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ABSTRACT: Metal halide perovskites (MHPs) have rapidly emerged as leading contenders
in photovoltaic technology and other optoelectronic applications owing to their outstanding
optoelectronic properties. After a decade of intense research, an in-depth understanding of the
charge carrier transport in MHPs is still an active topic of debate. In this Perspective, we
discuss the current state of the field by summarizing the most extensively studied carrier
transport mechanisms, such as electron−phonon scattering limited dynamics, ferroelectric
effects, Rashba-type band splitting, and polaronic transport. We further extensively discuss the
emerging experimental and computational evidence for dominant polaronic carrier dynamics
in MHPs. Focusing on both small and large polarons, we explore the fundamental aspects of
their motion through the lattice, protecting the photogenerated charge carriers from the
recombination process. Finally, we outline different physical and chemical approaches
considered recently to study and exploit the polaron transport in MHPs.

Metal halide perovskites (MHPs) have appeared as one of
the most promising materials for a wide range of

optoelectronic applications, from solar cells to light-emitting
diodes (LEDs) to sensors and radiation detectors.1−9 Several
beneficial characteristics such as a convolution of optimal
photophysical properties, inexpensive precursors, and relatively
easy room-temperature fabrication have helped these materials
to potentially transform modern optoelectronic devices within
a decade of time. Particularly, solar cells are at the forefront of
MHP research with exceptional device properties like large
charge carrier diffusion lengths (l = 7.7−10 μm),10,11 long
carrier lifetime(t > μs), a strong band-edge absorption
coefficient (μ = 1.5 × 105 cm−1),12 low exciton binding
energies (Eb = 14−41 meV),13,14 optimal bandgaps (Eg = 0.5−
5.0 eV),15,12 and high defect tolerance.16,17 These attractive
properties coupled with an abundance of low-cost device
component options explain intense research efforts that have
resulted in the greater than 24% power conversion efficiency,
up more than 10% in just 5 years.18 Along with solar cells,
MHPs have also provided extensive opportunity to strategically
design a wide variety of LEDs, with high color purity to high
color rendition.19−22 Strongly bound excitons and their
interaction with lattice and point defects result in very different
and highly tunable emissive properties for layered MHPs.23,24

The photodetectors made of MHPs have shown fast
photoresponse and large detectability at room temperature,
largely compatible with commercial Si photodetectors.5,25−27

Moreover, MHPs have been used for high-energy radiation
detectors because of properties such as their ability to interact
with high-energy photons and low leakage current under high
electric fields.28−30

While MHP materials offer a promising alternative to more
expensive semiconductor-based devices, long-term structural
stability remains the one crucial hurdle to overcome by MHP
devices.31,32 Most photoactive three-dimensional (3D) halide
perovskites degrade upon being exposed to oxygen, moisture,
heat, mechanical stress, reverse bias, and even under light
illumination, strongly affecting their device performance.33−36

Several approaches like extensive compositional engineering,
application of the resistant coating, and replacement of metal
electrodes are found to be effective at increasing the stability of
these devices.37−40 Another more intrinsic and fundamental
issue that limits the strategic development of MHP-based
photovoltaic devices is the understanding and optimization of
charge carrier dynamics in these materials.16,41−47 The
community has witnessed a constructive debate over the
dominating processes of carrier transport from the beginning
of the MHP-related research. In this Perspective, after a brief
discussion on the structure of MHPs, we summarize most of
the well-explored carrier transport mechanisms for these
materials.10,47−57,44,58−64 We further focus on the polaronic
behavior of carriers in MHPs. The concept of polarons has
been used to explain multiple photophysical phenomena in
these materials, and their presence has demonstrated both
beneficial as well as detrimental effects.52,57,65−70 A robust
understanding of electron−phonon interactions and the
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transport of polarons remains crucial to bringing MHP active-
layer materials beyond lab-scale and into the consumer market.
Because of the vastness of the field, in this Perspective, we
concentrate on the effects of polarons in 3D halide perovskites
only. We further refer an interested reader to the recent
Perspective on polarons in two-dimensional MHPs.71

Structure of Halide Perovskites. Perovskite compounds, such
as the mineral CaTiO3, form an ABX3 structure, where A is a
large mono- or divalent cation, B a multivalent cation usually
smaller than A, and X an anion. The ideal ABX3 structure has a
6-fold coordinated B atom forming BX6 octahedra surrounding
12-fold coordinated A cations72 (see Figure 1a); while this

cubic structure is ideal, perovskites may also be rhombohedral,
orthorhombic, or tetragonal or form lower-dimensional
structures as well (see Figure 1 for some examples). A, B,
and X are often chosen based on the Goldschmidt tolerance
factor which quantifies the ratio of the constituent atomic radii
(i.e., rA, rAB, and rX) that will form a perovskite structure given
by73

t
r r

r r2 ( )
A X

B X
=

+
+ (1)

where t values from 0.9 to 1.1 are usually considered the range
in which crystals stabilize in the perovskite structure.
Octahedral distortions due to slightly larger or smaller A or
B atoms may still result in the perovskite structure with values
above and below 0.9 and 1.1, respectively. This implies that the
tolerance factor is only a first approximation to predicting a

perovskite structure. When halide atoms fill the X site, A and B
must have a combined formal charge of +3 to ensure overall
charge neutrality in the compound, with the most common
halides of interest in MHP-active layer materials being I, Br,
and Cl. Inorganic halide perovskite often utilize group I or II
atoms like Cs at the A site along with metals like Pb at the B
site to form a perovskite structure. A subset of MHPs, hybrid
organic−inorganic halide perovskites utilize organic molecules
like methylammonium (MA) or formamidinium (FA) at the A
site along with metals like Pb or Sn at the B site.42 To account
for the deviated shapes of the molecular A-cations from the
ideal sphere, the revised Goldschmidt tolerance factor has been
proposed where the molecular globularity replaces the ionic
radii of A-cations.74 Moreover, MHPs employ a variety of
stoichiometric ratios. For example, a general formula
MA1−x−yFAxCsyPb1−nSnnI3−m−pBrmClp refers to a combination
of Cs, MA, and FA at the A sites, Pb and Sn at the B sites, and
Br and I at the X sites, where x, y, and n range from 0 to 1 and
m ranges from 0 to 3.37,75−79 This complex perovskite
structure, while resulting in the most efficient solar cell device
to date, still remains a computational and engineering
challenge when attempting to rationalize and predict the
correct stoichiometric values.
Phases of Halide Perovskites. Numerous perovskite phases

exist which satisfy the requisite geometry and reside within 0.1
of the ideal Goldschmidt factor range. However, three primary
phases correspond to cubic, tetragonal, and orthorhombic
structures, as shown in Figure 1.80 Typically, a low-temperature
phase transition appears from an orthorhombic to a tetragonal
structure, while a high-temperature phase change occurs from a
t e t r a gona l t o a cub i c s t r u c tu r e . Cons i d e r i ng
CH3NH3PbI3(MAPI) as an example, the orthorhombic phase
(Pnma) changes to the body-centered tetragonal phase (I4/
mcm) around 160 K, and the tetragonal phase transforms to
the cubic phase (Pm3̅m) at 330 K.81 All these phase transitions
are found to be first-order transitions. During these phase
transitions, the most dominant structural change is the rigid
rotation of the PbI6 octahedra. In the high-temperature cubic
Pm3̅m structure, the octahedra have high symmetry and do not
exhibit any rotations.81 However, in both low-temperature
phases, octahedra rotate and induce low symmetries. Along
with inorganic octahedra, phase transitions distinctly affect the
organic cation dynamics in MHPs.80,82,83 In the orthorhombic
phase, orientations of A cations remain fixed toward an open
face of the inorganic cube. With an increase in temperature, the
A-cation dynamics get activated at the tetragonal phase, and
these cations become rotationally disordered in the structure.
In the high-temperature cubic phase, the extent of the disorder
increases for A-cations where they perform almost barrier-free
rotation and tumbling inside the inorganic framework. As
discussed later, these phase transitions and the associated
changes in structural dynamics strongly affect the atomistic
mechanisms of charge carrier dynamics and transport in
MHPs.
Charge Carrier Transport in Halide Perovskites. The exact

mechanism of the charge carrier dynamics in MHPs has been
investigated by several experimental techniques and a variety of
computational methods. In the following section, we
summarize a few reported important aspects for carrier
dynamics in these materials such as electron−phonon
interactions, ferroelectricity, Rashba−Dresselhaus splitting of
band-edges, and polaronic effects.

A robust understanding of elec-
tron−phonon interactions and

the transport of polarons remains
crucial to bringing MHP active-
layer materials beyond lab-scale
and into the consumer market.

Figure 1. Crystal structures of the (a) orthorhombic, (b) tetragonal,
and (c) cubic phases of MAPbI3(MAPI, MA = CH3NH3) halide
perovskite. The upper and lower panels are oriented through ⟨100⟩
and ⟨001⟩ planes, respectively. The gray octahedron represents BX3.
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Reproduced from ref 80. Copyright 2015 American Physical Society.
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1. Dynamic Interactions between Charge Carriers and Crystal
Vibrations. Because of the softness of halide perovskites
(typical reported hardness for MHP is <1 GPa), lattice
vibrations are believed to have substantial effects on charge
carrier dynamics through the electron−phonon cou-
pling.48,56,84,85 For example, carrier mobility increases with
decreasing temperature in halide perovskites, indicating a
strong relevance of phonon modes to the carrier transport.86

The electron−phonon interactions also participate in hot
carrier relaxation, the process by which charge carriers transfer
their extra energy to the lattice.87,88 Moreover, unique
dielectric response of MHP suggests pronounced charge-
lattice dynamics. Figure 2 shows the range of frequency-

dependent dielectric values for MAPbI3 (up to petahertz),
where the static (ϵr(0)) dielectric constant is much larger than
the optical (ϵr(∞)) dielectric constant;89 the superimposed
images indicate the physical processes that result in the
dielectric response at a given frequency in typical MHPs.
Broadly, two mechanisms have been put forward to

understand the interaction between charge carriers and lattice
vibrations: (1) acoustic deformation potential scatter-
ing56,90−92,84 and (2) Fröhlich type polar interactions.47−49

In deformation potential scattering, crystal vibrations displace
the atoms from their lattice sites, inducing temporary structural
distortions. These distortions modify the electronic band
structure of the material, eventually resulting in the coupling of
the electrons with acoustic phonons. In contrast, for polar
interactions, the polarization of the ionic lattices imposes
electric fields and that couples to electrons of the system.
Mostly, longitudinal optical (LO) phonon modes create a
macroscopic electric field through Fröhlich interactions,
producing the polarization.93,94

The strong influence of the deformation potential scattering
on the carrier mobility of MHPs has been studied recently.
Karakus et al.95 have performed ultra-broadband time-resolved
terahertz (THz) spectroscopy measurements on the MAPI
thin films, proposing a simple Drude-like model to explain the
temperature dependence of the carrier momentum scattering
times and carrier mobilities. In the Drude model,96 the carrier-
mobility (μ) depends on two factors, the effective mass of the

electron (me*) or the hole (mh*) and the carrier momentum
relaxation time (τ), by the relation

e /mμ = τ * (2)

Thus, in a system where effective masses do not change with
temperature, the carrier scattering time dominantly influences
the carrier mobility. In this study,95 the authors found a power-
law relation between the charge-carrier scattering times (τ) and
temperature (T) for tetragonal MAPI, τ ∝ T−3/2 (see Figure
3a).86,95 This kind of a power-law relation is characteristic of
the system where free carrier transport is limited by the
deformation potential scattering. Thus, acoustic phonon−
electron scattering is the dominant factor influencing the
charge carrier mobility in MAPI at the room-temperature
phase. Using density functional theory (DFT)-based compu-
tations, Zhao et al. have further calculated the deformation
potential for electrons and holes in tetragonal and cubic phases
of MAPI.56 By applying semiclassical Boltzmann transport
theory in the relaxation time approximation, this study
reported high carrier mobilities in the range for few hundreds
to few thousands of cm2 V−1 s−1 (see Figure 3b). These high
mobility values are attributed to a weak charge−acoustic
phonon scattering. This study further demonstrated that the
inclusion of carrier scattering via Coulomb interactions with
charged impurities or defects can significantly reduce the
mobility values in MAPI. Considering impurity density as 1018

cm−3, at 300 K the carrier mobilities were calculated to be in
the range of 72−178 cm2 V−1 s−1 in agreement with the
experimental reports.47,48 Thus, this study concluded that
impurity-scattering can be a dominating mechanism for charge
carrier dynamics in MHPs.
Group theory analyses were also used for exploring

electron−phonon coupling in the weak coupling regime,
where independent particle approximation remains valid.97,98

It has been shown that with a first-order acoustic deformation
potential (ADP), the acoustic phonons get involved in
intervalley nonpolar deformation couplings between the
frontier bands in the cubic phase of MHPs. Additionally, the
dominant effect of spin−orbit coupling at the conduction band
minima is expected to couple to local volumetric strain at the
conduction band minima (CBM) and valence band maxima
(VBM) states.
In addition to impurities as discussed above, recent

experimental and computational studies have pointed out
that polar LO phonon−electron coupling, i.e., the Fröhlich
interaction, also strongly affects the charge carrier dynamics in
the halide perovskites at room temperature.47−49,94 According
to this mechanism, the LO phonon modes scatter the charge
carriers and thus limit their mobility in solids. A detailed
computational study has shown that three distinct low-
frequency (below 22 meV) LO vibrations, namely, the Pb−
I−Pb bending, the A-cation displacement, and the Pb−I
stretching modes, contribute to the electron-scattering rate of
lead iodide perovskites via Fröhlich interaction (see Figure
3c−e).94 The relative contributions of these modes (Figure
3c,e) further demonstrate that the Pb−I stretching is the
primary mode for scattering the charge carriers. Based on this
mechanism, the upper limits to the charge-carrier mobilities
have also been calculated from the values of the LO phonon
mode energies and dielectric functions. For MAPI, calculated
maximum average carrier mobility, i.e., 80 cm2 V−1 s−1, is close
to the reported experimental value, 67 cm2 V−1 s−1, with single
crystals. This indicates that high-quality hybrid perovskite

Figure 2. Frequency-dependent dielectric spectrum for MAPbI3. The
top line is the real and the bottom line (peaks) is the imaginary part of
the dielectric function. The images imposed over the top line show
the physical mechanisms which contribute to each resonance region.
Reproduced from ref 89. Copyright 2019 APL Materials.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Perspective

https://dx.doi.org/10.1021/acs.jpclett.0c00018
J. Phys. Chem. Lett. 2020, 11, 3271−3286

3273

https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00018?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00018?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00018?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00018?fig=fig2&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.0c00018?ref=pdf


crystals are reaching the intrinsic theoretical limit for the
carrier mobility. Moreover, the character of these LO phonon
modes and their interactions with charge carriers remain
mostly unaffected with the variation of A-cations in halide
perovskites.94 Comparing the phonon spectra for CsPbI3 and
MAPbI3, one finds that the presence of organic A-cations just
broadens the LO phonon peaks because of vibrational coupling
between the PbI-cage and MA cations. Thus, at the atomistic
level, the charge carrier transport mechanism is identical for
inorganic and hybrid halide perovskites.
Considering the Fröhlich interaction as the most influential

factor, the effect of compositional engineering on carrier
mobility has been widely explored. It has been demonstrated
that as Pb atoms get replaced by a lighter B atom, e.g., Sn, the
LO phonon frequencies increase, causing an enhancement in
the carrier mobility at room temperature.99 The substitution of
I with lighter Br in MAPbX3 also leads to a higher mobility for
Br-based perovskites.48,100 However, as the ionicity of the Pb−
X bond increases from I to Br to Cl, it has been argued that the
Fröhlich interactions increase and mobility decreases with
lighter halogen-based perovskites.94,100 Thus, resolution of the
exact dependence of mobility with halogen substitution needs
more accurate experimental probes and more complete
computational models. Nonetheless, these insights are
extremely valuable for designing halide perovskites with high-
carrier mobility for various applications.
2. Ferroelectricity. Ferroelectric materials possess reversible

spontaneous polarization below a critical temperature, called
the Curie temperature (TC), above which the transition from
an ordered to a disordered phase is triggered.93,101,102

Ferroelectric materials are noncentrosymmetric polar dielectric

crystals in which an applied electric field can switch the
polarization between two or more stable directions. Regarding
the microscopic origin of ferroelectricity, there are two
mechanisms: (1) low-temperature ordering of a disordered
structure in which the resulting structure has directed
permanent dipoles and (2) the cooperative motion of ions
leading to the incorporation of directed finite dipoles below
TC. For perovskite oxides, like PbTiO3 and BaTiO3, Ti atoms
move from the center of BO3 (B = Pb/Ba) at low
temperatures, causing a macroscopic polarization in the
system.102 Moreover, the presence of stereoselective lone
pair in B-sites can also induce polar distortion by moving A-site
cations, as happens in BiFeO3.
For Pb-based MHPs, the lone pair driven ferroelectricity was

proposed initially; however, the experimental confirmation of
that is yet to be reported.103 Most studies investigating
polarization in MHPs pointed to the dipolar organic A-cations
(e.g., MA cations) being the source of ferroelectricity.51,52,54

These organic polar cations, which are able to rotate inside the
cuboctahedral cage of Pb/X at room temperature, freeze to
particular orientations at low temperatures. For MAPbI3, as
tetragonal to orthorhombic phase transition happens at ∼160
K, the MA cations freeze to form antiferroelectric ordering,
where dipoles orient in opposite directions in alternating lines
(see Figure 4a).80 However, the existence of the ferroelectric
phase at room temperature and its effects on the MHP-based
solar cell devices have been debated in the literature.104

The presence of the ferroelectric phase at operating
conditions was argued to be advantageous for MHP photo-
voltaics: As discussed by Frost et al., the strong lattice
polarization can efficiently separate photogenerated charges

Figure 3. (a) Scattering times versus temperature for a MAPbI3(Cl) perovskite film sample derived from ultrabroadband terahertz (THz)
photoconductivity measurements. Reproduced from ref 95. Copyright 2015 American Chemical Society. The exponent value for the power-law
relation approaches 3/2 for a room-temperature phase. However, the smaller exponent value for the low-temperature orthorhombic phase suggests
the presence of impurity scattering at low T. (b) Temperature dependence of the charge carrier mobility in tetragonal MAPI in the [001] direction
calculated using DFT and semiclassical Boltzmann transport theory. Reproduced from ref 56. Copyright 2016 Nature Research. The free carrier
density was considered as 1014 cm−3, and the charged impurity density varied as shown in the plot. The black, red, and blue lines represent the total
mobility and that limited by acoustic phonon and charged impurity scatterings, respectively. (c) Spectral decomposition of the contribution of each
phonon mode to the electron scattering rate in MAPI at 300 K, calculated using ab initio many-body computational simulations. Reproduced from
ref 57. Copyright 2019 American Chemical Society. The height of the peaks designates the involvement of each phonon mode (left vertical axis),
and the integral ∫ (∂τ−1/∂ω) dω produces the total scattering rate (right vertical axis).57 The LO phonon modes corresponding to peaks 2 and 4 in
panel c are provided in panels d and e.
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enhancing the carrier lifetime and even increase the open-
circuit voltages of MHPs above the bandgap.105 In the
proposed mechanism, the built-in electric field in the
ferroelectric domains efficiently separates the photogenerated
excitons, similar to a traditional p−n heterojunction. As the
size of these ferroelectric domains is on the nanometer scale,
the probability of recombination of separated charges reduces
significantly. As these protected carriers diffuse to the
ferroelectric domain boundaries, the same type of carriers
accumulate in a particular region as determined by the local
dipole-induced electric potential.105 Following that, the
accumulated carriers diffuse toward collecting electrodes
along the “ferroelectric highways” without encountering
opposite types of charges as shown in Figure 4b. Such spatial
separation of electrons and holes inside the material and their
quick transport through the ferroelectric domain surface have
been argued as the fundamental reason for a long carrier
diffusion length in MHPs.105

A recent study by Garten et al. reported piezoelectric
measurements and several modern scanning probe techniques
to confirm the ferroelectricity of MAPI at room temper-
ature.106 Using electrostatic force microscopy, this study also
showed the domain-specific electrical response in MAPI,
implying that ferroelectric-induced field can be engineered into
working devices to facilitate the photovoltaics of MHPs.
3. Rashba−Dresselhaus Interaction. Most of the high-

performing MHPs have heavy elements in the structure, such
as lead, tin, and iodine.42 Because of the high atomic number

of these, MHPs exhibit large spin−orbit coupling (SOC) that
may impose giant splitting in the band edges.44,59,61,63,64 The
presence of strong SOC substantially affects the optoelectronic
properties such as bandgap, alignment of band edges, the
carrier effective masses, and the oscillator strength of the
optical transitions across the bandgap.35,59,108 Moreover, the
absence of local or extended inversion symmetry in MHPs
lattices has been argued to incorporate Rashba and/or
Dresselhaus couplings, lifting the 2-fold degeneracy of frontier
bands in these materials.44,59,61 Lattices with site inversion
asymmetry causes the Rashba effect,109 whereas bulk inversion
asymmetry results in the Dresselhaus effect.110 The strength of
both effects can be linked to the parameter

E k/2Rα = Δ (3)

where ER is the amplitude of the spin-splitting in a particular k-
direction and Δk is the momentum offset, i.e., the difference
between the Γ-point and shifted band-extrema along the k-path
(see Figure 4c).59,62 Various computational approaches based
on DFT and GW approximations have been extensively used
to calculate the α values as well as in-plane spin texture for
static and dynamic structures of different MHPs.40,76,111−113

Experimentally, spin-dependent circularly polarized pump−
probe techniques have been used to identify the spin-splitting
and a spin lifetime of the carriers in MAPI.114 Later, Niesner et
al. used angle-resolved photoelectron spectroscopy in
MAPbBr3 single-crystals and demonstrated spin-splitting of
the VBM with large Rashba parameters of 7 ± 1 and 11 ± 4 eV
Å for orthorhombic and the cubic phase, respectively.63

Extensive studies show that several factors, such as dynamical
fluctuations, A-cation mixing, and the presence of compressive
strain, can impose structural symmetry breaking in these soft
MHP lattices, resulting in Rashba and/or Dresselhaus
effects.40,76,62

To explore the effects of spin-splitting on charge carrier
dynamics in MAPI, Zheng et al. combined first-principles
calculations and a Rashba spin−orbit model.61 This study
demonstrated that SOC-induced Rashba splitting gives rise to
spin-allowed and spin-forbidden recombination channels with
very different carrier recombination rates. The mismatch of
spin and momentum makes the rate significantly slower in the
spin-forbidden path (see Figure 4d). Even though the spin-
allowed recombination path has a faster rate, this relaxation can
be blocked with a suitable spin texture where the fast carrier
relaxation to the band edges causes a low concentration of free
carriers. Thus, the dominance of spin-forbidden transitions at
the band edges has been proposed as the intrinsic reason for a
long carrier lifetime in these MHPs.61 Furthermore, Yu has
shown that the giant Rashba effect significantly enhances
acoustic-phonon scattering (APS) at low temperature (<100
K), altering the temperature dependence of carrier mobility in
MAPI.44

Experimentally, with temperature-dependent time-resolved
photoluminescence and microwave conductance measure-
ments, Hutter et al. have demonstrated a direct−indirect
bandgap character in MAPI.107 The second-order band-to-
band carrier recombination of photoexcited charges was found
to be a thermally activated process where slow phonon-assisted
recombination occurs via the indirect bandgap. The SOC-
induced spin-splitting of band edges has been argued as the
origin of this indirect bandgap.107

Application of hydrostatic pressure to induce structural
distortions has also been proposed to stabilize the Rashba-type

Figure 4. (a) Schematic of the MAPI crystal structure with the
ferroelectric ordering of MA cations. (b) Schematic for multidomains
of ferroelectric MAPI thin films. Reproduced from ref 105. Copyright
2014 American Chemical Society. The transport pathways for holes
and electrons are represented by red and blue bold solid lines,
respectively. These pathways are called the “ferroelectric highways”
for charge transport. (c) Spin-splitting of the conduction band and
associated parameters as discussed in the text. (d) Schematics of
charge recombination pathways in spin-splitted CBM containing
MHPs. Reproduced from ref 107. Copyright 2017 Nature Research.
The indirect bandgap proposed hinders the electron−hole recombi-
nation and increases carrier lifetime.
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effects and consequently form indirect bandgap in MHPs.40

Recent experimental results validated this approach by showing
pronounced effects of strain on charge carrier dynamics.58 In
this experimental work, the authors found a substantial
enhancement of photoluminescence (PL) lifetime under
compressive strain, which increases the Rashba effect through
SOC in the material.

4. Polarons. The above discussion has outlined possible
mechanisms of lattice interactions affecting carrier dynamics in
MHPs. A common growing consensus in the field is that these
interactions lead to the formation of polarons and that the
carrier transport can be rationalized as polaron dynamics in
MHPs.70,85,100,115,116 This concept has been widely explored
by both experimental tools and computational simulations to
rationalize and optimize the charge carrier dynamics in these
materials.117,118 In a solid, electronic carrier interaction with
surrounding atoms forms a distortion in the local bonding
environment, leading to its spatial localization and confine-
ment.121 Such a composite of an electronic carrier and a
concomitant distorted local lattice constitute a notion of a
polaron, one of the most commonly formed quasiparticles in
highly polarizable solids.117,119 Depending on the extent of
spatial localization of the carriers, mostly two types of polarons
(large and small polarons) can be distinguished.121 For large
polarons, the carriers are distributed over multiple lattice sites,
whereas small polarons are formed by the charges localized
over a single or few bond lengths. In the following section, we
provide a brief overview of polaron physics and then discuss
possible features of polaron dynamics in MHPs.
Basics of Polaron Transport. A polaron’s motion through a

crystal lattice is classified as either coherent or incoherent
transport.120 Coherent transport occurs when a carrier moves
through a medium with minimal scattering events and mobility
being greater than 1 cm2 V−1 s−1.117 Large mobility, however,
does not necessarily indicate a large velocity, as the mobility
for coherent transport is momentum-dependent and represents
instead a large effective mass. This means coherent transport is
usually indicative of large polarons that move with low
velocities but have large momenta due to their large effective
masses.121 The mean-free-path between scattering events for
coherent transport of a polaron is usually larger than its size
except for the case when localization is disrupted by the length
of the mean-free-path.117 Boltzmann’s transport equation for
mobility may be used to evaluate the minimum mobility for
coherent transport when the mean-free-path length is replaced
with the polaron’s diameter.118 Incoherent transport, on the
other hand, occurs as phonon-assisted hops between lattice
sites with mobility much less than 1 cm2 V−1 s−1. Small
mobility does not necessarily mean a low velocity, as the
effective mass for polarons moving incoherently is typically
small. Thus, incoherent transport is usually indicative of a small
polaron as sufficient scattering events localize the carrier,
where the mean-free-path between collisions is smaller than

the polaron’s diameter.117 While delocalized mobile carriers
usually move coherently through minimal scattering events as
large polarons, an initially delocalized eigenstate may, through
enough scattering events, become localized and lose coherence.
This indicates that accurate polaron transport models require
the knowledge of both the size of a polaron (i.e., a measure of
its localization) as well as its scattering dynamics (i.e., a
measure of its coherence), as instances may exist where a large
polaron moves incoherently or vice versa, e.g., via Wannier−
Stark eigenstates.118

Polarons in Semiconductors. Polarons were first described by
Landau119 as electronic charge carriers moving slowly through
a crystal lattice along with an accompanying motion of the
atoms surrounding the mobile charge carrier. These shifted
ions then create a potential well around the carrier. If the
carrier remains stationary within the well for an extended
period of time, it is defined as a self-trapped carrier. A polaron
can still form, however, even if it is not self-trapped, as the
charge carrier still displaces the ions around it, creating a
phonon-cloud of distortion. The range of the interaction of the
charge carrier with the phonons of the surrounding lattice is
then quantified by the distance over which the interaction
occurs. For large polarons with wave functions distributed over
many lattice sites, Fröhlich et al. formulated a comprehensive
quantum-mechanical description.93 Feynman further built
upon the work of Landau and Fröhlich with a variational
approach to give an accurate coupling constant to quantify this
interaction121 as given by
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were e is the electron’s charge and ℏ is Planck’s reduced
constant; ϵ∞ and ϵ0 are the high-frequency and static dielectric
constants, respectively; m is the effective mass of the charge
carrier; and ω is the LO phonon frequency. Note that, typically
in the weak coupling regime where αF ≤ 2, large polaron
formation occurs.122

Holstein, on the other hand, pioneered the investigation on
the small polarons that appear because of the strong and short-
range electron−phonon coupling.117 The Holstein model has
been successfully applied to a wide range of properties, from
superconductivity to thermoelectric properties to carrier
mobilities.123−127 More recently, coupling between electrons
and phonons as well as the polaronic charge transport through
molecular crystals has also been investigated by this
model.128,129 Here in the Holstein Hamiltonian the elec-
tron−phonon interaction parameter explicitly couples elec-
tronic and phonon subsystems.117,130 While an exact solution
of this model is challenging, the perturbative approaches has
been broadly used to describe both strong and weak electron−
phonon coupling limits.129,131,132

In semiconductor devices, polarons may exist as de-
fects.123,127 Defects are ubiquitous in semiconductor engineer-
ing where it is well-known that electronic properties may be
tuned by introducing intentional defects through doping.
Polarons can appear because of doping or charge injection or
be created through the separation of an exciton formed
through electronic excitation. Once the polaron is formed, the
dynamics of the lattice modulates its motion. Beyond
scattering and electron−phonon coupling, polarons are
distinguished in semiconductors by their size. Large polarons
move coherently and slowly with a large effective mass through

A common growing consensus in
the field is that lattice interac-
tions lead to the formation of
polarons and that the carrier

transport can be rationalized as
polaron dynamics in MHPs.
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scattering events that occur as nearby ions shift from their
equilibrium because of the presence of the polaron.120 Small
polarons, conversely, move incoherently with a small effective
mass through a hopping mechanism.123 Though, as mentioned
before, a polaron may begin large and through the loss of
coherence become localized, and vice versa, a small polaron
may become large if its mean-free-path becomes long.
Theoretical and experimental studies extensively investigated
polaronic effects in various devices. Polarons can, for instance,
increase nonradiative recombination or create charge transport
pathways across multiple unit cells (or grain boundaries),
which enhance charge mobility, depending on the applica-
tion.128,133−135 Light-harvesting applications, e.g., photovol-
taics, require the minimization of nonradiative recombination
and impedance across the grain boundaries in the material to
ensure maximum collection of photoexcited electrons. Light-
emission applications, on the other hand, rely on the
maximization of the radiative recombination of electrons and
holes in the emissive layer aiming for maximum emission
efficiency.
Polaron dynamics can be modeled from first principles

aiming to guide experimentalists in the engineering of the most
efficient devices for each application based on the expected
polaronic behavior in the materials.136,137 In realistic materials,
depending on the bonding characteristics, either ionic or
covalent bonding has been treated using nonperturbative DFT
or density functional perturbation theory (DFPT), respec-
tively, to model the mobility of a polaron.138 Ionic materials
tend to have large Fröhlich coupling constants, indicating
incoherent, low mobility, small polaron transport, as the
coupling constant is inversely proportional to the polaron
mobility.93 In covalent materials, the opposite is true. To
model polaron mobility, the frequency-dependent and static
dielectric constants, as well as the phonon frequency, must be
determined using perturbation theory; the effective mass can
be solved for nonperturbative approximation using parabolic
band-fitting techniques. These calculated values are used to
study both large and small polarons as the Boltzmann equation
gives a limit for coherent transport, while the Fröhlich coupling
constant provides a measure of electron−phonon coupling
strength.139

Polarons in MHPs. In MHPs, polarons were studied using a
combination of first-principles calculations and experimental
spectroscopic methods.65−70,84,138,140−143 The polaronic
framework was drawn to explain a number of photophysical
phenomena in devices like solar cells where superior
performance surprised experimentalists, but also where
degradation mechanisms and long-term stability continued to
elude researchers.5

Small Polarons in MHPs. Small polaron formation has been
hypothesized as a mechanism behind photodegradation and
instability in MHP devices.35,66,69,145−153 Light-activated
metastable trap states with polaronic character have been
identified as the origin of material degradation.35 Localized
charge states which strongly couple to local structural
distortion result in macroscopic charge domains.35,65,148

Formation of such domains further suppresses the efficient
charge extraction from absorbing layers of the solar cell
devices.149,150 Small polarons are also understood as minority
carriers that can cause shifted near-infrared absorption edge.35

The formation of small polarons in MHPs has been studied
both from first-principles modeling and spectroscopy-based
experiments.143 Beginning with the archetypal halide perov-

skite, MAPbI3, DFT simulations were performed to propose
the small polaron formation due to the volumetric strain and
reorientation of MA cations in this material.97 Creation of
small polarons involves the effect of cationic reorientation
where MA molecules are rotated toward an electron residing
on Pb atoms.151 As shown in Figure 5, the spin densities of

positively charged (i.e., with an extra hole) optimized clusters
exhibit an increase in the hole localization. Moreover, the
negatively charged (i.e., with an extra electron) cluster
demonstrates dramatic localization of electrons with geometry
optimization. The polaron binding energies have been
quantified as the energy difference between the charged
system at the neutral geometry and the relaxed charge
geometry. The calculation finds substantially high electron
polaron binding energy (1.38 eV) compared to the hole (0.58
eV). To separate the contribution from MA cation orientation
and volumetric strain to polaron binding, the study further
investigates the binding energies in the CsPbI3 cluster. Both
the electron and hole binding energies appear to be
substantially smaller for CsPbI3, 0.92 and 0.27 eV, respectively.
Thus, cooperative interaction between volumetric strain and
cationic orientations has been found to be the key ingredient
for small polaron formation in hybrid halide perovskites.97

Experimentally, signatures of small polarons were detected
with optical spectroscopy methods, and small polaron
mitigation has, as was guided by computational efforts, been
seen through cation, metal, and anion mixing.152 Trapped
states have been measured as a broad, low-energy peak in
single-crystal MHP films using time-resolved and steady-state
photoluminescence measurements, much like in polycrystalline
surface states.153 Capacitance−voltage measurements after
light soaking at 1 Sun for 2 h show an increase in space
charge density by an order of magnitude, suggesting the
presence of trapped charges;35 this is also evidenced using
photocurrent transient measurements to show an increase of
discharge time with constant illumination. Temperature-
dependent optical density studies show that smaller halides
have larger, temperature-independent exciton binding energies,
whereas larger halides have smaller exciton binding energies
which decrease with an increase in temperature.154 Small

Figure 5. Small polaron modeling in MHPs. Spin density distribution
for the hole (left) and electron (right) in optimized neutral (top
panel) and optimized charged (bottom panel) structures of MAPbI3
clusters. Here, the spin density signifies the distribution of extra
electrons or holes in the lattice. Reproduced from ref 97. Copyright
2016 American Chemical Society.
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polarons have also been probed in lower-dimensional MHPs
using femtosecond transient absorption measurements which
show kinetics indicative of small polaron formation.71 As an
example, recently, the experimental evidence for polaron
formation in 3D MAPbI3 has been demonstrated by Park et
al.143 The femtosecond impulsive stimulated Raman spectros-
copy has been applied to measure the low-frequency oscillation
of coherent vibrational wave packets. By probing the oscillatory
signals in the transient neutral excited-state absorption band
near-infrared wavelength and further performing the detailed
frequency analyses, low-frequency vibrational modes at ∼20,
∼43, and ∼75 cm−1 have been identified (see Figure 6a,b).
Concomitant DFT-based computational simulations find that

these vibrational normal modes mostly originate from I−Pb−I
bond bending and stretching motions, whereas other higher-
frequency Raman modes above ∼100 cm−1 involve MA cation
dynamics (Figure 6c−e).143 The neutral excited-state structure
with electron polaron and associated atomic displacements in
inorganic Pb/I cages have further been simulated by DFT-
based computations (Figure 6f,g). The distorted geometry near
polarons shows elongated PbI6 octahedra along the z-axis and
bent Pb−I−Pb angles. Experimentally, the changes in neutral
excited-state geometries have been quantified by exploring
time-dependent Raman intensities. Good qualitative agree-
ments between the experimental and computationally calcu-
lated displacents of these low-frequency models quantify

Figure 6. Time-resolved Raman spectroscopy analysis of near IR and IR region using Fourier and linear prediction methods to resolve vibrational
modes in MAPI. Spectra from fast Fourier transform (FFT) (red line) and linear prediction with singular value decomposition (LPSVD) (blue
line) analyses measured at (a) 840−855 nm and (b) 885−900 nm. (c−e) Computationally simulated vibrational modes of MAPI. (c) I−Pb−I
bending mode of the PbI6

4− octahedron at 25.6 cm−1. (d) I−Pb−I bending on the ab-crystal plane at 49.3 cm−1. (e) Pb−I stretching motion along
the c-axis at 82.0 cm−1. Red arrows placed on the atoms designate the direction and relative amplitude of displacements in a vibrational mode. (f
and g) Geometric comparisons between experimental and computational results. (f) PbI6

4− octahedral geometry from the experiment (green) and
computationally calculated neutral (red) and polaron (blue) state structures. (g) Comparisons in displacement between the experiment and
computation. Reproduced from ref 143. Copyright 2018 Nature Research.
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dynamical distortions of the Pb/I structure, indicating that the
polaronic state coherently generates following electronic
excitations in 3D MAPbI3 (Figure 6g).143

In a subsequent elaborate study, the isolated clusters of
(MA/FA/Cs)Pb(I/Br)3 perovskites have been explored
computationally to understand how polaron formation is
affected by composition, lattice symmetry, electronic character,
and electron−phonon interactions.141 For all these materials,
the electron polarons consistently exhibit stronger binding
compared to hole polarons. Small electron polaron formation
also results in Jahn−Teller-like distortions in the metal halide
octahedra as found for MAPbI3.

97 On the other hand, the hole
polarons contract the octahedra uniformly. Such distinct
structural changes with electron and hole polaron formation
can further be used to identify and manipulate the polaronic
phenomena in hybrid perovskites. The study found that
electron polaron binding weakens as A-cations change from
MA to Cs to FA. As FA and Cs have much smaller or zero
dipole moments compared to the larger one of MA, the
cationic reorientational contributions to polaron stabilization
are far less for FA- and Cs-based perovskites.141 The Br-based
perovskites further demonstrate higher electron and smaller
hole polaron binding energies compared to iodine-based
materials. Interestingly, it has also been found that upon
replacing Pb with Sn in MABI3 (B = Sn or Pb) the electron
and hole polaron become weakly bound. This invaluable
information provides the relation between chemical compo-
nents and polaron binding in halide perovskites, allowing one
to design materials with controlled polaronic features.141

The strong dependence of polaron binding energies on the
composition of halide perovskites further motivates computa-
tional study to explore the effect of cation alloying on this
subject.155 Precise A-cation alloying has been demonstrated to
enhance the stability of halide perovskites against phase
transition as well as improves their photovoltaic performances
compared to monocationic counterparts.37,75,76,156−160 Alloy-
ing Cs and MA with FA cations in FA0.69MA0.25Cs0.06PbI3
demonstrate a reduction in both hole and electron polaron
binding energies.65 The spatial delocalization of extra charges
is found to be more delocalized in this lattice compared to
monocationic perovskites. The cation mixing breaks down the
local symmetry preventing the cooperative cation reorienta-
tion, which has been identified as one of the major
contributors to the polaron binding in MAPbI3. Additionally,
the contracted low-symmetry lattice of the mixed cation
perovskites exhibits more structural rigidity, demonstrating
resistance toward structural distortions particularly to Pb−I
bond elongations, which are prerequisite to the formation of
electron polaronic states in halide perovskites.76 Smaller
geometric change in mixed A-cation halide perovskites also
indicates that experimental identification of polaron formation
in these lattices will be difficult. Thus, cation alloying has been
argued to be an efficient approach to partially mitigate small
polaron formation in halide perovskites and consequently
improve their charge separation, transport, and carrier
collection in optoelectronic device architectures.65

Large Polarons in MHPs. As a mobile charge carrier moves
through an MHP, competing dynamics occur between the
rotation of the organic cation sublattice and the phonon modes
of the metal-halide sublattice. As we discussed, the rotation of
the organic cations tends to stabilize and localize a charge
while the phonons of the inorganic cage tend to further localize
but also transport the carrier. With binding energy below kBT

and a subpicosecond formation time, the carrier forms a large
polaron. With a long coherence length, the stabilized large
polaron effectively screens other mobile charges from
scattering in an MHP.
By solving eq 4 using, for instance, a tight-binding model,142

one sees that MHPs have a Fröhlich coupling constant similar
to other ionic halide salts, indicating the existence of moderate
to strong electron−phonon coupling. Despite measurements of
modest carrier mobility at high temperature,161 large carrier
diffusion lengths and lifetimes, low recombination rates, and
low hot carrier scattering rates have been measured in MHPs;
large polaron formation has also been used to explain these
anomalies.43,48,52,66,85,142,162−165 Figure 7 shows temperature-

dependent mobility and diffusion length measurements that
indicate while the mobility decreases at higher temperature, the
diffusion length of carriers is still well above the optical
absorption depth (LD ≈ 1 μm).86

Ultrafast THz spectroscopy has been used to measure large
polarons in CsPbBr3 to study the material’s dielectric response,
verifying electron−phonon assisted charge transport;68 this
type of spectroscopy also verified the signatures of Rashba
splitting in MHPs from measurements of the circular
photogalvanic effect.144 The femtosecond optical Kerr effect
spectroscopy was used for single-crystal MHPs to show large
polaron formation after carrier injection due to optical
excitation with formation constants ranging from 0.6 to 0.26
ps (Figure 8).140

The large polaron effective mass has been calculated in
MHPs using momentum relaxation time or mean-free path

Figure 7. Temperature-dependent (a) mobility and (b) diffusion
length for MAPbI3 using optical-pump THz spectroscopy. The dashed
line is the theoretical fit of a T 3/2− dependence. Reproduced from ref
86. Copyright 2015 Wiley.
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methods to calculate the mobility and thus the effective mass
by166
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where e is the electron charge, m* the effective mass, λ the
mean-free path, μ the mobility, and kBT the thermal energy.
Using a value of 10 lattice constants for the mean free path
along with a range of mobility from 10 to 60 cm2 V−1 s−1

results in a range of room-temperature effective masses of 10−
300me, where me is the mass of a free electron. This large
effective mass, especially compared to the single-particle band
effective mass (∼0.1me) indicates that large polarons in MHPs
form and effectively screen other mobile charges from
scattering with LO phonons. Recent DFT calculations70

reported the distribution of a large polaron across multiple
lattice constants, indicating screened pathways for mobile
charge carriers shown in Figure 9. Here the largest displace-
ments of the metal-halide framework occur near the center of
the large polaron where phonon-modes assist the motion of
screened mobile charge carriers.
The large effective mass can also explain the slow cooling of

hot electrons due to similar screening processes138,159,169−171,
something that was seen in transient absorption spectroscopy
measurements.88 These hot carrier dynamics were also studied
from first-principles calculations where a phonon bottleneck
due to the overlap of large polaron wave functions slows the
thermalization of above-bandgap photoelectrons.167 These
results imply that hot carrier extraction may be possible in
MHP photovoltaics.
Exceptional power conversion efficiency and a low

recombination rate in MHPs have also been attributed to
large polaron formation where the large static dielectric
response causes repulsion to occur between oppositely charged
large polarons (electrons and holes).168 Calculations of the

Fröhlich electron−phonon coupling model revealed that
MHPs’ large static dielectric constant causes long-range
interactions between electronic charge carriers and the
displacement of ions from their equilibrium positions. As
these large polarons form, they disperse through the lattice,
and the distortion created by different carriers interferes.

Figure 8. Time-resolved optical Kerr effect (a and c) spectroscopy signal and (b and d) fast Fourier transform of the spectra for (a and b)
MAPbBr3 and (c and d) CsPbBr3. Black bars in panel b represent the extracted Fourier coefficients. Reproduced from ref 140. Copyright 2017
AAAS.

Figure 9. (a) Change in metal-halide bond length and (b) charge
density distribution due to large polaron formation in CsPbBr3.
Reproduced from ref 70. Copyright 2017 AAAS.

Detailed studies suggest that
compositional engineering, par-
ticularly controlled mixing of
differently sized A-cations, can
partially mitigate the small po-
laron formation and enhance the
stability of halide perovskites

against degradation.
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Figure 10 shows that at small separations between oppositely
charged large polarons when their interference overlaps, a

repulsion force occurs that is stronger than the attractive
Coulomb force. This repulsion can then slow recombination
between these self-trapped states where an energy barrier exists
at small distances dependent upon the motion of the
surrounding ions.168

As with small polarons, mixing the cation and halide atoms
in MHPs was proposed as a mechanism to enhance the
stability of large polaron formation.70 This implies that charge
screening due to the large polaron formation is another tunable
parameter in MHPs. Moreover, as is seen in many semi-
conducting materials, a small polaron may be delocalized and
become a large polaron in MHPs. This ability to tune the size
of polarons, an important task in developing stable devices, was
shown by Zhou et al.65 through cation mixing in MHPs. A
recent study142 further suggested that in the benchmark MAPI
perovskite, large polaron formation can occur when both
dynamic disorders from the MA dipole and lattice
reorientation of the PbI−3 sublattice work to enhance the
electron mobility. This indicates that both steric and
temperature-based effects may be used to engineer devices
that enhance carrier mobility in MHPs.
In conclusion, this Perspective summarizes different

proposed charge-transport mechanisms for halide perovskites
with a focus on the polaronic character of carriers. Exploring
both small and large polarons in MHPs, we discuss their
formation and effect on structural and carrier dynamics in
these photoactive materials. Lattice distortion due to small
polaron formation has been identified by recent Raman-
spectroscopy-based experimental work and is predicted to be a
probable reason for reversible photodegradation in these halide
perovskites because of the formation of static charge pools.
Strong coupling between soft structure and excess charges
results in Jahn−Teller distortion in the octahedral framework
of lead halides. Detailed studies further suggest that composi-
tional engineering, particularly controlled mixing of differently
sized A-cations, can partially mitigate the small polaron
formation and enhance the stability of halide perovskites
against degradation. Furthermore, electron−phonon coupling
in the ionic lattices of MHPs and the dominant presence of
long-range Coulomb potentials indicate the large polarons in
these materials are a dominant charge carrier. Such polaron
formations can protect the photogenerated electrons and holes
from recombination and defect-scattering, eventually providing
long carrier lifetime and large diffusion length, as found in
MHPs. The higher effective mass of large polarons further

reduces the electron−LO phonon scattering, and that can
result in slow cooling of hot carriers in these perovskites. The
heavy, large polarons in MHPs also explain the modest
mobility of these materials despite having very small single-
particle band-edge effective masses for carriers. Regardless of
recent advancements in the fundamental understanding of
polaron-dominated charge dynamics, the influences of
structural irregularities such as grain boundaries and interfaces,
light-illumination in the polaronic transport is yet to be
explored. More advanced spectroscopic and optical experi-
ments along with cutting-edge ab initio computational
simulations in large computational cells are necessary to
investigate these complex interactions at the atomistic level.
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(93) Fröhlich, H. Electrons in Lattice Fields. Adv. Phys. 1954, 3
(11), 325−361.
(94) Ponce,́ S.; Schlipf, M.; Giustino, F. Origin of Low Carrier
Mobilities in Halide Perovskites. ACS Energy Lett. 2019, 4 (2), 456−
463.
(95) Karakus, M.; Jensen, S. A.; D'Angelo, F.; Turchinovich, D.;
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