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Correlated anharmonicity and dynamic disorder control carrier transport in halide perovskites
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Halide pervoskites are an important class of semiconducting materials that hold great promise for opto-
electronic applications. In this work we investigate the relationship between vibrational anharmonicity and
dynamic disorder in this class of solids. Via a multiscale model parametrized from first-principles calculations,
we demonstrate that the non-Gaussian lattice motion in halide perovskites is microscopically connected to the
dynamic disorder of overlap fluctuations among electronic states. This connection allows us to rationalize the
emergent differences in temperature-dependent mobilities of prototypical MAPbI3 and MAPbBr3 compounds
across structural phase transitions, in agreement with experimental findings. Our analysis suggests that the details
of vibrational anharmonicity and dynamic disorder can complement known predictors of electronic conductivity
and can provide structure-property guidelines for the tuning of carrier transport characteristics in anharmonic
semiconductors.
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Halide perovskites (HaPs) are crystalline semiconductors
that are relevant for a variety of technological applications,
in particular as photovoltaic materials [1–6]. The favorable
device characteristics of HaPs are seemingly rooted in their
optoelectronic properties [7,8]. In particular, they possess
direct band gaps and exciton binding energies smaller than
thermal energy at ambient conditions. These factors enable
strong sunlight absorption and rapid separation of electrons
and holes in HaP thin films. Furthermore, the low carrier
effective masses in these materials signal efficient electronic
transport. Together with low nonradiative recombination rates
[9], these properties enable efficient capture of light-generated
carriers at the contacts.

Interest in HaPs as a promising material platform is height-
ened by their tunability. In particular, chemical variation
across the A, B, and X ions of their ABX3 stoichiometry can,
in principle, create a knob with which to alter their properties
with seemingly small changes in their overall structure [10].
Indeed, the electronic, vibrational, and dielectric properties of
HaPs can be adjusted via tailoring their ionic composition
even in high-symmetry HaP phases [7,8,10]. This is rele-
vant technologically since it enables, e.g., control over the
fundamental band gap, which can be used to increase power-
conversion efficiencies of HaP tandem solar cells [11].
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However, the predictive power of established structure-
property relationships is challenged in HaPs because their
finite-temperature properties are unusual among optoelec-
tronic materials [12], especially with respect to their charge-
transport characteristics. Experiment and theory agree that
carrier mobilities around room temperature are limited by
phonon scattering [13]. However, several contradictions be-
tween experimental data and predictions from standard
transport theories remain unexplained [14]. Indeed, the con-
fluence of large amplitude, anharmonic atomic displacements
[15–28] in a polar lattice and dispersive electronic band struc-
tures [7,8,13] introduces behavior that is difficult to capture in
standard theoretical models [14,29–32].

Specifically, HaPs have been discussed to feature ultrashort
carrier relaxation times and mean free paths on the order of
only a few unit cells as shown experimentally and theoret-
ically [33–35], which violates the Mott-Ioffe-Regel (MIR)
criterion and renders the most widely used versions of stan-
dard kinetic theory inapplicable [14,36,37]. Related to this,
recent experimental [38] and theoretical studies [14,35,39]
have highlighted the shortcomings of Boltzmann transport ap-
proaches in explaining the charge-transport characteristics of
HaPs that have been established experimentally [13]. Support-
ing this viewpoint, high-level numerical treatments confirm
that in the Fröhlich polaron model a quasiparticle-based mo-
mentum representation of charge carriers is inadequate in the
intermediate coupling regime of relevance for semiconductors
such as HaPs [40]: it was shown that for the intermediate
coupling regime (α = 2.5) the MIR limit is violated in the
Fröhlich polaron model over a range of 0.2 < kBT/h̄ω < 10,
with h̄ω being an optical phonon energy [40]. Using h̄ωLO ≈
15 meV for MAPbI3 [41], this translates into a wide temper-
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ature range of 30 –1740 K where the MIR limit is violated
and standard kinetic theory does not apply, as more recently
reemphasized in Ref. [42].

In this context, it is interesting that the lattice dynam-
ics in HaPs are localized in real space because of strong
anharmonicity [16,22,28]. This type of vibrational anhar-
monicity occurs when the atomic motions in the system enter
regimes of the potential energy surface that deviate from the
harmonic approximation. However, traditional approaches to
both the Fröhlich polaron model and the Boltzmann trans-
port equation employ the harmonic approximation. Together
with the aforementioned further shortcomings of traditional
kinetic methods to describe carrier scattering in HaPs that
have been discussed in the literature, this motivates us to
explore a real-space theoretical approach that leaves aside a
purely particlelike momentum-space representation of carri-
ers. Parametrizing such a method from first principles and
comparing the mechanism of charge transport across related
materials enables us to detect how the transient localization of
carriers influences their mobility.

Previous work by several of the present authors on the
prototypical variant MAPbI3 demonstrated that for near
room-temperature conditions, dynamic disorder is prevalent.
Namely, large atomic displacements induce strong fluctua-
tions in electronic overlaps, which dictate carrier mobility and
its temperature dependence [39]. Lacroix et al. found that a
Fröhlich-type scattering, where strong disorder induces local-
ization of charge, is consistent with measured carrier diffusion
coefficients and experimentally measured mobility magni-
tudes [35]. Both studies centered on mechanisms where the
modulation of the electronic couplings by anharmonic atomic
displacements, which have been found to be substantially
nonlinear in MAPbI3 [39,43], are used to predict transport
properties. However, the precise connections between vibra-
tional anharmonicity and dynamic disorder are not known,
despite their relevance for various systems, including organic
[44–52] and ionic semiconductors, e.g., SrTiO3 [53]. Since
carrier scattering by phonons is a limiting mechanism for
electronic transport close to room temperature, rationalizing
the underlying microscopic origins and connections between
anharmonicity and dynamic disorder is clearly required for
the development of predictive structure-property relationships
for HaPs and similarly for a broader class of anharmonic
semiconductors. One way to establish such connections is
via comparison of related but distinct material compounds in
regard to their dominant scattering mechanisms and charge-
transport behavior.

In this Letter, we investigate carrier dynamics in the
prototypical anharmonic HaP semiconductors MAPbI3 and
MAPbBr3 through a multiscale theoretical model that is
parametrized from first-principles calculations. Analyzing the
temperature-dependent vibrational anharmonicity, it is found
that MAPbBr3 is significantly more anharmonic at lower
temperatures, in line with what can be expected from its
lower tetragonal-to-cubic phase-transition temperature. We
show that MAPbBr3 has a reduced carrier mobility com-
pared to MAPbI3 in this temperature range because of the
stronger anharmonicity of its lattice, which results in a weaker
mobility temperature dependence overall. A spectral analy-
sis of the dynamic disorder provides precise connections to

FIG. 1. Histograms of the Pb-X bond distances in MAPbI3 and
MAPbBr3 at 200 K (a) and 350 K (b), computed via force-field-based
MD calculations. The dashed lines are Gaussian fits to the respective
distributions, where deviations to the actual data signify vibrational
anharmonic effects. The mean value of Pb-X bond distances is set to
zero in all plots. Histograms have been normalized by dividing each
data point by the total number of points (number of bins: 50).

anharmonicity, since both effects become more similar in
the two compounds as temperature increases, until carrier
mobilities are comparable. Our work supports a transient
localization-type picture of carrier mobility in HaPs, where
carrier diffusion follows atomic vibrations. It is demonstrated
that carrier mobilities can be altered through anharmonicity
and dynamic disorder, establishing these effects as handles for
tuning transport properties in an important class of semicon-
ductors.

We perform molecular dynamics (MD) calculations of
MAPbI3 and MAPbBr3 to account for anharmonic vibra-
tions at various temperatures that include the tetragonal
and cubic phase of both materials. Specifically, we apply
previously reported force fields [54,55] in order to enable
large-scale/long-time MD calculations of 16 × 16 × 16 su-
percells (49 152 atoms) with LAMMPS [56] (see Ref. [57]
for details). Notably, the force-field MD calculations in-
clude anharmonic effects because they were shown to capture
phenomena in MAPbI3 and MAPbBr3 that are explicitly an-
harmonic, e.g., temperature-induced lattice expansions and
phase transitions [54,55].

Figure 1 shows histograms of computed Pb-X bond-
distances of the two compounds at 200 and 350 K that
were extracted from NV T -MD production runs following
extensive N pT -MD equilibration. At 200 K, the Pb-Br bond-
distance distribution is significantly more non-Gaussian than
its Pb-I counterpart. In particular, the histograms reveal that
deviations from Gaussian behavior for the larger-distance dis-
placements in MAPbBr3 are significantly more prominent at
that temperature. This can be quantified by calculating the
ratios of the standard deviations of the recorded Pb-X bond-
distance distribution and the Gaussian fit. At 200 K, they
are found to be 1.04 and 1.12 for MAPbI3 and MAPbBr3,
respectively, confirming that the latter is deviating more from
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the harmonic behavior. The finding agrees with expectations
borne from the substantially lower tetragonal-to-cubic phase-
transition temperature in MAPbBr3 (≈240 K) compared to
MAPbI3 (≈330 K) [58]. It can be rationalized by the larger
ionic radius of iodine, which implies that a higher thermal
energy is required for reaching an on-average cubic symmetry
of MAPbI3 compared to MAPbBr3.

In line with this expectation and our findings, previous
work found that MAPbI3 features a potential surface that is
significantly more anharmonic in the cubic than in the tetrag-
onal phase, where large-amplitude anharmonic displacements
accompanying octahedral tiltings are confined to occur only
in two spatial dimensions [59]. Furthermore, recent neutron-
scattering experiments comparing the two compounds found
that the disorder correlation length is significantly shorter
in MAPbBr3 at lower temperature, in line with our findings
[28]. Accordingly, above the phase-transition temperature of
MAPbI3 at 340 K, when both materials are in the cubic
phase, differences in the bond-distance distributions are mi-
nor and the two compounds are similarly anharmonic (see
Fig. 1). Calculating the ratios of the standard deviations of the
recorded Pb-X bond-distance distribution and the Gaussian fit
like above, we find them to be 1.08 and 1.12 for MAPbI3 and
MAPbBr3, respectively, confirming that at 350 K the degree
of anharmonicity in both compounds is more similar than at
200 K. The differences in anharmonic vibrational behaviors
of MAPbI3 and MAPbBr3 at lower and higher temperatures
allows for a determination of the impact of this effect on
finite-temperature electronic structure and carrier dynamics.

We determine the finite-temperature electronic properties
through a multiscale tight-binding (TB) model (see [57]
and Ref. [39] for details) that is parametrized via first-
principles MD and one-shot Wannier projections onto a
local atomic basis [60]. We use density functional theory
(DFT) as implemented in VASP [61] and QUANTUM ESPRESSO

[62], and the Perdew-Burke-Ernzerhof functional [63] aug-
mented by Tkatchenko-Scheffler dispersive corrections [64]
for these calculations (see Ref. [57] for details). Impor-
tantly, this TB model is sensitive to structural fluctuations
via inclusion of distance-dependent on-site and overlap terms
in the Hamiltonian that are fitted using DFT-based MD.
The model employs temperature-dependent trajectories from
force-field-based MD to obtain statistical information on the
finite-temperature electronic structure and uses this infor-
mation in conjunction with quantum-dynamical simulations
of the carrier dynamics. The latter are performed using an
Ehrenfest approach that neglects the back-reaction forces on
the lattice, applied on 96 × 96 × 96 real-space supercell Pb-
X motifs. The impact of back-reaction forces on the carrier
scattering is expected to be small: formation of a Fröhlich
polaron would require coherent long-wavelength vibrations
whereas in HaPs the relevant lattice dynamics are localized
in real space.

The resulting temperature-dependent carrier mobilities of
MAPbI3 and MAPbBr3 are shown in Fig. 2. In the re-
gion where MAPbBr3 was found to exhibit more profound
anharmonicity than MAPbI3 (200–300 K; cf. Fig. 1), its mo-
bility is reduced and its temperature dependence is flatter.
When temperature is increased, progressively more anhar-
monic displacements appear in MAPbI3 and the temperature

FIG. 2. Temperature-dependent charge-carrier mobilities (sum
of electrons and holes) for MAPbI3 and MAPbBr3 computed via our
multiscale TB model and quantum dynamics approach. The lines
represent best fits to the power-law behavior of the temperature-
dependent mobility data.

dependence of its mobility is concomitantly altered. Close to
room temperature, where MAPbI3 is still in the tetragonal
phase, its carrier mobility remains noticeably higher than that
of MAPbBr3. Interestingly, at 350 K the carrier mobilities of
the compounds are comparable, since both are in the cubic
phase and their atomic dynamics are similarly anharmonic (cf.
Fig. 1).

The observed power-law behaviors of the mobilities (see
Fig. 2) are in broad agreement with experimental observa-
tions [13,33,38,65–71]. In particular, the room-temperature
mobility magnitudes and the finding that MAPbI3 is more
conductive than MAPbBr3 at that temperature match well
with recent experimental findings [72]. It is noted that per-
fect agreement between theory and experiment, both for
mobility magnitudes and temperature dependencies, cannot
be expected because of experimental variations induced by
sample fabrication and characterization methods [13] as well
as neglect of certain mechanisms, e.g., defect scattering,
in our model. Furthermore, our model applies approximate
treatments to calculate electronic properties and their de-
pendencies on structural fluctuations, which may lead to
additional inaccuracies. The finding that our approach cor-
rectly captures the changes of the mobility characteristics
when comparing MAPbI3 and MAPbBr3 signifies that the
model accounts for the carrier scattering mechanisms that
determine charge-transport behavior in these materials. In the
following, we will provide a detailed description of these
mechanisms.

We investigate the connections between anharmonicity
and dynamic disorder through a statistical analysis of the
temperature-dependent atomic and electronic dynamics. The
vibrational density of states (VDOS) at 300 K [see Fig. 3(a)]
shows prominent terahertz-range contributions in both com-
pounds and a slight shift of the MAPbBr3 spectrum to higher
frequencies. A spectral analysis of the finite-temperature fluc-
tuations of the corresponding on-site and overlap terms in the
TB model is presented in Figs. 3(b) and 3(c). Importantly,
pronounced intensities in the tppσ overlap fluctuations, which
is the dominant scattering channel for carriers in these ma-
terials [39,57], appear in a similarly low-frequency region as
the pronounced intensities in the VDOS [cf. Figs. 3(a) and
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FIG. 3. Vibrational density of states [VDOS; panel (a)] and spec-
tral densities of on-site [panel (b)] and the tppσ overlap terms [panel
(c)] at 300 K. Spectral densities were computed from instantaneous
fluctuations occurring in the multiscale TB model. The dashed line
shows an artificial signal for the tppσ spectral density where fluctua-
tions have been manually increased by 20%, which caused a mobility
reduction of ≈20 cm2/Vs. All panels show the low-frequency region
of the spectra.

3(c)]. Furthermore, a shift to higher frequencies is seen in the
tppσ fluctuations for MAPbBr3, similar to what is observed
in the VDOS. Therefore, the overlap fluctuations follow the
VDOS in both compounds. At 300 K, these fluctuations are
more pronounced in the more anharmonic MAPbBr3: stan-
dard deviations of the tppσ fluctuations are 0.21 and 0.23 eV
for MAPbI3 and MAPbBr3 at 300 K, respectively, confirming
that the more anharmonic MAPbBr3 is more dynamically
disordered at that temperature.

To connect these findings to carrier dynamics, we construct
a series of artificial on-site and coupling signals augmenting
the original TB Hamiltonian (see Ref. [57]). Interestingly,
when we increase the fluctuations in the tppσ couplings of
MAPbI3 [see Fig. 3(c) for the corresponding spectral density]
its carrier mobility is significantly reduced (by 20 cm2/Vs)
at 300 K, while changes to the on-site terms have a smaller
effect and a shift of the fluctuations to higher frequencies is
inconsequential [57]. Therefore, what distinguishes the car-
rier dynamics in the two materials at lower temperature are
differences in the degree of dynamic disorder.

Having established the critical role of dynamic disor-
der for the carrier mobility through the tppσ fluctuations, it
is interesting to analyze their temperature dependencies in
both materials. Figure 4 shows temperature-dependent relative
fluctuations in Pb-X bond distances and tppσ overlaps for the
two compounds. Concurrent with the more anharmonic be-
havior of MAPbBr3 at lower temperatures are larger relative
fluctuations in bond distances compared to MAPbI3, which
become more similar as temperature is raised. Similarly, the
relative fluctuations in tppσ overlaps are larger in MAPbBr3

at lower temperatures, but those of MAPbI3 increase more
strongly as temperature is raised, until they are very similar
in the two materials at 350 K where both materials are in

FIG. 4. Relative fluctuations in Pb-X bond distances and tppσ

overlaps for both materials as a function of temperature. Data cal-
culated as the ratio between the standard deviation (σdPb-X and σtppσ

,
respectively) and mean value (dPb-X and tppσ , respectively).

the cubic phase. Together with the findings outlined above,
these data show that anharmonicity and dynamic disorder are
microscopically connected and appear to be the two critical
factors determining the carrier mobility and its temperature
dependence in HaPs.

Finally, we discuss the implications of our findings for
modeling of electron-phonon interactions in soft, anharmonic
materials more broadly. It is useful to attempt to rationalize
our findings presented in Fig. 2 from a purely electronic
structure perspective, using the static crystal structures and
effective masses of the tetragonal and cubic phase for both
materials. We find that the effective mass of MAPbI3 is indeed
lower than that of MAPbBr3, in line with the majority of
previous studies [12,73–81], which seemingly explains the
trend we find up to ≈300 K. However, changes in the relative
differences of the effective masses of the two compounds upon
undergoing the tetragonal-to-cubic phase transition show that
they are significantly more similar in the tetragonal phase than
in the cubic phase [57], which is opposite to the trend exposed
in Fig. 2.

The effective masses of the compounds alone cannot ex-
plain our findings, which signifies potential limitations of
a momentum-space quasiparticle representation of carriers
at finite temperature in these systems. Indeed, established
electron-phonon models rooted in band theory apply static
electronic band structures as a starting point in a perturbative
treatment of finite-temperature effects, for which the afore-
mentioned findings concerning effective masses suggest that
their predictive power may be limited. As a case in point,
previous theoretical studies applying band theory and the
Boltzmann transport equation generically report stronger mo-
bility temperature dependencies at lower temperatures when
HaPs adopt lower-symmetry phases [29,82,83]. By contrast,
experimental studies on various HaP compounds have consis-
tently reported stronger mobility temperature dependencies in
high-symmetry phases [33,38,68,69].

L081601-4



CORRELATED ANHARMONICITY AND DYNAMIC DISORDER … PHYSICAL REVIEW MATERIALS 7, L081601 (2023)

In contrast to methods based on a momentum-space rep-
resentation and perturbative electron-phonon couplings, the
approach adopted here does not rely on band theory. Rather
it includes all carrier-phonon scattering effects that arise in
the semiclassical treatment of the finite-temperature atomic
motion in the material [14,39]. Several methods based on
effective harmonic potentials have been developed to extend
the perturbative momentum-space electron-phonon methods
to anharmonic materials [31,84]. However, the non-Gaussian
nature of the atomic displacements in Fig. 1 suggests that no
effective harmonic potential would fully capture the lattice
dynamics in MAPbI3 and MAPbBr3. This has been discussed
also for the related CsPbBr3 compound in previous work [85].
Additionally, perturbative momentum-space methods typi-
cally employ a linear electron-phonon coupling and neglect
phonon scattering resulting from anharmonicity, which are
central to the lattice dynamics in HaPs [15–28]; such limita-
tions are not present in our method. Moreover, our treatment
of the quantum dynamics also accounts for the electronic
dynamics at a higher level of theory than semiclassical Boltz-
mann transport approaches and it naturally includes interband
effects that are often excluded in other methods. Therefore,
we hypothesize that the increased anharmonicity and dynamic
disorder we found using this method reduces carrier mo-
bilities and thus resolves remaining contradictions between
experiment and theory on the carrier-scattering mechanisms
that are active in HaPs. Hence, including finite-temperature
effects directly into a dynamic disorder-based representation
of the carrier scattering enhances the predictive power of the
theory.

In summary, we have studied the connections between
anharmonicity and dynamic disorder by comparing two pro-
totypical variants of anharmonic semiconductors, namely,
the HaPs MAPbI3 and MAPbBr3. Using a TB model that
is parametrized from first-principles calculations, MD sim-
ulations, and semiclassical quantum dynamics, we have
rationalized subtle differences in the power-law behavior of
temperature-dependent mobilities for both compounds. Most
critically, we demonstrated that charge carriers follow the

atomic dynamics by revealing that in the temperature re-
gion where MAPbBr3 is more anharmonic, its charge-carrier
mobility is reduced. Our model and the real-space picture
underlying it enabled us to determine that anharmonicity
and dynamic disorder are connected to one another, and
that they critically impact carrier mobility characteristics,
including their temperature dependencies, in a systematic
manner. These findings have relevance for the development
of structure-property relations that promises to be useful for
tuning the properties of a wide class of semiconductors and
anharmonic solids, as well as for the devices that utilize the
relations for materials design.
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