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Origin of the anomalous Pb-Br bond dynamics in formamidinium lead bromide perovskites

Harishchandra Singh,1 Ruixiang Fei,2 Yevgeny Rakita ,3 Michael Kulbak ,3 David Cahen,3

Andrew M. Rappe,2,* and Anatoly I. Frenkel 1,†

1Department of Materials Science and Chemical Engineering, Stony Brook University, Stony Brook, New York 11794, USA
2Department of Chemistry, University of Pennsylvania, Philadelphia, Pennsylvania 19104-6323, USA

3Department of Materials and Interfaces, Weizmann Institute of Science, Rehovot 76100, Israel

(Received 18 August 2019; accepted 27 January 2020; published 10 February 2020)

Extended x-ray absorption fine structure spectroscopy of the light-harvesting formamidinium lead bromide
(FAPbBr3) perovskite, a system with attractive optoelectronic performance, shows anomalously large variance in
Pb-Br bond length, some 50% larger than in its inorganic CsPbBr3 counterpart. Using first-principles molecular
dynamics simulations, we find a significant contribution to this variance coming from the FA cation, and show
that the FA does not just tumble in its cuboctahedral Br12 cage, but instead stochastically sticks to, and detaches
from one of the 12 nearest Br atoms after another, leading to the large variance in Pb-Br bond length. Our results
demonstrate dynamic coupling between the FA-Br moiety and perovskite cage vibrations, and that tunability in
dynamics can be achieved by changing the cation type and perovskite lattice parameter. Thus, our results provide
information that needs to be considered in any of the intensely debated models of electron-phonon coupling in
lead halide perovskites.
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I. INTRODUCTION

Owing to their unique electronic properties and contri-
bution to outstanding power conversion efficiencies of solar
cells, organic and inorganic lead-halide perovskites (e.g.,
FAPbX3, MAPbX3 and CsPbX3, where formamidinium (FA)
and methylammonium (MA) are the organic components and
X is a halogen, Cl/Br/I) are the focus of intense theoretical
and experimental investigations [1–6]. The sources of the
observed structural disorder [7–15], and their possible cor-
relations with optoelectronic properties in these perovskites
are intensely debated [8,13,16,17]. Because it has been shown
that those properties are defined by the metal-halogen interac-
tions [13,18], understanding the detailed behavior of the Pb-X
bond length disorder may well help to provide a solid basis for
the relation between mechanical and optoelectronic properties
of these materials. The samples selected for this study are
the well-characterized organic lead-halide FAPbBr3 and in-
organic lead-halide CsPbBr3 materials, both of which contain
Pb-Br bonds. By combining extended x-ray absorption fine
structure (EXAFS) spectroscopy with ab initio molecular dy-
namics simulations (MD), we align model-independent mea-
surements of the disorder in these perovskites with atomic-
and electronic-scale interpretation and analysis, highlighting
the influence of the organic cations on the dynamics of the
inorganic framework.

The samples were thin films, CsPbBr3 (50 nm) and
FAPbBr3 (500 nm), spin-coated onto a glass microslide; de-
tails on fabrication can be found in the Supplemental Material
[19] (see, also, Refs. [20–30] therein). EXAFS measurements
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at Pb L3 and Br K edges allowed us to focus on these atomic
species (Pb and Br). Pb and Br form bonds along all the
edges of the perovskite unit cell (Fig. 1) forming the structural
framework common to the organic and inorganic perovskites.
Therefore, probing these Pb-Br bonds by comparing their
vibrational properties in these two systems gives a sensitive
probe of structural dynamics.

EXAFS measurements at the Pb L3 edge (13.035 keV)
and Br K edge (13.474 keV) were collected at the 5BM
DND CAT beamline at the Advanced Photon Source (APS)
of the Argonne National Laboratory, where a four-channel
Vortex detector has been used to collect the fluorescence data.
EXAFS data were processed using conventional procedures,
as described in the Supplemental Material.

II. RESULTS AND DISCUSSION

The k2-weighted EXAFS data for Pb and Br edges for
both samples are shown in k space [see the Supplemental
Material, Fig. S1] and r space (Fig. 2). The Br K edge spectra
have a split first shell peak in r space [Fig. 2(b)], due to the
Ramsauer-Townsend effect in the backscattering amplitude
of Pb [31]. The main effect, evident in the k space and r
space data of both Br and Pb edges, is the strong decrease
of the signal intensity of the FAPbBr3 sample compared to
that in the CsPbBr3 sample. We briefly outline possible causes
for these changes that we will quantitatively analyze in the
subsequent section. One reason for this effect could be the
decrease in the Pb-Br (and Br-Pb) coordination number in
the organic sample, compared to the inorganic one. Another
reason for this effect could be the relative increase of the
Pb-Br bond length disorder in the organic sample. However,
the change in the coordination numbers is not reasonable in
three-dimensional perovskites, as the Pb environment remains
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FIG. 1. Schematic of the FAPbBr3 structure. Dotted line denotes
the shortest instantaneous H-Br distance during the rotation of an FA
cation.

hexadentate. An enhanced disorder in the organic sample is,
thus, the most reasonable explanation for the data. We have
also examined, and subsequently ruled out, the x-ray beam
damage effect as a possible cause of the changes in the organic
sample EXAFS spectra compared to the inorganic ones (see
Supplemental Material, Figs. S2 and S3).

Because EXAFS measurement provides almost instanta-
neous “snapshots” of the structure (with characteristic time
of each snapshot of ≈1 fs), information about bond dynamics
is stored in the EXAFS spectra via the mean-squared disorder
σ 2

dyn. If static (configurational) disorder σ 2
st is present as well

as dynamic disorder, and it is statistically independent of
σ 2

dyn, then both types of disorder will contribute to the total
disorder: σ 2 = σ 2

st + σ 2
dyn, which is measured by EXAFS. To

understand the nature of the dramatic intensity change (Fig. 2)
observed in these materials, we focused on the investigation
of the dynamic behavior, by combining quantitative EXAFS
analysis and MD simulations.

The resultant EXAFS signals were analyzed in r space
using FEFF6 [32] and Artemis codes from the DEMETER

package [33]. For the Br edge, the Br-Pb first nearest-neighbor
path, and for the Pb edge, the Pb-Br paths were included
in their respective fits. The details of the FEFF calculations,

fitting model and Fourier transform parameters used in the
fits are summarized in the Supplemental Material. The data
and fits to the Pb L3 and Br K edge spectra in both samples
are shown in the Supplemental Material, Fig. S4 in r space.
Consistent with the visual observation (Fig. 2), the values
of the Pb-Br bond length disorder in the organic perovskite
sample were obtained to be approximately 50% larger than
in the inorganic one: σ 2

FA = 0.0209 ± 0.0013 Å2 vs σ 2
Cs =

0.0144 ± 0.0019 Å2.
This difference between the disorder parameters (0.0065 ±

0.0023 Å2) of the Pb-Br bond is comparable to that (0.0041 ±
0.0007 Å2) reported for another bond type, Rb-Cl, which is
a common bond in two types of alkali halides, RbCl and
Rb(Br,Cl), a solid solution of RbBr and RbCl, that were mea-
sured by EXAFS at 30 K [34]. In those materials, the larger σ 2

value of 0.0096 ± 0.0005 Å2 was found in the mixed system
and its difference from the corresponding value (0.0055 ±
0.0005 Å2) in pure RbCl was attributed to bond buckling [34],
due to loss of contact of the smaller Cl− (compared to Br−)
anions with their Rb neighbors in the octahedral cage. In the
present case, the measurement of the Pb-Br disorder param-
eter is not sufficient to describe the complicated structural
dynamics of FAPbBr3 (or CsPbBr3) and discriminate between
possible models of disorder that may include rotation or, as
it was recently shown, the tumbling motion of FA cation in
FAPbX3 cage [35]. To address this challenge, we performed
first-principles MD simulations based on density functional
theory (DFT) [24–29]. These calculations were performed at
300 K, using lattice parameters of the orthorhombic and cubic
CsPbBr3 unit cells and cubic FAPbBr3 unit cell (see the Sup-
plemental Material). To obtain the velocity autocorrelations,
the time intervals were 40-ps long, with a 10-fs time step for
inorganic perovskites, and 25-ps long, with 2-fs time step for
organic perovskites. We verified that, at this simulation length,
the velocity autocorrelation converged.

We now focus on the two possible factors that differ be-
tween the two investigated systems: (a) the cation type (Cs vs
FA) and (b) the lattice parameter. The Cs-FA substitution, ac-
companied by the phase change from orthorhombic CsPbBr3

to cubic FAPbBr3, coupled with the difference in the effective
cation size (causing greater lattice parameter in FAPbBr3)
could have a complex effect on the bond length disorder. To
model the lattice expansion effect, we systematically calcu-
lated the changes in the phonon density of states (p-DOS)

FIG. 2. Fourier transform magnitudes of the Pb L3 edge (a) and Br K edge (b) k2-weighted EXAFS data for CsPbBr3 and FAPbBr3 samples.
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FIG. 3. The PDOS of CsPbBr3 projected to the Pb-Br bonds (a), and the mean square relative displacements (σ 2) of Pb-Br distances
in CsPbBr3 at room temperature for different lattice constants and symmetries, calculated using MD simulations (b). Simulated σ 2 value
for FAPbBr3 is shown as well. This computational exploration of inorganic perovskite CsPbBr3 illustrates two key aspects contributing to
enhanced bond disorder in the hybrid perovskite FaPbBr3, the expansion of the lattice and the compositional substitution.

for different amounts of deformation (see also Supplemental
Material, Table S1), denoted as strain 1 and strain 2. The
strain 1 represents the CsPbBr3, strained from an orthorhom-
bic (a = 11.659, b = 11.735, c = 11.594 Å) to a cubic phase
(a = 11.735 Å). We find that the phonon frequencies decrease
with increasing tensile strain [Fig. 3(a)], and that the Pb-
Br bond length disorder increases with strain [Fig. 3(b)].
Once the p-DOS ρR(ω), the vibrational density of states,
projected on the bond directionR, is obtained, the mean-
square relative displacement (MSRD), also known as the
EXAFS Debye-Waller factor, σ 2

R , is given by the Debye

integral σ 2
R = h̄

2μR

∫ ωmax

0 dωρR(ω)
coth β h̄ω

2
ω

, where μR is the

reduced mass of Pb-Br pair, 1
μR

= 1
MPb

+ 1
MBr

, and β =
1/kBT [36]. As calculated over the p-DOS, the values
of the Pb-Br bond length disorder were obtained to be
σ 2

Cs = 0.0133 ± 0.0004 Å2 for orthorhombic CsPbBr3 and
0.0182 ± 0.0006 Å2 for cubic CsPbBr3, using the lattice con-
stant of FAPbBr3 at room temperature. However, the simu-
lated disorder value for the FAPbBr3 was found to be σ 2

FA =
0.0210 ± 0.0006 Å2 [Fig. 3(b)], which is significantly larger
than that of cubic CsPbBr3 (with the same axes ratios and
lengths). In addition, the simulated and the experimental
disorder values (0.0209 ± 0.0013 Å2 for the cubic FAPbBr3

and 0.0144 ± 0.0019 Å2 for the orthorhombic CsPbBr3) are
in remarkable agreement. Hence, one can be confident that the
enhanced disorder of cubic FAPbBr3 must have a significant
and direct contribution from the organic moiety [Fig. 3(b)],
namely the FA makes a large contribution to the Pb-Br bond
disorder in the cubic phase.

MD simulations provide insight into the origin of
this enhanced dynamic disorder in the hybrid perovskite.
Figure S5a illustrates the conventional bond length dy-
namics in cubic CsPbBr3, in which the Pb-Br and Br-
Cs pairs oscillate about their average lengths calculated
from the MD trajectory using eight formula unit super-
cells. The variation range of Pb-Br bond length is 0.3 Å
in CsPbBr3 (Fig. S5a), in striking contrast with the Pb-
Br bond length behavior in FAPbBr3 (Fig. S3b) that ex-
hibits much larger fluctuations. Figure 4(a) reveals that large
variations of the Pb-Br bond lengths correlate with the
strongly nonrotational “sticky” motion of FA cation. This
conclusion is deduced from the negative value (at �t = 0)

of the normalized cross-correlation function of the Pb-Br
and H-Br shortest distances containing the same Br atom.
Figure S5b plots the time-dependence of the H-Br distances,
which connect a given Br atom with the nearest H atom in
a given FA cation. This strong anticorrelation means that a
particularly short H-Br bond frequently occurs at the same
time when the Br-Pb bond is elongated, suggesting that the
interactions of the organic cation with Br influence the Pb-Br
structure backbone. In Fig. 4(b), we compare the shortest
H-Br distance calculated from the MD trajectory over the
entire simulation box with that from the simple hypothetical
rotational motion of the FA cation. This demonstrates that this
cation displaces off-center and H bonds are formed, leading
to shorter H-Br bonds than expected. The details of these
calculations are given in the Supplemental Material.

We obtained larger changes for the shorter Pb-Br distance
of the two bonds between any Br atom and its nearest Pb
neighbors and, hence, Fig. S3b, shows only the shortest Pb-Br
distance behavior. As shown in Fig. 4(b), FA spends signifi-
cant time (on average, 91%) by sticking and remaining close
to one of the 12 nearest Br atoms. In this respect, the FA cation
is almost never located in the FABr12 cuboctahedron center,
corresponding to the average structure. Instead, it is locally
displaced from the center of the FA mass, stochastically
sticking to, and separating from one of the nearest 12 Br
atoms. This model has some fascinating similarities with the
order-disorder “eight site model” [37,38], in which the central
Ti atoms in the high-temperature phase of BaTiO3 are located
at the TiO6 octahedron centers only on average, while locally
all Ti atoms are displaced in one of the eight (111) lattice
directions.

Whereas discrete rotational reorientations of FA cation in
FAPbI3 perovskite were detected by MD simulations before
[39], our MD simulations, combined with our experimental
EXAFS results, provide evidence of the direct impact of the
anomalous FA-X dynamics on the cage vibration. Results of
our combined analysis fully explain the observed increase of
the Pb-Br bond length disorder in the FAPbBr3 compared to
CsPbBr3. The good quantitative agreement between theory
and experiment for the MSRD values of both orthorhombic
CsPbBr3 and cubic FAPbBr3 allowed us to rely on the details
of MD simulations to disentangle between the different pos-
sible contributions to lattice dynamics of the Pb-Br cage. Our

054302-3



HARISHCHANDRA SINGH et al. PHYSICAL REVIEW B 101, 054302 (2020)

FIG. 4. (a) The normalized cross-correlation function of the shortest H-Br distances and the Pb-Br distances for the same Br atom in
FAPbBr3, calculated from the MD trajectory. The negative value at �t = 0 indicates that the formation of the shortest Br-H bonds coincides
in time with elongation of the Pb-Br bonds for the same Br atoms. (b) The shortest H-Br for the Pb8 nearest-neighbor cube, calculated from
the MD trajectory of FAPbBr3. The dashed line is the shortest H-Br distance calculated using a hypothetical rigid rotational motion of the FA
ion around the FA center of mass that stays at the cage center.

results demonstrate that the Pb-Br disorder in both compounds
is predominantly dynamic, in good agreement with both the
hypothesis made above on the basis of the difference in the
structures and on the conclusion, drawn from the temperature
dependence of the Urbach energy of MAPbI3, i.e., that it
results dominantly from dynamic disorder (originating from
the cage vibration), rather than from static disorder [40]. As
a result, we are able to evaluate quantitatively the effects on
the bond length disorder due to the lattice parameter change
between the different structures and to evaluate the specific
contribution for the cation at the A site (Cs- FA substitution)
on the bond dynamics. Our MD simulations show that the
composition-specific effect of FA on the Pb-Br bond dynamics
is responsible for ∼50% of the enhancement of the total
disorder, whereas the remaining half is attributed to the contri-
bution to dynamics due to the lattice expansion. A close look
at the details of MD simulations reveals that FA spends most
of the time sticking close to a Br atom via hydrogen bonding,
causing significant perturbations in Pb-Br bond lengths during
those time intervals. These results emphasize the significance
of the perturbations coming from FA-X interactions for ex-
plaining the enhanced dynamic disorder of Pb-Br in FAPbBr3

compared to CsPbBr3.

III. SUMMARY

Our results, which demonstrate dynamic coupling between
the Pb-X and FA-X moieties, provide information on pos-
sible energy transfer mechanisms and the related intensely
debated models of electron-lattice coupling in lead halide per-
ovskites [41,42]. One such model links large carrier lifetime
in MAPbI3 to dynamic motion (rotation) of MA molecule at
the picosecond time scale [43]. Stochastic, picosecond-long,
sticking motion of the FA molecule can be similarly important
for explaining the carrier lifetime in the FAPbBr3, one of

the unresolved challenges [44]. In addition, our findings pose
challenge to the polaron concept, a commonly used recent
model, to explain mobility in halide perovskites [44]. Charac-
teristic time constants for polaron formation for organic and
inorganic halide perovskites range between 0.3 and 0.7 ps
[45], i.e., the same time scale as the sticking time we observed
in FAPbBr3 system. The FA “stickiness”, which is affected
strongly by the volume of the lattice, will also contribute to
the anharmonicity in Pb-X vibrations, and thus directly affect
charge mobility, thermal conductivity [46], and mechanical
stability of FAPbX3 perovskites [47].
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