 0.978

 0.980

 0.982

 0.984

 0.986

 0.988

 0  50  100  150  200  250  300

P
ea

k 
am

pl
it

ud
e

Temperature (K)

(a)
Pb, 13 057 eV, peak amplitude

 13 057.2

 13 057.4

 13 057.6

 13 057.8

 13 058.0

 0  50  100  150  200  250  300

P
ea

k 
po

si
ti

on
 (

eV
)

Temperature (K)

(b)
Pb, 130 57 eV, peak position

FIG. 5. Temperature dependence of the peak amplitude (a) and
position (energy) (b) for the peak near 13 057 eV in the Pb
XANES plots from sample S2 (see Fig. S12 within the Supple-
mentary Material [39]). The amplitude of this peak stays nearly
constant up to 70 K and then falls rapidly with increasing temper-
ature to 145 K; above 145 K, it remains essentially constant. The
peak position also shifts to lower energy with increasing temper-
ature, mostly between 70 and 145 K, but then remains constant
at all higher temperatures. The vertical dashed line indicates the
orthorhombic-tetragonal transition temperature.

rMD
avg and RMD

C , and correlation coefficients φ‖ and φ⊥ for
direct comparison to the experimental results in Fig. 1.
The AIMD simulations correctly capture the temperature
dependence of all four parameters, indicating that the sim-
ulations provide a qualitatively accurate representation of
the MAPbBr3 structure. Note that some systematic pre-
diction errors of absolute bond lengths [Fig. 1(a)] are
expected as a consequence of the use of an approximate
density functional (even for the static structure); what is
important is that the trends of dynamical averages with
temperature agree. We further parameterize aspects of the
dynamics specific to neighboring PbBr6 octahedra and
the hydrogen bond between MA+ molecules and Br− in
Fig. 6 and Figs. S16–S19 within the Supplementary Mate-
rial [39], respectively. Joint probability contour plots in
Figs. 6(b)–6(d) relate the Pb—Br—Pb bond angle and
Pb—Pb pair distance for neighboring octahedra. In the
orthorhombic phase at 98 K, the distribution exhibits a
peak at 153◦ and 5.87 Å with a tail extending to a higher
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FIG. 6. (a) Schematic denoting the Pb—Br—Pb bond angle
and Pb—Pb distance used to parameterize PbBr6 disorder in
AIMD simulations. Correlated bond angle and bond distance
contour plots in the (b) orthorhombic phase at 98 K, (c) tetrag-
onal phase at 220 K, and (d) cubic phase at 317 K. Colorbars
indicate the probability of occurrence. The bond angle is defined
such that the value never exceeds 180◦.

angle and bond distance. The peak is consistent with neigh-
boring PbBr6 octahedra that are largely locked into tilted
configurations across shared corners, bringing the cen-
tral Pb atoms closer together. The tail towards higher
Pb—Br—Pb angles corresponds to octahedral rotations
that straighten the bond and therefore increase the Pb—Pb
distance, but this straightening happens relatively infre-
quently. In the tetragonal and cubic phases [Figs. 6(c)
and 6(d)], however, the peak smears out and the centroid
shifts to a higher bond angle and bond length, indicat-
ing that the octahedra lose their preference for strongly
tilted configurations in either phase, preferring to occupy a
broader phase space with fewer dynamic constraints on the
tilt angle instead. Overall, the clear change related to the
PbBr6 network that occurs between the orthorhombic and
tetragonal phases, but not nearly as pronounced between
the tetragonal and cubic phases, is consistent with the
Pb—Br bonding–related changes seen in XANES LIII-edge
data in Fig. 5.

The MA+ dynamics are visualized in Figs. S16–S19
within the Supplementary Material [39]. Supplementary
Material Fig. S16 plots density maps of the C, N atom
positions for all three phases. These positions are local-
ized in the orthorhombic phase; however, in the tetrago-
nal and cubic phases they reflect the dynamic molecular
motions reported previously [12,54,55]. We also track
Br . . . H bond dynamics in Supplementary Material Figs.
S17–S19(c)–(f), which plot the time dependence of the
Br. . . H bond length. We consider a hydrogen bond to
be approximately defined for Br. . . H distances less than
3 Å, the van der Waals limit for Br. . . H [56]. In the
orthorhombic phase, this corresponds to each Br forming

one hydrogen bond with a −NH3 group and one bond with
a −CH3 group from a different MA+ cation; these hydro-
gen bonds remain in place over the full length of the AIMD
trajectory.

In the tetragonal and cubic phases the persistent
Br. . . H—N bonds disappear. Instead, we observe the for-
mation of transient Br. . . H—N bonds, marked by instances
when the Br. . . H—N distance for one hydrogen in a sin-
gle −NH3 group drops below 3 Å. In the AIMD trajectory
associated with the tetragonal phase (conducted at T ≈
220 K), these occasionally formed hydrogen bonds persist
for time durations of about 1–2 ps. For the even higher-
temperature cubic phase (AIMD simulation conducted at
T ≈ 317 K), the fluctuation of all Br. . . H bond lengths is
much larger than in the tetragonal or orthorhombic cases.
However, the lack of persistent hydrogen bond formation
is similar between both the tetragonal and cubic phases,
with only very occasional hydrogen bond formation over
perhaps 1–2 ps observed in our corresponding T ≈ 317
K AIMD trajectory. The Br. . . H—C bond is weaker than
the Br. . . H—N bond, and does not seem to form any dis-
cernible hydrogen bonds in the tetragonal or cubic phases
at all [57].

We also construct the nearest-neighbor Pb-Br PDF at all
three simulation temperatures in Fig. S20 within the Sup-
plementary Material [39]. The 317-K distribution shows
significant asymmetry towards longer bond lengths. Ana-
logues to EXAFS cumulants, σ 2

MD and CMD
3 are calculated

from these AIMD distribution functions and are plotted
in Figs. 3 and 4, respectively. Although quantitatively
smaller, they show qualitatively similar trends with the
experimentally determined values. One possibility for why
the AIMD values are found to be overall lower is the
fixed supercell boundaries used in the simulations, which
could restrict longer-range anharmonic motion in the Pb-
Br sublattice associated with nonlocal expansions and
contractions of lattice regions as a whole.

V. DISCUSSION

Below, we outline how the temperature dependence of
the structural disorder indicates that this disorder is primar-
ily dynamic with little static contributions. In addition to
structural changes, we observe bonding changes that result
in an anomalous stiffening of the Pb—Br bond. Finally, we
outline the role of anharmonicity in determining the local
structure, even at low temperatures.

A. Thermal evolution of disorder

We parameterize structural disorder through the temper-
ature dependencies of σ 2, C3, and Br ADPs in Figs. 3, 4,
and Fig. S2 within the Supplementary Material [39] and
gain insight into the dynamics driving this disorder through
φ‖, φ⊥, and AIMD simulations. In the low-temperature
orthorhombic phase σ 2

static is extremely small, indicating
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that disorder at finite temperatures is thermally driven. This
result is consistent with recent analyses of photocurrent
spectroscopy that found negligible static disorder in sev-
eral LHP compounds [58]. The SXRD results reveal that
orthorhombic MAPbBr3 has well-defined octahedral tilts
and MA+ cation orientation. The 98-K structure simulated
with AIMD is visualized in Supplementary Video 1 and
reflects limited disorder. From this simulation we find that
the correlated distribution of Pb—Br—Pb bond angles and
Pb—Pb pair distances in Fig. 6(b) are sharply peaked near
153◦ and 5.87 Å, indicating limited octahedral rotational
disorder within the PbBr6 sublattice. Finally, the Br. . . H
pair distances plotted in Supplementary Material Fig. S17
show little variation, maintaining the same Br. . . H bonds
through the duration of the simulation.

Within the orthorhombic phase, the majority of the
disorder comes from the MA+ cation. The activation of
librational modes of the MA+ cation above 100 K, in
which the C-N axis fluctuates in time, is inferred from the
anomalous deviation of σ 2

Pb-C/N with respect to the corre-
lated Debye model fit in Fig. 3(c). C-N libration has also
been inferred from hydrogen ADPs reported for MAPbI3,
and spectroscopically observed in inelastic neutron scatter-
ing and photoluminescence experiments [11,14,59,60]. For
MAPbBr3, low-energy “nodding donkey” modes, which
involve partial MA+ rotations about the C or N atom, cou-
pled to the inorganic cage by hydrogen bonding with the
halide, are analogous to the librational modes and show a
well-defined spectral peak in neutron spectroscopy at low
temperatures [7]. The mode lifetime begins to decrease at
75 K until the mode is no longer observed at the tetragonal
phase transition [55]. We propose that σ 2

Pb-C/N contains the
amplitudes of the “nodding donkey” modes, and that the
reduced lifetime observed in neutron scattering is related
to the fluctuating strength of the Br. . . H bond modulated
by thermal motion.

Above the orthorhombic-to-tetragonal transition (> 155
K), we observe several changes in the local structure.
Notably, we see the loss of persistent hydrogen bonding
in Fig. S18 within the Supplementary Material [39] as the
Br. . . H—N bond distances begin to fluctuate greatly over
time. The MA+ cations exhibit libration and rocking of the
C-N axis and hydrogen rotations about the C, N atoms, as
seen in Supplementary Material Figs. S16(e) and S18(b),
respectively. An increase in thermal disorder is apparent,
particularly in the sharp increase of the Br U⊥ seen in
Supplementary Material Fig. S2, and a smearing out of
the Pb—Br—Pb bond angles and Pb—Pb pair distance
distribution in Fig. 6(c). The static rotation of neighbor-
ing octahedra with respect to one another (as inferred in
the orthorhombic phase) is apparently no longer active
in the tetragonal phase and, correspondingly, hydrogen
bonds formed between MA+ and Br− can no longer be
persistent. This general breaking up of locally persistent
bonds also renders the individual MA+ cations mobile in

their respective cavities, imparting on them a freedom to
rotate. We also observe an anomalous change in Pb—Br
bonding, reflected in both the change in slope of σ 2

Pb—Br
and increase in φ‖ across the orthorhombic-tetragonal tran-
sition. Typically, nearest-neighbor correlations decrease
with increasing temperature [37]. This behavior suggests
an increase in the Pb—Br bond strength, discussed below.

Disorder increases through the tetragonal-cubic struc-
tural transition, identified here with XRD as occurring
between 230 and 240 K. The octahedral tilts seen in Sup-
plementary Videos 1 and 2 are no longer observed in Sup-
plementary Video 3 [39]. There is a continuous increase in
σ 2

Pb—Br and C3 with no change in slope (Figs. 3 and 4);
however, there is a small discontinuity in U⊥ (Fig. S2
within the Supplementary Material [39]). The correlated
distribution in Fig. 6(d) is further smeared. The amplitude
of MA+ cation dynamics increase and there is a reduction
in the lifetime of any transient Br. . . H—N bonds. These
results suggest that, despite the global structural transition
to the simple cubic phase, the local structural changes con-
sidered here reflect a continuous increase in the thermal
disorder.

The Pb—Br bond disorder we characterize here is com-
mon among LHPs [27,30,32,34] and, at least in the case
of MA+-based LHPs, the disorder increases slightly with
halide mass. Recent computational work has found that
large amplitude iodine displacements impact several of
the remarkable optoelectronic properties in MAPbI3 [4].
Given that the Pb-I disorder is similar to Pb-Br and, to a
lesser extent, Pb-Cl, we expect that the disorder in these
LHPs should similarly affect their optoelectronic and other
functional properties.

B. Bonding changes at the orthorhombic-tetragonal
transition

The orthorhombic-tetragonal structural transition is
accompanied by a remarkable 26% increase in κPb—Br,
suggesting that the Pb—Br bond has become stronger.
Experimentally, we observe an increase in φ‖ and decrease
in RC. An increase in Pb-Br correlated motion, concomi-
tant with a decrease in Pb—Br bond length, is consistent
with a stronger Pb—Br bond. To understand the origin of
this increase, we examine the Pb LIII-edge and Br K-edge
XANES. Figure 5 shows a clear discontinuity in spectral
weight and position of the top of the Pb LIII XANES across
the structural transition. This trend indicates a redistribu-
tion in the charge density that shifts the Pb energy levels
near the Fermi level. The exact nature of the shift cannot be
determined from XANES. We hypothesize that the charge
density redistribution results from the loss of persistent
Br. . . H bonds and increases κPb—Br. Such a redistribution
would affect molecular orbitals with both bonding and anti-
bonding character; the latter being particularly relevant
to frontier orbitals at the valence band maximum (VBM)
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and conduction band minimum (CBM). The change in the
Pb—Br—Pb bond angle at the phase transition may also
contribute to this shift, as previous work in related systems
demonstrated that the positions of the VBM and CBM vary
with metal-halide-metal bond angle [61–63]. Overall, the
change in bonding is a more subtle effect than a change in
ionicity of Pb2+ or Br−, which would manifest as a shift
of the main edge in the XANES spectra. The shifts of the
main edge are of the order of 0.1 eV, too small for a change
in oxidation state.

We examine the AIMD simulations to determine poten-
tial origins of the large Br U⊥ in the tetragonal and cubic
phases. The appearance of transient Br. . . H—N hydro-
gen bonds in the tetragonal and cubic phases does not
strongly correlate with large transverse Br− displacements.
A careful examination of the steady-state dynamics in Sup-
plementary Videos 1 and 2 [39] shows no obvious single
origin of the jump in Br U⊥; instead, we propose that the
increase comes from a combination of factors, including
an increase in thermal disorder within the PbBr6 octahe-
dra and the loss of persistent Br. . . H—N bonds, allowing
for greater amplitude octahedral tilts. The increase in inter-
and intraoctahedral disorder is evident in the broadened
bond length-angle distribution of Fig. 6(c). The large vari-
ation in the Pb—Pb distance will also drive a large trans-
verse Br motion irrespective of the strength of the Pb—Br
bond, particularly for strong Pb-Pb correlations.

C. Pb—Br bond asymmetry

Asymmetry in the Pb-Br pair distribution function is
observed qualitatively by the shift in zero crossings of the
k-space data in Fig. 2 with increasing temperature, and
quantified by C3 in Fig. 4. The magnitude of the asymme-
try is much greater than in traditional semiconductors; the
C3 for the Pb—Br bond in MAPbBr3 at 300 K is an order
of magnitude larger than that of the Ge—Ge bond at 600 K
in pure Ge [64]. An asymmetric pair distribution function
can arise from an anharmonic potential [28,65], but may
also manifest from a split-site or off-centered model [27]
that is static on the timescale of EXAFS (10−15 s) and has
a splitting that is smaller than the experimental spatial res-
olution. To discern between the models, we consider the
temperature dependence of the asymmetry parameter C3.
For a single-site anharmonic potential, C3 has been shown
to have a T2 dependence [35]. This behavior is observed
for MAPbBr3 in Fig. 4. The off-centering distance in
the cubic phase of LHPs varies linearly with temperature
[27]. However, there is no model describing an explicitly
linear temperature dependence of the off-centering. There-
fore, given the T2 dependence of C3, we propose that an
anharmonic potential in the Pb—Br bond is the dominant
contributor to the asymmetric distribution function.
Anharmonic potentials for Pb-halide bonds have been pro-
posed for several other LHPs, although the consequences

of this anharmonicity on structure and optoelectronic
properties differ and require further investigation [28,34].
An in-depth analysis of the Pb-Br asymmetry, involv-
ing determination of C3 using a new method involving
the zero crossings, will be reported in a separate publi-
cation detailing the ambiguity of asymmetry in various
nearest-neighbor pair distribution functions.

VI. CONCLUSIONS

The structural disorder in MAPbBr3 is investigated with
long-range (XRD) and local (EXAFS) structural probes
and visualized with AIMD simulations. Our approach goes
beyond the standard procedure of evaluating only the
ADPs and instead determines the degree of local corre-
lation and asymmetry. By utilizing a local approach, we
directly probe the structural disorder that is known through
computation to modulate the band gap and influence
charge carrier lifetimes through the sampling of a dynamic
energy environment. In particular, we find that the disorder
possesses a significant thermal component. Additionally,
the asymmetry in the Pb-Br pair distribution function sug-
gests that thermal disorder originates from anharmonic
interatomic potentials, manifesting even in the orthorhom-
bic phase. At the local level, we corroborate the onset
temperatures for librational motion in the MA+ cation and
transverse Br− motion enhanced by octahedral rotations.
An enhanced understanding of the structural fluctuations
will allow researchers to better understand and ultimately
improve the remarkable optoelectronic properties of LHP
devices.

We also uncover an anomalous change in the bonding
character at the orthorhombic-tetragonal structural transi-
tion and onset of librational and rotational motion of MA+.
Through the transition, the effective spring constant of the
Pb—Br bond increases 26%, from 1.44 to 1.82 eV/Å2.
This increase is reflected in the increase in correlation
coefficient and decrease in XRD bond length across the
structural transition. The change in spring constant likely
arises from the breaking of Br. . . H bonds that shift the
charge density in a way that increases Pb—Br bonding and
alters the Pb energy levels. We note that the interatomic
potentials are quite weak, even less than those for weakly
bound “rattler” atoms in thermoelectric skutterudites [66].
A change in the Pb-Br effective spring constant will affect
the diffusivity of Br− and these results point to manipu-
lating hydrogen bonding of the organic cation as a way to
mitigate the detrimental effects of halide migration in LHP
devices.
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APPENDIX: EXPERIMENTAL DETAILS

1. X-ray-absorption data: samples and data collection

EXAFS samples are fabricated by grinding high-quality
single crystals into fine powders to avoid the presence
of single-crystal diffraction peaks that interfere with the
EXAFS oscillations. The CH3NH3PbBr3 samples used for
EXAFS are prepared via acidolysis of N-methylformamide
(NMF) with HBr in the presence of PbBr2 [67]. More
specifically, 1-M of PbBr2 (99.999%) is dissolved in a
1:5.7 volume ratio of HBr:NMF (HBr, 48 wt % in H2O,
≥ 99.99%; NMF, 99%) and allowed to evolve for 96 h at
room temperature. A few millimeter-size crystals are then
removed from the growth solution and quickly dried with
an absorbing soft cloth to remove excess solvent present
on the surface of the crystal. The growth is done under
ambient conditions. After letting the crystals dry for at
least 24 h in a desiccator, they are quickly moved to a
solvent-free N2 box for grinding with an agate mortar and
pestle to a µm-size powder, which is then sealed under N2
atmosphere.

Two samples are used in this study; sample 1 (S1) is pre-
pared from one large single crystal, while sample 2 (S2)
is prepared from two smaller single crystals grown in the
same batch. Because of the elastic softness of the crystals,
the possibility exists that grinding will introduce disorder
and annealing is therefore considered. However, because
of degradation concerns, a moderate annealing program of
15 min at 90◦C is selected to reduce any disorder intro-
duced by grinding. The annealed powders are spread onto
tape using a fine brush to remove particles larger than
5 µm. Two pieces of tape are pressed together to make
a double layer and three double layers are stacked to make
the EXAFS samples.

The x-ray data were collected at the Stanford Syn-
chrotron Radiation Lightsource (SSRL) on beamline 4–1
using a double monochromator with Si(220) crystals. An
Oxford helium cryostat is used for temperatures from
5–300 K, together with a standard transmission setup using
nitrogen gas ionization chambers for I0 and I1. The sam-
ples are oriented 60◦ to the x-ray beam to increase the path
length, and the slit size is 0.4 × 6 mm2; the beamline is
detuned by 40% to reduce harmonics. The vertical slit size
is chosen so that the monochromator energy resolution is
well below the core-hole lifetime broadening energy.

The resulting step heights at the Pb LIII edge are 0.48
and 0.32 for samples S1 and S2, respectively; step heights
at the Br K edge are about 40% higher. EXAFS data for
annealed and unannealed samples are first compared at 10
K. The amplitudes for annealed samples are slightly larger
and, subsequently, the full temperature-dependent study is
carried out on the annealed samples; three scans are col-
lected at 11 different temperatures for each. Analysis of
S1, S2 yields similar results for all refined parameters. We
indicate which sample data are plotted for each figure.

The Br K-edge EXAFS data are corrected to remove
weak contributions from Pb LIII oscillations (Pb LIII edge,
13 055 eV; Br K edge, 13 474 eV). Details are provided in
and Fig. S5 within the Supplementary Material [39].

The absorption data are reduced using the suite of
programs, RSXAP [68], of which “reduce” incorporates
standard techniques to remove the backgrounds, below and
above the edge. After removing the pre-edge background,
the edges are normalized just above the edge. The k range
for the Pb LIII-edge data is limited by the Br K edge to
about 10.3 Å−1.

2. MAPbBr3 crystallization and single-crystal x-ray
diffraction

CH3NH3PbBr3 crystals for SXRD are prepared by
inverse temperature crystallization. A 1-M solution of
PbBr2 and CH3NH3Br in dimethylformamide is prepared
and passed through a 0.22-µm filter; the filtered solu-
tion is heated to 82 ◦C in an oil bath and removed
after 30 min. CH3NH3PbBr3 crystals are isolated quickly
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from the cooling mother liquor to avoid redissolution.
Crystals are mounted on an x-ray transparent MiTeGen
microloop using Paratone oil and single-crystal x-ray
diffraction is performed on a Bruker D8 Venture diffrac-
tometer equipped with a Photon 100 CMOS detector. The
temperature is varied from 100–300 K with an Oxford
Cryostream.

Data are collected from φ and ω scans using Mo-
Kα radiation (λ = 0.710 73 Å). The frames are integrated
using SAINT V8.38A and absorption correction is per-
formed with SADABS-2016/2, both implemented in the
Bruker APEX 3 software. Initial space group determina-
tion is performed with XPREP, with space group assign-
ment based on reported structures, systematic absences,
|E ∗ E − 1| statistics, and refinement statistics. The struc-
ture is solved using direct methods with the SHELXT
software [69] and refined using a least-squares method
implemented by SHELXL-2014/7 in the Olex 2 software
package.

The Pb and Br thermal displacement parameters are
refined anisotropically, whereas the C, N, and H param-
eters are refined isotropically. Because of the well-known
dynamic cation disorder in the tetragonal and cubic phases,
the methylammonium cation is confined to reside along
high symmetry directions determined by residual electron
densities. Additional constraints are applied to the C—N
bond length (1.47 Å) and to fix fractional occupancy to
maintain stoichiometry. The CIFs obtained from structural
refinements are provided as Supplementary Material and
have been deposited in the HybriD3 database [70] with
dataset IDs 2283, 2285–2296.

3. Correlated motion of Pb and Br

The correlated motions of neighboring atoms can be
inferred from a comparison of the thermal parameters for
individual atoms in diffraction with the mean-squared rela-
tive displacement (MSRD) parameter in EXAFS, σ 2, for a
given pair of atoms, A and B. The MSRD σ 2 is then given
by

σ 2 = 〈(δRA − δRB)2〉
= 〈δR2

A〉 + 〈δR2
B〉 − 2〈δRA ∗ δRB〉, (A1)

where 〈·〉 denotes a spatial average, δRA and δRB are dis-
placements of the two atoms along the bond length, and
〈δR2

A〉 = UA
‖ , the ADP determined in diffraction. When

the displacements are correlated, term 〈δRA ∗ δRB〉 is not
zero and σ 2 can be smaller or larger than 〈δR2

A〉 + 〈δR2
B〉

depending on whether the displacements are in phase or
out of phase. A correlation coefficient, φ, can be defined

by [38] 〈δRA ∗ δRB〉 = φ ∗ (

√
〈δR2

A〉 ∗
√

〈δR2
B〉). A similar

equation to Eq. (A1) can also be defined for perpendicular
motion, [36] but σ 2

⊥ is not directly measured in EXAFS.

Then the degrees of correlation, both parallel and per-
pendicular to the bond, are defined as [36–38]

φ‖ = UA
‖ + UB

‖ − σ 2
‖

2
√

UA
‖
√

UB
‖

, (A2)

φ⊥ = UA
⊥ + UB

⊥ − σ 2
⊥/2

2
√

UA
⊥
√

UB
⊥

. (A3)

These correlation coefficients range from φ = 1 to φ =
−1, with the two limits representing completely correlated
and anticorrelated motion, respectively. Here φ‖ is directly
evaluated from Eq. (A2) using experimentally determined
ADPs and EXAFS σ 2.

The perpendicular EXAFS σ 2
⊥ can be approximated

from the EXAFS bond length ravg and XRD bond length
RC using [36]

ravg = RC + σ 2
⊥

2RC
, (A4)

where σ 2 = σ 2
‖ = σ 2

⊥/2 in the case of isotropic vibra-
tions. The factor-of-2 difference between σ 2

‖ and σ 2
⊥ arises

because σ 2
⊥ projects the perpendicular component within

one plane only [36].

4. Ab initio molecular dynamics simulations

AIMD simulations are carried out using the FHI-aims
all-electron electronic structure code [43]. The MAPbBr3
structures are simulated in the orthorhombic, tetragonal,
and cubic phases, using 96-atom unit cells (i.e., 2 × 2 × 2
repetitions of the minimal stoichiometric unit of MAPbBr3
in real space). Periodic images of the local bonding fea-
tures of primary interest in this work are well separated
from one another in this supercell geometry. Single-crystal
XRD structures are used to provide initial atomic positions.
These positions are then further relaxed to local minima
of the Born-Oppenheimer potential energy surface while
holding the lattice parameters constant, and the result-
ing relaxed structures are used as low-energy structures
to initialize the AIMD simulations. The lattice parame-
ters of the experimental input structures, as well as the
fully optimized structure, are listed in Table S1 within the
Supplementary Material [39]. The fully optimized struc-
tures, used as inputs for AIMD simulations, are shown in
Supplementary Material Fig. S14.

The “intermediate” basis sets and numerical settings
of FHI-aims are used together with the Perdew-Burke-
Ernzerhof exchange correlation functional [44] and the
Tkatchenko-Scheffler [45] dispersion correction scheme.
The k-point grids are set to 4 × 4 × 4. In past studies by
some of us (e.g., Refs. [71–73]), this level of theory was
shown to yield close agreement between experimentally
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and computationally determined structures of complex
hybrid perovskites. The frozen core approximation [74]
was used to accelerate the AIMD simulations, freezing
only very low-lying core orbitals below −900 eV. The
accuracy of this method was thoroughly evaluated by Yu
et al. [74], showing that the total energy error is practi-
cally negligible already when freezing all orbitals below
E = −200 eV.

AIMD trajectories of five picoseconds in length within
the constant-volume, constant-temperature (NVT) ensem-
ble and with 0.75 fs timesteps are used to equilibrate the
MAPBr3 system at temperatures T = 100, 200, and 300
K, respectively. The Bussi-Donadio-Parrinello stochastic
velocity rescaling thermostat [75] is used to regulate the
temperature. At the outset of the NVT simulation, the
Maxwell-Boltzmann distribution is used to initialize the
atomic velocities corresponding to 600 K. Using the equi-
librated atomic structure and velocities obtained from the
NVT simulation, we then run additional AIMD simula-
tions of 10–30 ps in length within the microcanonical
constant-volume, constant-energy (NVE) ensemble using
an integration time step of 0.75 fs. The structures derived
from average atomic configurations of the NVE simula-
tions are presented in Fig. S15 within the Supplementary
Material [39].

The AIMD simulations at each temperature are analyzed
to obtain the bond length, σ 2

MD, and CMD
3 for the nearest-

neighbor Pb-Br pair distribution function. For direct com-
parison to experimental EXAFS and XRD results, the
Pb—Br bond length is calculated in two different ways.
First, the EXAFS-equivalent rMD

avg is calculated with the
average Pb—Br bond length of each AIMD snapshot:

rMD
avg =

∑G
i=1

∑48
j =1 Lij (Pb − Br)

G × 48
. (A5)

Here i denotes the structure at one AIMD snapshot, G is
the total number of snapshot structures in the AIMD tra-
jectory, j indexes the 48 Pb—Br bonds in one snapshot
structure, and Lij (Pb − Br) is the Pb—Br bond length. Sec-
ond, the XRD-equivalent RMD

C is alternatively calculated
from the average AIMD atomic structure U generated from
the entire AIMD trajectory:

U =
∑G

i=1 Ui

G
,

RMD
C =

∑48
j =1 Lj (Pb − Br)

48
.

(A6)

Here Ui is the atomic structure of one AIMD snapshot,
j indexes the 48 Pb—Br bonds of U, and Lj (Pb—Br)
denotes the distance between the center of the Pb distri-
bution and the center of the Br distribution.

The anisotropic displacement parameter tensor UA
MD for

an atom A is calculated as mean-squared displacements:

Uii = 〈(xi − x̄i)
2〉,

Uij = 〈(xi − x̄i)(xj − x̄j )〉.
(A7)

Here i, j = 1, 2, 3 and the xi are the atomic position coor-
dinates on the x, y, z Cartesian axis, and the x̄i are the
coordinates of the average position of atom A. The conver-
sion to UMD

‖ and UMD
⊥ follows the procedure outlined in the

Supplementary Material [39]. We calculate φMD
⊥ and φMD

‖
using Eqs. (A2)–(A4) with AIMD ADPs and bond lengths.
A direct method for calculating σ 2

⊥,MD is presented in the
Supplementary Material [Eq. (S7)], which yields similar
results to Eq. (A4), as shown in Supplementary Material
Table SII.
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