
ORE Open Research Exeter

TITLE

Role of Dielectric Drag in Polaron Mobility in Lead Halide Perovskites

AUTHORS

Bonn, M; Miyata, K; Hendry, E; et al.

JOURNAL

ACS Energy Letters

DEPOSITED IN ORE

22 January 2018

This version available at

http://hdl.handle.net/10871/31188

COPYRIGHT AND REUSE

Open Research Exeter makes this work available in accordance with publisher policies.

A NOTE ON VERSIONS

The version presented here may differ from the published version. If citing, you are advised to consult the published version for pagination, volume/issue and date of
publication

http://hdl.handle.net/10871/31188


ACS	Energy	Letters	

	 1	

Role of Dielectric Drag in Polaron Mobility in Lead Halide Perovskites 

 

Mischa Bonn1,* ,†, Kiyoshi Miyata2,* ,†, Euan Hendry3, X.-Y. Zhu2,* 

1. Max Planck Institute for Polymer Research, Ackermannweg 10, 55128 Mainz, Germany 
2. Department of Chemistry, Columbia University, New York, NY 10027, USA 
3. Department of Physics & Astronomy, University of Exeter, Exeter EX4 4QJ, UK 

 

ABSTRACT. Hybrid organic-inorganic lead-halide perovskites (HOIPs) have attracted much 

attention because of their remarkable charge carrier properties, including defect tolerance and 

low recombination rates that lead to long carrier lifetimes and diffusion lengths. These properties 

have been attributed to the efficient screening of charge carriers via polaron formation in the 

highly polar and dynamic environment of an HOIP. Polaron formation explains, at least in part, 

the moderate charge carrier mobility. However, measured mobilities in these materials (typically 

10s-100 cm2/Vs) are still lower than predicted from standard polaron theory. Here we discuss a 

factor that has been previously overlooked and can potentially account for the discrapency 

between measured carrier mobility and that calculated using polaron theory: the effect of 

dielectric drag. An HOIP can be viewed as consisting of two sub-lattices: an inorganic lead 

halide sub-lattice responsible for the band structure and a disordered organic cation sub-lattice 

which is more weakly coupled to the electronic degrees of freedom. While optical phonon modes 

of the lead halide sub-lattice are mainly responsible for polaron formation, slower orientational 

relaxation of surrounding dipoles adds a dielectric drag to the moving charge. We discuss the 

role of this dielectric drag based on the measured dielectric function in the GHz – THz frequency 

range and how we can understand the unique carrier physics in HOIPs in view of its crystal-

liquid duality.   
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1. Introduction 

Since the discovery of their potential photovoltaic applications in 2009 by Kojima et al.,1 the 

optoelectronic properties of hybrid organic-inorganic lead-halide perovskites (HOIPs) have been 

explored extensively with great success.2–7 In particular, long carrier lifetimes, long carrier 

diffusion lengths, and exceptional defect-tolerance are beneficial to many optoelectronic 

applications.8–13 Even though the initial success had focused on HOIPs, their all-inorganic 

counterparts have also attracted growing attention. A large body of work has been devoted to 

understanding “why” lead halide perovskites work so well, but a unified understanding at the 

microscopic level, is still lacking. These exceptional properties may be related to the softness and 

dynamic disorder of the ionic lattice consisting of a sub-lattice of corner-sharing PbX6
3- (X = I, 

Br, or Cl) octahedrals with a stoichiometry of PbX3
-, and a sub-lattice of A+ cations.14 The A+ ion 

can be either organic cations, CH3NH3
+ (MA) or NH2(CH)NH2

+ (FA), in an HOIP or inorganic 

cations (Cs+
 or Rb+). The cage-structure, along with the high polarizability of Pb and its less-

directional bonding than transition metals, results in exceptional flexibility and dynamic disorder 

on fs-ps timescale.15,16 The latter leads to electronic energy fluctuation of the conduction band 

minimum (CBM) and the valance band maximum (VBM) by 10s-100 meV.17,18 Although the A+ 

cations are not directly involved in the band structure, they further contribute to the dynamic 

disorder of electronic structure by rattling and/or reorienting in the cuboctahedral voids. In both 

HOIPs and its all-inorganic counterparts, the relative position of the A+ with respect to the 

anionic PbX3
- cage can be represented by a dipole moment.19 This is in addition to the permanent 

dipole moment of the molecular A+ cation in an HOIP. All those structural properties result in 

rather “liquid-like” structural flexibility as detected by various scattering and spectroscopic 

measurements.16,20–31 Mechanical measurements also reveal a soft lattice, independent of cation 

type, with Young’s moduli of lead halide perovskite ~10x lower than those in Si or GaAs.32 A 

central question here is how optoelectronic properties are related to such unique structural 

characteristics. 

Charge carriers in a soft and ionic lattice, as is the case for lead halide perovskites, must form 

polarons.33–35 Miyata et al. directly probed the ultrafast phonon response to charge injection in 

MAPbBr3 and CsPbBr3 using femtosecond optical Kerr effect spectroscopy, in conjunction with 

first principles calculations.31 They found that a polaron forms predominantly from the 

deformation of the PbBr3
- frameworks, irrespective of the cation type, with polaron formation 
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time constants of 0.3 ps in CH3NH3PbBr3 and 0.7 ps in CsPbBr3. The dominance of charge 

carrier coupling to the deformation modes of the PbX3
- framework has also been confirmed in 

the two-dimensional electronic spectroscopy study of Fleming and coworkers 36 and in the THz 

pump – visible probe experiments of Bonn and coworkers37 on  CH3NH3PbI3 thin films.  

Zhu and Podzorov hypothesized that the Coulomb screening through large polaron formation 

might explain the remarkable properties of lead halide perovskites.38 As a result of screening, the 

scattering of carriers with other carriers and charged defects is reduced, thus contributing to low 

recombination rate11 and defect tolerance.39–41 The screening also reduces further cooling of 

dressed carriers, thus contributing to long-lived energetic carriers in HOIPs.29,42 The polaron 

picture provides a better explanation of charge carrier mobility:  measured mobilities in lead 

halide perovskites are in qualitative agreement with calculations based on the large polaron 

model.27,31 Moreover, the large polaron model explains qualitatively the band-like transport 

characterized by a decrease of mobility with increasing temperature.38  Here, we provide our 

understanding of carrier mobility in HOIPs and point out a potential factor which has been 

overlooked: an additional reduction of charge carrier mobility from dielectric drag due to 

reorientational motions of dipoles. 

 

2. Mobility from the Feynman polaron model  

Electronic structure calculations of lead halide perovskites show small effective electron/hole 

masses of 0.1-0.2 me (me: bare electron mass),43–45 which corresponds to mobility of the order of 

103 cm2/Vs from prototypical band theory. However, experimental mobilities have been reported 

in the 10-100 cm2/Vs range,46 including those in single crystals.9,10,13,47,48 These lower mobilities 

are expected from the polaron model established by Feynman35,49 and Osaka50. This model 

covers the polaron physics from the weak to the strong coupling regime seamlessly and has been 

successfully applied to the analysis of a broad range of electronic materials, e.g., TiO2
51 and 

Bi12SiO20
52. In this model, the polaron is characterized by four parameters: the band effective 

mass (m), the longitudinal optical (LO) phonon frequency (ωLO) and the dielectric constant at 

higher and lower frequency than that of LO phonons, referred to here as optical (𝜀!"#) and static 

(𝜀!) dielectric constants, respectively. These parameters determine the Frohlich electron-phonon 

coupling parameter,33 αe-ph, defined by:  
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𝛼!!!" ≡
!!

ℏ
!

!!"#
− !

!!

!
!ℏ!!"

          (1) 

where e is the charge of an electron and ℏ is the reduced Planck constant. The value of αe-ph 

determines whether a polaron is in the large-intermediate polaron (αe-ph < 6) or a small polaron 

(αe-ph >> 6) regime, where large/small refers to the polaron radius.  

Using measurements of far-IR absorption spectra, Sendner et al. have calculated the 

properties of Feynman polarons in MAPbX3 (X=Cl, Br, I) and confirmed the polarons in lead 

halide perovskites are in the large-to-intermediate regime.27 Miyata et al. analyzed MAPbBr3 and 

CsPbBr3 with the Feynman polaron model and reported large polaron sizes and mobilities in 

conjunction with ab initio calculations.31 The calculated 𝛼e-ph values, polaron radii (𝜌), and 

mobilities (𝜇) from these two reports are shown in Table 1. These calculations gave the Frohlich 

coupling constants in the range of 1 - 3, polaron radii of 2.5 – 5.1 nm, and electron/hole 

mobilities of 40 - 200 cm2/Vs, all consistently in the regime of intermediate-to-large polarons. 

Overall, the calculated mobilities are higher than experimental values by more than a factor of 

two for the HOIPs.46 This might imply another intrinsic reduction in mobility which is not taken 

into account in the present analysis. 

Table 1: Key polaron parameters of lead halide perovskites calculated from the Feynman-Osaka 

theory at 300 K:27,31 Frohlich couplings (𝛼e-ph), large polaron sizes (𝜌), and room temperature mobilities 

(𝜇). The labels –e, –h, and -<e,h> correspond to values for electron, hole, and average e/h, respectively.  

Material 𝜶e-ph 𝝆 [nm] 𝝁 [cm2/Vs] Ref. 

MAPbI3 - <e, h> 1.72 5.1 197 Sendner et al. 27 

MAPbBr3 - <e, h> 1.69 4.3 158 Sendner et al. 27 

MAPbCl3 - <e, h> 2.17 2.7 58 Sendner et al. 27 

MAPbBr3 - h 1.87 3.1 79 Miyata et al. 31 

MAPbBr3 - e 1.54 4.2 150 Miyata et al. 31 

CsPbBr3 - h 2.76 2.5 41 Miyata et al. 31 

CsPbBr3 - e 2.64 2.7 48 Miyata et al. 31 
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3. Temperature dependence 

Much insight into the polarons can be obtained from the temperature dependence in charge 

carrier mobilities and recombination rates. These dependences can reveal whether the 

mechanism of transport is coherent band-like or incoherent hopping type.34 The large-

intermediate polaron, with radius larger than unit cell dimension, is characterized by coherent 

band transport with mobility decreasing with increasing temperature, dµ/dT < 0, as is the case in 

lead halide perovskites.38 This is in contrast to the transport of a small polaron, with radius 

smaller than unit cell dimension, which is characterized by thermally activated transport, dµ/dT 

>0.34 For an intermediate-large polaron, the quantitative temperature dependence in mobility 

reflects the origin of carrier scattering.  

Temperature-dependent transport and spectroscopy measurements in HOIPs have established 

scaling relationships of 𝜇 ∝ 𝑇!!, with γ varying in the range of 0.5 to 1.7,48,53–56 consistent with 

dµ/dT < 0 in band transport of large polarons. Interestingly, the commonly observed γ values of 

approximately 1.5 from various experiments, 

including Hall-effect measurement on single 

crystal MAPbBr3 in the cubic phase,48 and 

microwave, GHz, and THz spectroscopies on 

polycrystalline MAPbI3,53–56 are in agreement 

with the prediction of Bardeen and Shockley 

for acoustic phonon scattering in nonpolar 

semiconductors.57 However, this agreement 

could be incidental as theoretical analysis of 

acoustic phonon scattering in HOIPs yields 

charge carrier mobilities more than one order 

of magnitude higher than experimental 

values.58–61 Instead, theoretical analysis62 and  

temperature-dependent photoluminescence 

(PL) measurements63,64 suggest that 

longitudinal optical (LO) phonons should be 

the dominant origin of e-phonon scattering.  It 

is interesting to note that, due to the low energies of LO phonons in these materials (see below), 

	

Fig. 1. Temperature dependence of terahertz 

spectra. Complex-valued photoconductivity (real 

part in red, and imaginary part in blue) in 

MAPbIxCl3-x thin film as a function of 

temperature (between 300 and 77 K) measured at 

6 ps after photoexcitation. Solid and dashed lines 

represent the response for the tetragonal and 

orthorhombic phases, respectively. Black solid 

lines represent best fits to the Drude model. From 

Karakus et al. ref. 55.  
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one does not expect the exponential temperature dependence of scattering from LO phonons that 

is typically observed in ionic crystals 51. 

A temperature-dependent measurement also allows one to assess the role of molecular dipole 

rotation in HOIP across the phase transitions, from the low-temperature orthorhombic phase 

where the molecular dipole is frozen, to the intermediate tetragonal phase and the high-

temperature cubic phase where the molecular dipole attains increasing rotational freedom with 

temperature. Karakus et al. measured temperature dependent photo excited terahertz conductivity 

of highly crystalline MAPbI3 thin films over a temperature range of 77 – 300 K, Fig. 1.55 They 

observed a Drude-like response which manifests itself in the absence of negative imaginary part 

over a wide terahertz range. Note that even across the phase transition from the tetragonal to the 

orthorhombic phase, the Drude-like response was observed. From the fitting based on the Drude 

model, they successfully extracted the frequency of 

momentum scattering in the film as a function of 

temperature (4 fs-1 at 300 K, 13 fs-1 at 150 K). 

They also reported the scaling of 𝜇 ∝ 𝑇!!, with 

the power γ = 1.2 in the orthorhombic phase and γ 

= 1.5 in the tetragonal phase. This change in γ 

across the phase boundary suggests that dipole 

rotation, from a frozen geometry to hindered 

rotation, might play a role in the scattering 

mechanisms. Yi et al. examined Hall mobility in 

MAPbBr3 single crystals as a function of 

temperature, Fig. 2.48 They observed temperature 

dependent Hall mobility following the scaling law 

of 𝜇 ∝ 𝑇!!, with γ = 0.5 ±0.1 in the tetragonal 

phase and γ = 1.4 ±0.1 in the cubic phase. In addition to this change in γ values, they also 

observed an abrupt decrease (by a factor of two) in Hall mobility across the tetragonal-cubic 

transition. Such changes across the phase boundary again suggest the role of molecular dipoles, 

from hindered to nearly-free rotation, in the scattering mechanism. 

 

Fig. 2. Temperature dependence of Hall 
mobility in MAPbBr3 single crystal. The fits 
to µHall (cm2V-1s-1) ∝ T (K) -

γ give γ = 0.5±0.1 
in the tetragonal and γ = 1.4±0.1 in the cubic 
phases. From Yi et al. ref. 48. 
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Despite its qualitative success in explaining the low mobility, the Feynman polaron theory 

seems to overestimate the experimental charge carrier mobilities in HOIPs46 by at least a factor 

of ~two, as detailed in table 1.27,31 Moreover, the magnitudes of the temperature dependent 

changes also disagree: while the temperature dependent THz measurement in Fig. 1 suggests a 

decrease in scattering time from 13 fs to 4 fs – i.e. a threefold decrease – when temperature is 

increased from 150 K to 300 K,55 the Feynman polaron theory predicts the scattering time to 

decrease by a factor of 1.5 over the same temperature range – from 150 fs to 100 fs.65 Thus, the 

absolute scattering rate is underestimated in theory. Moreover, the polaron model27 predicts a 

rather weak temperature dependence of the mobility of γ = 0.6, which matches the observation of 

Hall mobility in MAPbBr3 in the tetragonal phase,48 but does not agree with the γ = 1.4-1.6 for 

MAPbI3 or for MAPbBr3 in the cubic phase.48,54–56 Filippetti et al. found γ = 1.5 dependence in 

their ab initio calculation,62 but the distinct temperature dependence in the different phases still 

cannot be fully explained. 

 

4. The unusual dielectric function 

HOIPs possess unusual dielectric functions in the THz to sub-THz range.66,67 In a 

conventional inorganic semiconductor, lattice vibrations including transverse optical (TO) 

phonons in the ~1-10 THz region contribute to the dielectric function (ε) and increases Re(ε) by 

a few to a few 10s of percent from the high-frequency electronic response (~100s THz).68 An 

HOIP is distinctively different, as illustrate for MAPbI3 in the tetragonal phase: (1) In the high 

frequency region (ν ≥10 THz), the real part of the dielectric function, εH ~ 4, is dominated by the 

electronic response, with a small contribution from intramolecular vibrations (10-100 THz); (2) 

In the intermediate frequency range, ν ≤ ~1 THz, the activation of TO phonons attributed to 

PbX3
- deformations increases Re(ε) by nearly one order of magnitude to εM ~ 35; (3)  Further 

decreasing the frequency to ν ≤ ~10 GHz activates nearly free rotation of the molecular dipoles 

and the corresponding Debye relaxation increases Re(ε) by another factor of ~2 to εL ~ 80. At 

even lower frequencies (< GHz), ion migration can affect the response. Overall, the response is 

rather unusual for a crystal and resembles that observed in a typical polar liquid where the 

dielectric response in the THz and sub-THz region is dominated by diffusive molecular 

rotations.69,70 In equation (1), the two dielectric constants, 𝜀!"# and 𝜀! , would normally 
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correspond to εH and εM in Fig. 3. 

While the LO phonons at ~1-2 

THz in Fig. 3 attributed to 

distortions of the PbX3
- sub-lattice 

are strongly coupled to charge 

carriers, leading to large polaron 

formation and the major lowering 

of charge carrier mobility,27,31,36,37 

the Feynman polaron model does 

not take into account the lower 

frequency molecular dipole 

rotations represented by the 

second step at ~10 GHz where 

Re(ε) is further increased from εM 

to εL. Although the molecular 

dipole motions are indirectly 

coupled to the electronic degrees 

of freedom, they may further slowdown charge carrier motion in the form of “dielectric drag”, as 

we elaborate below. A similar argument has been made by Anusca et al., who proposed that such 

a dielectric response results in a “hyperpolaron”, which is formed by additional screening of a 

Fröhlich polaron by the rotation motion of dipolar MA+ cations.67 

 

5. The possible role of dielectric drag 

Dielectric drag is a well-developed concept for charge transport in solutions.71,72 When a 

charge or ion is introduced into a polar solvent, the solvent will respond through the rotational 

relaxation of its molecular dipoles. Such solvation affects not only the total energy stabilization 

but also the ion conductivity because an ion needs to drag along the rotational motions of 

surrounding rotatable dipoles.71,72 This phenomenon is called dielectric drag. Since the dielectric 

function of an HOIP resembles those of polar liquids (Fig. 3), we propose that charge carrier 

mobility is determined by not only large polaron formation due to strong coupling to the LO 

 

Fig. 3. Real (top) and imaginary (bottom) part of the dielectric 
functions in tetragonal phase (solid) of MAPbI3 in the region of 
107 - 1011 Hz at 210 K (left) where the MA+ rotational 
relaxation response is included,67 and in the region of 1011 - 1013 
Hz at 300 K (right) where polar phonons of mainly the PbI3

- 
sub-lattice dominate.27  Dot lines are to guide the eye. 

	



ACS	Energy	Letters	

	 9	

phonons, but also dielectric drag due to rotational relaxation of the disordered molecular dipoles. 

There has been much confusion on these two types of lattice motions in recent literature on lead 

halide perovskites, but the underlying physical mechanism are qualitatively different. The 

standard definitions of optical (𝜀!"#) and static (𝜀!) dielectric constants are different for polaron 

formation and solvation. In the Feynman polaron model, 𝜀!"# and 𝜀! refer to the value of Re(ε) 

above and below the νLO, respectively. However, in models for dielectric drag (discussed below), 

the relevant region of the dielectric function bounds νrot, the frequency of molecular dipole 

rotation. It is therefore necessary to distinguish at least three relevant values for the dielectric 

permittivity to treat both physics on the same footing. Here we describe these as low (𝜀!), 

medium (𝜀!), and high frequency dielctric constants (𝜀!). Polaron formation is related to the 

difference in 𝜀! and 𝜀!, while solvation is characterized by 𝜀! and 𝜀!.  

To examine the significance of dielectric drag, here we start from the simplest equation of the 

motion of carriers, consistent with Drude-type spectral response previously observed over a large 

temperature range in THz pump-probe spectroscopy.55 The polaron experiences friction from 

dielectric drag (𝐹!!) in addition to friction from the Drude model (𝐹!). The equation of motion 

of the carriers under constant electric field, E, can be described as: 

𝑚
d𝑣
d𝑡 = 𝑞𝐸 − 𝐹! − 𝐹!!     (2) 

𝐹! =
𝑚𝑣
𝜏    (2a) 

𝐹!! = 𝜁𝑣   (2b) 

where m is the effective mass of the carrier (polaron mass); q is the carrier charge; v is the 

velocity of the carrier; τ is the polaron momentum scattering time; and ζ is the friction caused by 

dielectric drag.  To compare the relative significance of ζ with Drude scattering, we transform 

the above equation to 

𝑚
d𝑣
d𝑡 = 𝑞𝐸 −𝑚𝑣

1
𝜏 +

𝜁
𝑚 .   (3) 

which enables us to compare the two effects in the unit of scattering rate (s-1). According to the 

description of ζ established by Zwanzig in the continuum dielectric model,72 
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𝜁 =
3
4
𝑞!

𝑎!
𝜖! − 𝜖!

𝜖! 2𝜖! + 1
𝜏!   (4) 

where a is the ion radius; 𝜏! is a characteristic time of Debye relaxation. Here, we employed the 

case of slip boundary condition because the boundary of a polaron should not be as well-defined 

as that of an ion and we should expect less friction. Unlike the initial description by Zwanzig, 

Heitele pointed out that the characteristic time (𝜏!) is the LO component of Debye relaxation 

time described by 𝜏! = 𝜀𝑀/𝜀𝐿 𝜏! where 𝜏! is a Debye relaxation time.73 

Using this set of equations, we examine the case of MAPbI3. From terahertz 

photoconductivity measurements, the room temperature scattering rate in the film has been 

inferred from the Drude model  to be 𝑘!"! = 0.25 fs-1 with m=0.25 me.55 Within the framework 

presented here, this overall scattering rate 𝑘!"!  contains contributions from both polaron 

scattering and dielectric drag: 𝑘!"! = 1/𝜏 + 𝜁/𝑚. Estimating the contribution from dielectric 

drag, 𝜁/𝑚  , requires knowledge of four parameters: a, 𝜀!, 𝜀! and 𝜏!. We take a as large polaron 

radius of 5.1 nm.27 We take 𝜀!= 80 and 𝜀!= 35 to approximate the room temperature dielectric 

constant in the GHz-THz range.67 Dipole rotation time has been directly measured by anisotropy 

decay in two-dimensional infrared spectroscopy,74 which report the second order reorientation 

time, 𝜏(!)=3 ps, corresponding to a Debye relaxation time 𝜏!= 3𝜏(!) = 9 ps.75 While this 

constitutes a very crude estimate, inserting these values into equation (4) gives an effective 

scattering rate of  !
!

 = 0.9 fs-1. We must realize that this calculation over-estimates the effective 

scattering rate, as it assumes a complete and static response of the dipolar MA+ cations to the 

charge. In reality, an electron/hole cannot be considered as a static charge, since mobilities in 

perovskite materials are orders of magnitude higher than those of solvated ions or charges. To 

treat this properly, it is well-known that the wavevector dependence of dielectric functions 

should be taken into account for a truly quantitative understanding in the case of solvation 

dynamics.76–78 To correct for this overestimation, we consider the relative velocities of MA+ 

dipole rotation and charge carrier transport. The MA+ dipole reorientation time (jump-like 

motion) of 3 ps over π/2 corresponds to an angular rate of ~0.52 rad/ps, or vF = ~3 nm/ps for an 

MA+ cation in the first “solvation shell” at ~5 nm from the center of a large polaron. Dielectric 

drag affects both the thermal velocity and the drift velocity of the carriers. The thermal velocity 

of an electron or hole at room temperature is ve = (2kBT/m)1/2 = 200 nm/ps, where the effective 
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polaron mass is set at 0.25 me. We do not know the exact functional relationship between 

scattering rate and relative velocity. To the zeroth order approximation, we assume a linear 

scaling and this leads to the reduction of ~67x of the calculated scattering rate from equation (4). 

Note that the “jump-like” reorientational motion is not the fastest motion and the “wobbling-in-

a-cone” motion of MA+ is the nanoscopic cage is 10 times faster, with a time constant of ~0.3 

ps.74 If the wobbling motion dominates the polarization response, the calculated scattering rate 

from equation (4) should likely be reduced by one-order-of-magnitude, to !
!

 ~ 0.09 fs-1. This is 

~1/3 of the overall friction rate, 𝑘!"! = 0.25 fs-1.  

The above discussion suggests an experimental approach to probe the dielectric drag 

quantitatively using the drift velocity. The drift velocity of charge carriers can be controlled by 

an electric field, i.e., bias voltage. As an example, for a 200 nm thick thin film and a carrier 

mobility of 100 cm2V-1s-1, the drift velocity increases from 102 nm/ps to 103 nm/ps as the bias 

voltage increases from 2 V to 20 V. In the regime, the drift velocity can surpass the thermal 

velocity and an increase in drift velocity should decrease the relative contribution of dielectric 

drag to total scattering rate. 

Another limitation to the equation (4) comes from the fact that solvation of large polarons in 

the rather unique environment possessing crystal-liquid duality necessitates the treatment of a 

delocalized charge. While ions are slow and rigid, normally giving rise to hydrostatic friction, 

large polarons are relatively light and fast moving, and should be regarded as electron clouds 

with less well-defined boundary. We also note that the radius of the solvation shell is likely 

larger than the radius of the polaron (typically ~5 nm in these materials). Therefore the effect 

might only be quantified in a quantum dynamics calculation with large unit cells, a challenge to 

current computational software and hardware. It is tempting to predict that dielectric drag plus 

large polaron formation may solve the enigma in the mobility and its temperature dependence in 

HOIPs, but more sophisticated theories beyond the equation 4 at the static limit is needed. 

Importantly, Ma and Wang recently demonstrated that carrier localization could happen, 

mediated by the random orientation of molecular dipoles.79 They also made a connection 

between dipole rotation and the temperature dependence of the mobility.80 The approach of 

Wang and Ma is related to solvation in our discussion of dielectric drag, but their neglect of 

polaron formation from the PbX3
- sub-lattice is debatable. High-quality dielectric function 
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measurements in the range of GHz-THz over a broad temperature range are also necessary to 

capture dielectric response due to dipole reorientation in detail, and to shed light on the 

interesting issue experimentally.  

 

Summary and Outlook 

In this perspective, we introduce a potentially important concept to the understanding of 

charge carrier mobility in lead halide perovskites: the effect of dielectric drag. The dielectric 

drag might further clarify the physics behind carrier motion in HOIPs, including possible 

overestimation of mobility from the standard Feynman polaron theory and the temperature 

dependences in different phases where the rotational motion of molecular dipoles are most 

affected. The idea stems from the unique dielectric structure containing both solid-like phonon 

response mainly from the ionic lead-halide sub-lattice and rather liquid-like response from the 

rotational relaxation of dipoles in the voids of PbX3
- octahedrals. We emphasize that the physical 

origins of polaron formation and solvation are fundamentally different: polaron formation is due 

to coupling with LO phonon oscillation (1-10 THz), while solvation mainly originates from 

rotational relaxation (<1 THz) of disordered dipoles. This is the reason we treated these two 

effects separately. We estimated the significance of dielectric drag from the simplest continuum 

model and show it could be a significant factor limiting mobility of charge carriers in HOIPs. 

The concept of the coexistence of polaron formation and dielectric solvation is likely general in 

material systems featuring crystal-liquid duality, such as carrier dynamics in phonon-glass 

electron-crystal or semiconductor/liquid interface. Finally, we point out that, while the above 

discussions focus on HOIPs, the same arguments may apply to their all-inorganic counterparts. 

Large polaron formation is known to be dominated by deformation of the PbX3
- sub-lattice, 

irrespective of the cation type.27,31,36,37 The subsequent motion of the large polaron may also 

experience dielectric drag due to slower dielectric relaxation of dipoles resulting the rattling of 

the A+ with respect to the anionic PbX3
- cage.19  
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