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The role of data in modern materials science becomes more valuable and accurate when effects such
as electron-phonon coupling and anharmonicity are included, providing a more realistic representation of
finite-temperature material behavior. Furthermore, positional polymorphism, characterized by correlated local
atomic disorder usually not reported by standard diffraction techniques, is a critical yet underexplored factor
in understanding the electronic structure and transport properties of energy-efficient materials, like halide
perovskites. In this manuscript, we present a first-principles methodology for locally disordered (polymorphous)
cubic inorganic and hybrid halide perovskites, rooted in the special displacement method, that offers a systematic
and alternative approach to molecular dynamics for exploring finite-temperature properties. By enabling a unified
and efficient treatment of anharmonic lattice dynamics, electron-phonon coupling, and positional polymorphism,
our approach generates essential data to predict temperature-dependent phonon properties, free energies, band
gaps, and effective masses. Designed with a high-throughput spirit, this framework has been applied across
a range of inorganic and hybrid halide perovskites: CsPbI3, CsPbBr3, CsSnI3, CsPbCl3, MAPbI3, MAPbBr3,
MASnI3, MAPbCl3, FAPbI3, FAPbBr3, FASnI3, and FAPbCl3. We provide a comprehensive comparison be-
tween theoretical and experimental results and we systematically uncover trends and insights into their electronic
and thermal behavior. For all compounds, we demonstrate strong and consistent correlations between local
structural disorder, band gap openings, and effective mass enhancements. We present anharmonic phonon
quasiparticle dispersions and show that both electron-phonon coupling and thermal expansion contributions to
the band gap are significantly affected by local disorder, improving agreement with experiment. Furthermore, we
discuss deviations from these trends in Sn-based compounds, which we attribute to the enhanced stereochemical
activity of the Sn lone pair. We also present phonon spectral functions of polymorphous structures that illustrate
the breakdown of the phonon quasiparticle picture in these soft materials. For hybrid halide perovskites, we
introduce the concept of reference structures to address the complex interplay of disordered orientations of MA
and FA molecules with the inorganic sublattice distortions, affecting both anharmonicity, transverse optical and
longitudinal optical phonon frequencies, and electron-phonon coupling. Our work underscores the potential of
integrated, high-throughput computational frameworks to transform the discovery and optimization of halide
perovskite photovoltaic devices at finite temperatures.

DOI: 10.1103/67c2-yzjw

I. INTRODUCTION

Halide perovskites, either layered, bulk, nanocrystals, or
heterostructures, are attracting immense interest due to their
impressive power conversion efficiencies in optoelectronics,
with new candidates emerging constantly [1–22]. Several
key challenges in the field of halide perovskites remain
partially unexplored and continue to be active areas of re-
search. These include gaining a deeper understanding of (i)
the complex anharmonic potential energy surface responsible

*Contact author: zachariasmarios@gmail.com
†Contact author: jacky.even@insa-rennes.fr

for the formation of local structure/disorder [23–35], anhar-
monic lattice vibrations [25,30,36–42], and phase stability
[25,43–46], and (ii) anharmonic carrier-phonon coupling and
its role to the electronic structure renormalization [30,47–50],
temperature-dependent optical absorption, photolumines-
cence (PL) [51–59], carrier mobilities [52,60–64], polaron
formation [65–81], and ultrafast nonequillibrium dynam-
ics [69,82–84].

The seminal work by Stoumpos et al. [60] has brought
to light the strong dependence of structural, optical, and
electronic properties of hybrid (organic-inorganic) metal io-
dide perovskites on composition and synthesis conditions.
One key element for understanding the peculiar proper-
ties of these materials is the description of correlated local
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FIG. 1. Top view of the schematic representation of an an-
harmonic PES showing minima and maxima defined by the
polymorphous (locally disordered) and monomorphous halide per-
ovskite structures, respectively. �τ indicates atomic displacements
away from static-equilibrium positions of the monomorphous struc-
ture along the Cartesian directions x and y. The example ABX3

structure used at the top is for MASnI3 and consists of the A-site
cation (MA), the B-site metal (Sn), and the X-site halide anions (I).
In this study we explore cases where A = methylammonium (MA),
formamidinium (FA), or Cs, B = Pb or Sn, and X = I, Br, or Cl.

disorder (positional polymorphism) [26,30,85–87] in the
tetragonal and cubic high-symmetry perovskite structures,
not distinct in standard diffraction experiments [88,89]. In
particular, positional polymorphism represents multiple do-
mains of local disorder at static-equilibrium that define a
minimum in the system’s anharmonic potential energy sur-
face (PES), as shown in Fig. 1. These domains can be
identified experimentally by local probes such as pair dis-
tribution functions [24,33,90] or nuclear magnetic resonance
spectroscopy [91] and are present in crystals not exclusive
to perovskites [92–94]. In halide perovskites, local disorder
manifests through B-site (metal) off-centering, which induces
the formation of stereochemically active lone pairs [27], oc-
tahedral tilting, and a distribution of A-site cations within the
octahedral voids. Despite the presence of positional polymor-
phism in tetragonal and cubic phases, the overall structure,
on a macroscopic level, retains the average high-symmetry
crystallographic form, as reported by traditional diffraction
techniques. The quasistatic network of local structures also
mimics the very slow structural relaxations [30,93], where

the system does not settle into a single minimum but instead
fluctuates between multiple low-energy configurations.

Ab initio electronic structure and electron-phonon cal-
culations for halide perovskites typically utilize a simple
monomorphous network, which can be described by a min-
imal unit cell [10,49,62,95–107]. However, this structure is
dynamically unstable, corresponding to a local maximum
on the PES (Fig. 1). As a result, density-functional theory
(DFT) calculations in halide perovskites based on monomor-
phous cells fail to capture the physics related to the more
stable polymorphous networks, which are known to signif-
icantly influence the electronic structure [26]. In Ref. [30],
relying on the anharmonic special displacement method
(ASDM) [42,108,109], we have introduced a bottom-up ab
initio approach for the exploration of polymorphous structures
and a unified treatment of the complex interplay between local
disorder, anharmonicity, and electron-phonon coupling. We
have demonstrated using the case of inorganic Cs-based halide
perovskites that local disorder plays a key role to accurately
describe strongly overdamped vibrational dynamics, anhar-
monic electron-phonon coupling, and temperature-dependent
band gaps. In Ref. [110], we have generalized and applied
our approach in a high-throughput framework to the computa-
tionally more demanding and technologically more significant
case of cubic hybrid halide perovskites.

In this paper, we provide a detailed description of our
approach and conduct a comprehensive comparative analysis
of 12 materials (4 FA-, 4 MA-, and 4 Cs-based compounds)
through large-scale calculations for 120 polymorphous struc-
tures (i.e., 10 structures each) using supercells. We obtain the
following results:

(i) We introduce the concept of reference structures for
hybrid halide perovskites, different than the monomorphous
structures, where disorder is accounted initially only for the
molecules. The reference structures enable the separation
of the effects arising from the distinct dynamics of organic
molecules and facilitate systematic comparisons with the
electronic structure of the corresponding fully polymorphous
states.

(ii) We quantify local disorder in terms of B-X bond length
and B-X-B bond angle distortions and demonstrate strong
correlations with the increase in band gap and effective masses
induced by positional polymorphism.

(iii) We demonstrate that the extent of local disorder is
influenced by the size of the A-site cation, with FA-based
compounds exhibiting the least positional polymorphism, fol-
lowed by MA-based compounds, and Cs-based compounds
displaying the highest degree of polymorphism.

(iv) We compute anharmonic phonons at finite temper-
atures within the self-consistent phonon theory based on
reference structures, and present phonon quasiparticle dis-
persions for all compounds. Our results compare well with
diffuse scattering maps and phonon frequencies measured by
various experimental techniques. We also discuss the role of
A-site cations and X-site anions to transverse optical (TO) and
longitudinal optical (LO) phonon splitting.

(v) We calculate the free energies and Boltzmann-weighted
averages of temperature-dependent band gaps of all cu-
bic compounds using several reference and polymorphous
structures, to account for configurational entropy effects.
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Our results highlight the critical role of local disorder in
achieving accurate anharmonic electron-phonon coupling cal-
culations, which result in unprecedented agreement with
experiments [44,52,54–59,61,111].

(vi) We distinguish the contributions of thermal expansion
and electron-phonon coupling to band gap renormalization,
demonstrating that they do not contribute equally, contrary
to common assumptions [112,113]. Overall, electron-phonon
coupling dominates for Cs-based and MA-based compounds,
reaching as high as 97% while for FA-based compounds
thermal expansion plays more important role. For locally dis-
ordered Sn-based compounds, we find an enhanced thermal
expansion contribution to the band gap renormalization due
to the enhanced lone pair activity, promoting Sn-I-Sn bond
angle bending under lattice expansion.

(vii) We calculate temperature-dependent hole and electron
effective masses of all cubic compounds using both reference
and polymorphous structures. The effective mass enhance-
ment due to polymorphism and electron-phonon coupling
reach as high as one order of magnitude, improving agreement
between calculated and measured reduced effective masses.

(viii) We show that, starting from maximally symmetrized
reference structures, even one polymorphous configuration
can be enough to calculate anharmonic electron-phonon prop-
erties in some systems.

(ix) We show that positional polymorphism leads to a
continuum of strongly overdamped vibrations and the break-
down of the phonon quasiparticle picture obtained by standard
approaches to anharmonicity applied to monomorphous or
reference cells [42,47,49].

(x) We demonstrate the role of local disorder to accurately
describe the band gap variations across different phases.

We organize the manuscript as follows: In Sec. II
we introduce the theory underpinning our electron-phonon
coupling, temperature-dependent electron energies, polymor-
phous structure, and anharmonic phonon calculations via
the ASDM. Section III describes our main methodology for
computing anharmonic electron-phonon properties in locally
disordered halide perovskites, starting from reference struc-
tures. In the same section, we show the total energy lowering
obtained for locally disordered structures with respect to
reference structures and present strong correlations of the
band gap widening and effective masses enhancements with
bond length and angle variations. We also demonstrate our
methodology for computing anharmonic phonon quasiparticle
dispersions, and free energies, as well as Boltzmann-weighted
averages of temperature-dependent band gaps and effective
masses of MAPbBr3 and FAPbI3. In Sec. IV, we provide a
case-by-case analysis of all 12 halide perovskites, showing
band gaps at the DFT and hybrid functional levels, DFT
effective masses, analyzing anharmonic phonon dispersions
and TO, LO phonon energies, and temperature-dependent
band gaps and effective masses calculated within the ASDM.
Where available we compare our results with state-of-the-art
GW calculations. In the same section, we analyze the electron-
phonon and thermal expansion contributions to the band gap
renormalization for each material. In Sec. V, we present a
general comparison and discussion of our results focusing on
electronic structure modifications due to local disorder, the
band gap across different polymorphs, LO-TO splitting, the

breakdown of the phonon quasiparticle picture, and thermal-
induced renormalization. Section VII summarizes our key
results and conclusions as well as provides avenues of future
work.

II. THEORY

In this work, we employ the ASDM [42,108,109] for the
simulation of polymorphous structures, phonon anharmonic-
ity at finite temperatures, and anharmonic electron-phonon
coupling. The ASDM is classified as an efficient nonperturba-
tive supercell approach. In this method, atoms are displaced
according to a special linear combination of the computed
phonon eigenvectors with amplitudes determined by the asso-
ciated root mean squared displacements. It allows the genera-
tion of a single optimal structure that best represents the sys-
tem at thermal equilibrium within the supercell under study. In
other words, the ASDM generates, essentially, deterministic
high “quality” locally disordered and thermal configurations,
replacing the need for stochastic samplings or molecular dy-
namics simulations used in nonperturbative simulations of
phonon anharmonicity and/or electron-phonon coupling.

A. Electron-phonon coupling

Compared to perturbative methods for electron-phonon
coupling [114–122], nonperturbative approaches offer some
advantages [108,109,123,124]. For instance, nonperturba-
tive methods inherently capture electron-phonon coupling
through the adiabatic response of electrons to nuclear dis-
placements in supercells, eliminating the need for explicit
calculation of electron-phonon matrix elements. More, these
approaches account for higher-order electron-multiphonon in-
teractions [102] and low-frequency structural relaxations [30],
which are known to be important in halide perovskites. An-
other strength of nonperturbative methods lies in their ability
to unify the treatment of anharmonicity and electron-phonon
coupling, allowing to explore the complex potential energy
surfaces of anharmonic systems [30,50,123,125,126]. This
capability is central in this work to seamlessly accommodate
positional polymorphism in our first principles calculations.
Nonetheless, understanding the physics captured by nonper-
turbative approaches requires establishing a direct link to
perturbative expressions. The standard electron-phonon ma-
trix element is defined as [108,115]

gnmν =
√

h̄

2M0ων

〈ψn| ∂U {τ }
KS

/
∂xν |ψm〉, (1)

where h̄ is the reduced Planck constant, M0 is the proton mass,
and ψn, ψm represent two electron states coupled by a phonon
of normal coordinate xν and frequency ων . UKS is the DFT
Kohn-Sham (KS) potential determined by the electron density
with the system at static-equilibrium and depends parametri-
cally on the nuclei positions {τ }. The KS energy calculated
in a fixed nuclear configuration corresponds to a point on the
PES.

B. Temperature-dependent electron energies

It is apparent from Fig. 2(a) that whenever the system
is in static equilibrium (i.e., when the forces acting on the
atoms are zero), it can reside at a local maximum, a local
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FIG. 2. (a) Schematic representation of the transitions of the PES from the monomorphous to the polymorphous, and from the poly-
morphous to the reference structure, indicated by ball and stick models of cubic FAPbI3. (b) DFT total energy lowering per formula unit
(�U ) of polymorphous cubic halide perovskites relative to their reference structures, evaluated using Eq. (11), assuming T = 300 K, and 10
configurations in 2×2×2 supercells for each system. One formula unit (f.u.) refers to the unit cell containing 5 atoms. Horizontal gray, red,
and light-blue lines indicate the mean �U of FA-, MA-, and Cs-based compounds, respectively. (c)–(h) Scatter plots showing the dependence
of the band gap and effective mass increase due to polymorphism on the average B-X bond length and B-X-B bond angle variations. The 120
data points correspond to 10 polymorphous configurations generated for 4 FA (black), 4 MA (red), and 4 Cs (blue)-based compounds. The
straight thick lines represent the least-squares regression fit to the data, with the slopes indicated on each plot. The shaded regions represent
three standard deviations on either side of the lines. All calculations refer to the DFT-PBEsol approximation. Our calculations for the band
gaps and effective masses include spin-orbit coupling (SOC) effects.
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minimum or a saddle point on the PES. In view of Eq. (1),
using either a monomorphous, a reference, or a polymorphous
structure is expected to have a direct impact on first-principles
electron-phonon calculations. Not only a different point on the
PES is entering Eq. (1), but also the phonon frequencies ων

and electron wavefunctions ψn are renormalized by choosing
a different structure.

In this work, we focus on electron-phonon renormalized
KS energies εn which can be written in terms of normal
coordinates as [108]

�εn(T ) = 1

2

∑
ν

∂2εn

∂x2
ν

σ 2
ν,T + 3

4!

∑
ν,μ

∂4εn

∂x2
ν∂x2

μ

σ 2
ν,T σ 2

μ,T

+O(σ 6) · · · . (2)

Here, �εn(T ) = εn(T ) − εn, where εn(T ) is the electron en-
ergy at temperature T and εn is the electron energy with the
system at static equilibrium. σ 2

ν,T represents the mean square
displacements of the atoms along a phonon mode given by

σ 2
ν,T = h̄

2M0ων

(2nν,T + 1), (3)

where the nν,T = [exp(h̄ων/kBT ) − 1]−1 is the Bose-Einstein
occupation of the mode and kB is the Boltzmann constant.
Eq. (2) is obtained by taking a Taylor expansion of εn with
respect to the normal coordinates xν and applying the standard
thermal average as a multivariate Gaussian integral [108].

To make a connection with perturbation theory, we
adopt the adiabatic Allen-Heine (AH) theory [127,128] of
temperature-dependent band structures and express εn(T ) in
terms of electron-phonon matrix elements, considering terms
up to second order in normal coordinates:

�εAH
n (T ) =

[∑
β �=n

|gnβν |2
εn − εβ

+ hnνν

]
(2nν,T + 1), (4)

where the first term inside the square brackets rep-
resents the Fan-Migdal contribution and hnνν=h̄/2M0ων

〈ψn| ∂2U {τ }
KS /∂x2

ν |ψn〉 represents the Debye-Waller contribu-
tion to electron-phonon renormalized band structures [115].
We note that the electron-phonon matrix elements [Eq. (1)]
entering Eq. (4), when computed within the harmonic approx-
imation, may be ill-defined if the system exhibits imaginary
phonon modes. This is usually an artifact of applying the
harmonic approximation to an inherently anharmonic system.
This underscores the need to explicitly consider the system’s
anharmonicity, as discussed in Secs. II C and II D. Another
source of anharmonicity affecting the electronic structure
at finite temperatures is thermal lattice expansion, which is
treated separately in this work, as discussed in Ref. [110] and
Sec. VI F.

C. Polymorphous structure exploration

At a local maximum (or a saddle point), unstable phonons
arise due to the negative curvature of the potential en-
ergy surface in certain directions, resulting in imaginary
phonon frequencies (ω2

ν < 0) that imply a dynamic instability.
Hence, the monomorphous and reference structures, shown
in Fig. 2(a), are dynamically unstable. Displacing the atoms
of the monomorphous or reference structures along phonon

eigenvectors corresponding to imaginary phonons indicates a
direction in which the system can lower its energy and move
toward a more stable configuration. However, achieving the
polymorphous structure (i.e., a local minimum on the PES)
through a linear combination of such eigenvectors is a chal-
lenging task. Instead, we first test displacing the atoms of the
reference structure in a supercell along the phonon eigenvec-
tors associated with imaginary phonons using displacements
given by

�τpκα = (M0/Mκ )
1
2

∑
ν,ω2

ν<0

epκα,ν xν . (5)

Here p is an index for the unit cells comprising the supercell,
α denotes a Cartesian direction, and xν represents the normal
coordinates that determine the magnitude of displacement.
This initial step allows the system to escape from a saddle
point [point 1 in Fig. 2(a)] and move toward a more stable
configuration [point 2 in Fig. 2(a)], depending on the value of
xν . As a final step, the system is driven toward a local min-
imum [point 3 in Fig. 2(a)] by relaxing the atomic positions
while keeping the lattice constants fixed.

Using the example of CsPbI3 for a 2×2×2 supercell, we
tested the values xν = {0.05, 0.5, 1, 2, 3, 4, 5} Å to initially
displace the atoms of the reference structure using Eq. (5),
followed by structural relaxation. For xν = {0.5, 1, 2} Å, the
system reached a polymorphous structure, resulting in a total
energy lowering of 121 meV relative to the reference struc-
ture. For xν = {3, 4, 5} Å, the system converged to a saddle
point with a total energy reduction of 108 meV, whereas
for xν = 0.05 Å, the system returned back to the reference
structure.

As a more consistent escape step from the unstable
stationary point, we employed Zacharias-Giustino (ZG) dis-
placements, the key element of the ASDM, which are defined
as [108]

�τZG
pκα (T ) = (M0/Mκ )

1
2

∑
ν,ω2

ν>0

Sν epκα,ν σν,T . (6)

Here, the summation is performed over stable phonons modes
with ω2

ν > 0 and Sν represents signs associated with each
eigenvector. These signs are assigned combinatorially by
ZG.x of EPW [121] to ensure that the anisotropic displace-
ment parameters are closely reproduced [109]. Using CsPbI3,
we tested ZG displacements for T = 0 K. While the system
after the escape step moves toward a less stable configuration
than the reference structure, the final relaxation step leads to
a polymorphous structure with the same energy lowering of
121 meV, as achieved using Eq. (5) for xν = {0.5, 1, 2} Å. We
note that for generating polymorphous structures with distinct
atomic coordinates, one can employ different initial sets of
ZG displacements by using various permutations of the set of
signs Sν or different temperatures T .

In this work, we employed ZG displacements [Eq. (6)] for
T = 0 K as the escape step to explore effectively polymor-
phous structures, rather than using Eq. (5). The ZG method
avoids biasing the system toward specific soft-mode distor-
tions, which may otherwise lead to saddle points on the PES
after relaxation. In addition, Eq. (6) relies on mode amplitudes
determined by phonon occupations via Boltzmann statistics,
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ensuring that the system is sampled in a manner consistent
with the underlying PES. In contrast, Eq. (5) requires an
arbitrary choice of displacement amplitude, which may not
correspond to a physically meaningful point on the PES.

D. Anharmonic phonons via the ASDM

The degree of polymorphism, reflected by the total en-
ergy lowering relative to the reference structure, can also
serve as a quantitative measure of the system’s anharmonicity.
To address anharmonicity within the phonon quasiparticle
picture, we employ the self-consistent phonon (SCP) the-
ory [129–131] using the ASDM [42]. The SCP theory has
been implemented successfully in several state-of-the-art ap-
proaches, including those described in Refs. [132–138].

In the SCP theory, an effective harmonic matrix of inter-
atomic force constants (IFCs) at temperature T is evaluated
iteratively until convergence, a process that effectively corre-
sponds to minimizing a reference system’s trial free energy
F0 corresponding to a PES U0. This can be understood in the
context of the Gibbs-Bogoliubov inequality [139,140],

F (T ) � F0(T ) = 〈U − U0〉T + Fvib(T ), (7)

where F is the true free energy, Fvib is the vibrational free
energy of the reference system, and U is the PES of the actual
system with the thermal average 〈.〉T taken with respect to the
eigenstates of the reference system. The inequality in Eq. (7)
suggests that variational minimization of the trial free energy
F0(T ) of the simpler reference system provides an upper
bound on the true free energy F (T ) of the more complex
anharmonic system.

In Eq. (7) the thermal average 〈U − U0〉T is decoupled
as 〈U 〉T − 〈U0〉T due to the linearity of expectation under a
normalized probability distribution, with both terms evaluated
over the same reference ensemble. Hence, the trial free energy
can be expressed with respect to the phonon frequencies of the
reference system as follows [42]:

F0(T ) = 〈U 〉T − M0

2

∑
ν

ω2
ν σ 2

ν,T

+
∑

ν

[
h̄ων

2
− kBT ln[1 + nν (T )]

]
. (8)

To minimize the reference system’s free energy, it suffices
to calculate iteratively the matrix of effective IFCs until self-
consistency is achieved, i.e.,

Cpκα,p′κ ′α′ (T ) =
〈

∂2U {τ }
KS

∂τpκα∂τp′κ ′α′

〉
T

. (9)

To reach the above result one needs to perform the derivative
of Eq. (8) with respect to the IFCs, Cpκα,p′κ ′α′ , and find the
solution for ∂F0(T )/∂Cpκα,p′κ ′α′ = 0 as derived in Refs. [42]
and [140].

In the ASDM for polymorphous systems [42], obtaining
an initial set (zeroth iteration) of effective IFCs involves com-
puting the IFCs by finite differences of the polymorphous
structure and applying the symmetries of the reference sys-
tem, including both rotations and translations. Subsequent
iterations involve the calculation of Cpκα,p′κ ′α′ (T ), which is

determined at each iteration by finite differences applied to
a single thermally displaced configuration generated using
Eq. (6). At each iterative step, the symmetry operations of the
reference system are applied to Cpκα,p′κ ′α′ (T ). Furthermore, to
speed up convergence, linear mixing [42] between the IFCs is
applied at each iteration.

After convergence is achieved, the final set of IFCs, is
used to generate effective harmonic phonons to simulate
lattice anharmonicity, and thus anharmonic ZG displace-
ments via Eq. (6) which are applied on the polymorphous
or reference structures. A DFT supercell calculation on the
resulting thermally displaced structure enables the evaluation
of a temperature-dependent charge density, opening the way
for computing anharmonic electron-phonon properties [30].
For example, the ASDM can be used for computing anhar-
monic electron-phonon renormalized electron energies given
by Eq. (2) using only a single configuration without relying
on the explicit computation of the electron-phonon matrix el-
ements entering Eq. (4). Another significant advantage of the
ASDM is its ability to incorporate higher-order contributions
to electron-phonon coupling without additional computational
cost. Furthermore, it offers the flexibility to initiate calcula-
tions from different points on the PES, thereby being able to
straightforwardly account for the influence of polymorphism
on the electronic structure, without the use of molecular dy-
namics simulations.

III. METHODOLOGY AND MAIN RESULTS

A. Methodology

To compute electron-phonon renormalized quantities in
locally disordered hybrid halide perovskites, we employ the
ASDM as described in Sec. II D and Ref. [42], but now incor-
porating a separate treatment for the organic molecules. The
methodology is outlined below:

(1) Compute the dynamically unstable harmonic phonons
of the monomorphous structure.

(2) Construct a 2m×2n×2p supercell of the monomor-
phous structure, where m, n, p are integers � 1. Place the FA
or MA molecules in different orientations, which can either be
random or determined by a subgroup of the structure’s space
group. Choosing a subgroup allows to explore the effect of
symmetries on the IFCs in step 5 below.

(3) Apply special displacements at temperature T [Eq. (6)]
to the molecules and perform a geometry optimization with
the atoms of the inorganic network and lattice constants fixed.
The resulting geometry is the reference structure [Fig. 3(a)].

(4) Starting from the reference structure, apply special
displacements at T [Eq. (6)] to the inorganic network and
perform a full geometry optimization with the lattice constants
fixed. The resulting geometry is the polymorphous structure
(e.g., Fig. 1).

(5) Compute the IFCs of the polymorphous structure and
enforce translational invariance with respect to a fictitious
reference structure [Fig. 3(b)], so that if τPK = τpκ + Rm and
τP′K ′ = τp′κ ′ + Rm then

C̃0κα,p′κ ′α′ = 1

Np

∑
m

C̃PKα,P′K ′α′ , (10)

where τPK and τpκ represent atomic positions within the ref-
erence and fictitious structures, respectively, C̃PKα,P′K ′α′ are
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FIG. 3. (a) Example reference structure of FAPbI3 with relaxed
random molecular orientations in a 2×2×2 sypercell. (b) Example
fictitious reference structure of FAPbI3 obtained by applying unit
cell translations to the molecules in the reference structure, placing
all back to a single unit cell. This fictitious structure serves as the
reference point for calculating the interatomic force constants within
the SCP theory.

the IFCs computed for the polymorphous structure, and Np is
the number of unit cells contained in the reference structure.
The summation over m runs over Np pairs of atoms in the
reference structure connected by lattice translations Rm of the
fictitious unit cell. Depending on the size of the supercell
and the orientation of the molecules, if the reference system
respects specific rotational symmetries (whether proper or
improper), these symmetries should be applied to C̃PKα,P′K ′α′ ,
as described in Ref. [42].

(6) Generate the effective dynamical matrix and obtain
the phonons by diagonalization. Using the phonons, generate
�τZG for T [Eq. (6)] and displace the nuclei of the reference
structure. The resulting geometry is the ZG reference struc-
ture.

(7) Repeat steps 5 and 6 with linear mixing of the IFCs
until self-consistency. For step 5, use the ZG reference instead
of the polymorphous structure.

(8) Use the self-consistent phonons to generate a ZG
2M×2N×2P supercell by displacing atoms of the reference
or polymorphous structures, where M � m, N � n, P � p,
for computing electron-phonon properties. The resulting ge-
ometries are the ZG reference structure or ZG polymorphous
structure.

(9) When configurational entropy is accounted for, i.e.,
multiple ZG reference or polymorphous structures are used
to compute a property O, perform a Boltzmann-weighted av-
erage, defined as

〈O〉 j = 1

Z

∑
j

e−Fj/kBT Oj, (11)

where 〈.〉 j is a configurational average, Fj is the free energy of
the structure j [Eq. (7)], and Z = ∑

j e−Fj/kBT is the partition
function. When no vibrational contributions are considered,
the free energy is replaced by the DFT KS total energy.

The choice to first obtain a reference structure, i.e.,
relaxing the organic molecules before relaxing the entire
halide perovskite system, rather than using the monomor-
phous structure, helps prevent artifacts arising from the
net dipole moments of the molecules, particularly in the

case of MA-based compounds. We note that for inorganic
halide perovskites the reference structure is identical to the
monomorphous structure. The generation of a reference struc-
ture in hybrid systems is also rationalized by the mostly
distinct timescales and dynamics of the organic and inorganic
components. The organic molecules exhibit, on majority,
faster internal vibrations (energy scales > 100 meV) and
slower rotational and librational motions (energy scales <

4 meV) compared to the inorganic lattice, whose phonon
dynamics typically occur at intermediate energy scales of
4–35 meV [42]. Starting from random molecular orientations
allows the molecules to explore their local potential energy
landscape, where their dipoles adjust to the electrostatic en-
vironment created by the interplay with the fixed inorganic
lattice. Relaxing the molecules first ensures that these slower
rotational and librational modes settle into stable local minima
without interference from the lattice dynamics. Additionally,
it allows to mimic the effects of experimentally observed slow
and stochastic molecular librational relaxations [23], which
can not be deduced from the unstable lattice modes of the
monomorphous structure using Eq. (6). In the subsequent
step, the whole structure is relaxed together, enabling the
inorganic lattice to adjust and couple with the pre-optimized
molecular orientations. This two-step approach captures the
polymorphous nature of the cubic phase, where local dis-
tortions and dynamic interactions between the organic and
inorganic sublattices coexist, in a quasistatic manner. Ad-
ditionally, it provides a reference structure that serves as
a well-defined baseline for subsequent phonon quasiparticle
calculations, such as those performed within the framework
of the SCP theory.

Overall, we consider the following cases, as shown in
Fig. 4:

(i) monomorphous structures that exhibit a ferroelectric
arrangement of the molecules;

(ii) reference structures that account for correlated local
disorder in the organic sublattice by relaxing molecules from
random initial orientations;

(iii) maximally symmetrized supercells (MSS) that are
used as reference structures which adopt specific space group
symmetries, while remaining constrained by the supercell
size;

(iv) polymorphous structures that account for correlated
local disorder in both the organic and inorganic sublattices;

(v) ZG reference structures which incorporate thermal
vibrations throughout the network, with static-equilibrium
atomic positions of the reference structure;

(vi) ZG polymorphous structures which incorporate
thermal vibrations throughout the network, with static-
equilibrium atomic positions of the polymorphous structure.

B. Polymorphous structures, total energy lowering,
and electronic structure correlations

We first apply steps 1–4 in the main methodology for
generating 10 different reference and their corresponding
polymorphous structures to account for configurational en-
tropy effects in 12 materials. All calculations refer to 2×2×2
supercells using the PBEsol functional; more computational
details are available in Sec. VI. Figure 2(b) presents the
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FIG. 4. Structures considered throughout this study using the ex-
ample of MAPbBr3. Reference structures can contain symmetrized-
constrained or relaxed random molecular orientations. These
structures lead to distinct polymorphous structures after geome-
try optimization. The ZG structures, labeled as green, incorporate
electron-phonon coupling effects at finite temperatures (T ). For the
ZG structures, we considered a 4×4×4 supercell (768 atoms) to
accommodate a broader sampling of vibrational modes.

Boltzmann-weighted average [Eq. (11)] of the total energy
lowering (�U ) calculated for the polymorphous structures
relative to the reference structures, assuming a temperature
T = 300 K. We note that testing different temperatures from
30 to 1000 K affects the values by no more than 4 meV
per formula unit. On average, we find that the potential well
depth, �U , is shallower in FA-based compounds compared
to MA-based compounds, which in turn exhibit a shallower
potential well than Cs-based compounds. The observed trend
arises from differences in correlated local disorder in the inor-
ganic network, where, FA-based compounds exhibit the least
structural distortions, MA-based compounds show moderate
disorder, and Cs-based compounds experience the highest de-
gree of octahedral tilting and bond length fluctuations, leading
to a deeper potential well. This behavior is mainly explained
by the size of the A-site cation. Larger organic molecules,
such as FA, create a more sterically constrained environment
that limits structural flexibility, whereas smaller cations like
MA and Cs permit greater lattice distortions and allow local
disorder to emerge more readily. This trend is consistent with
the tolerance factor [110,141–143], where lower values, asso-
ciated with smaller A-site cations, favor increased positional
polymorphism.

We quantify the degree of local disorder in the inor-
ganic network by calculating the average B-X bond length
(�lB−X) and B-X-B bond angle variations (�θB−X−B) rel-
ative to the idealized reference structures and demonstrate
their correlations with the induced band gap increase (�Eg)
and hole/electron effective mass enhancements (�m∗

h/�m∗
e ),

FIG. 5. Dependence of the average B-X-B bond angle decrease
on the average B-X bond length variation. The 120 data points
correspond to 10 polymorphous configurations generated for 4 FA
(black), 4 MA (red), and 4 Cs (blue)-based compounds. The straight
thick line represents the least-squares regression fit to the data, with
the slope indicated on the plot. The shaded region represents three
standard deviations on either side of the lines.

as shown in Figs. 2(c)–2(h). In all cases we obtain strong
correlations indicated by the Pearson correlation, r, and R2

coefficients, ranging from 0.84 to 0.96. Consistent with our
findings on the potential well depth [Fig. 2(a)], the data cate-
gorize into three distinct groups. FA-based compounds, lying
on the left side of the plot, exhibit �lB−X between 0.013–
0.024 Å and �θB−X−B ranging from 8.2–13.0◦. MA-based
compounds, located in the middle, show �lB−X from 0.027–
0.060 Å and �θB−X−B between 12.1–20.2◦. On the right,
Cs-based compounds display the largest structural deviations,
with �lB−X spanning 0.057–0.085 Å and �θB−X−B ranging
from 21.1–26.5◦. Notably, MA-based compounds cover the
widest range of structural variations, which we attribute to the
larger dipole moments of the MA cations that can significantly
influence the electronic structure [36,144].

In view of Figs. 2(c)–2(h), it is clear that both bond length
and bond angle variations correlate closely with the band gap
and effective mass enhancements, indicating that these struc-
tural distortions are mutually related. Indeed, Fig. 5 shows an
almost perfect correlation (r = 0.98) between the two distor-
tion measures, suggesting that only one of these two features
is sufficient to explain changes in the electronic properties
induced by local disorder.

The strong correlation between local disorder and elec-
tronic properties arises from orbital hybridization effects,
where distortions in B-X-B angles modify the degree of over-
lap between the B-site cation and X-site halide orbitals [3].
In the ideal cubic reference structure, the B-X-B connectivity
facilitates strong metal-halide sp-p hybridization, leading to
smaller band gaps, highly dispersive electronic bands with
very low effective masses. However, when local disorder is
present, such as octahedral tilting and bond-length fluctua-
tions, the overlap between B-p/s orbitals and X-p orbitals is
reduced, decreasing the bandwidth and thus increasing both
the band gap and effective masses [110]. The stereochemical
activity of the ns2 lone pair emerges as a consequence of
this disorder, with symmetry-breaking distortions inducing an
asymmetrical electron density around the B-site metal, which
is more prominent in Sn-based compounds [27,33].
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FIG. 6. (a)–(f) Convergence of the ASDM anharmonic phonon dispersions at 300 K calculated for MAPbBr3 and FAPbI3 using 2×2×2
supercells and the PBEsol approximation. In panels (a) and (b), we use maximally symmetrized structures (MSS) with space group P422 as
the reference. In panels (c) and (d), we use reference structures with relaxed random molecular (RRM) orientations. In panels (e) and (f),
the molecules adopt a single ferroelectric (FE) orientation. The structures are displayed in the bottom left corner of each plot. The green and
red curves represent harmonic phonon dispersions calculated for the monomorphous and polymorphous (ASDM-0) structures, respectively.
Subsequent ASDM-i steps, where i represents an integer index for the iteration, are shown as gray and blue. The converged ASDM phonon
dispersion is shown as black. (g), (h) One-phonon diffuse scattering intensity of MAPbBr3 at 300 K calculated for [QxQy0] plane using phonons
across the full energy range (g) and phonons with energies below 10 meV (h). (f) One-phonon diffuse scattering intensity of MAPbBr3 at
300 K calculated for [QxQy0.5] plane using phonons with energies below 3.2 meV. The components of the scattering wave vectors are given
in reciprocal lattice units (r.l.u.) of the minimal cubic unit-cell.

C. Phonon anharmonicity and diffuse scattering

Figures 6(a)–6(f) show the convergence of the phonon dis-
persion of MAPbBr3 and FAPbI3 calculated for three different
reference structures using the ASDM through the steps 1-7
in the main methodology (Sec. III A). All ASDM calcula-

tions are for 2×2×2 supercells. In all plots, we focus in
the energy range 0–25 meV related mostly to lattice vibra-
tions of the inorganic network; high energy flat phonon bands
representing molecular vibrations are not shown for clarity.
In Sec. VI, we further show the percentage contribution of
molecular vibrations in the energy range 0–25 meV. In all
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plots, we also include the phonon dispersion of the monomor-
phous structure calculated within the harmonic approximation
(green curve), which reveals instabilities across the reciprocal
space.

In Figs. 6(a) and 6(b), we present symmetrized anharmonic
phonon dispersions, obtained by arranging the MA or FA
molecules in the reference structure to respect specific space
group symmetries, while remaining constrained by the super-
cell size, i.e., the MSS structure. The symmetrized reference
structure is constructed such that the molecules are positioned
to preserve 8 symmetries of the Pm3̄m (No. 221) space group.
Those eight symmetries represent the tetragonal subgroup
P422 (No. 89) which is a subgroup of Pm3̄m. All ASDM
steps, yield stable anharmonic phonons across the entire re-
ciprocal space, with reasonable convergence achieved as early
as the second iteration (ASDM-2) for both MAPbBr3 and
FAPbI3. Notably, the symmetrized phonons calculated for the
polymorphous structure (ASDM-0) successfully capture the
key features of the converged anharmonic phonon dispersion.
However, the ASDM-0 fail to capture the low-frequency flat
band of MAPbBr3 along the R-M path, which undergoes a
significant softening upon inclusion of phonon self-energy
corrections, reaching a minimum energy as low as 2.5 meV
[Fig. 6(a)]. This branch is the most sensitive feature of the
phonon dispersion due to the ultraslow dynamical hopping of
the system between different minima in the PES which cannot
be captured by the quasistatic polymorphous framework. As
shown below, the starting orientation of the molecules in the
reference structure can impact profoundly these low energy
phonons.

In Figs. 6(c) and 6(d), we present the ASDM conver-
gence performance when starting random orientations of the
molecules are chosen, effectively eliminating all rotational
symmetries in the MAPbBr3 and FAPbI3 reference struc-
tures. We readily observe that all ASDM iterations produce
dynamically stable phonons, with the translationally sym-
metrized phonons for the polymorphous structure at ASDM-0
closely approximating those obtained from the fully con-
verged phonon dispersion at ASDM-3. In contrast to the
results shown in Figs. 6(a) and 6(b), where certain rotational
symmetries are preserved in the MSS structure, the phonon
dispersion shown in Figs. 6(c) and 6(d) reveals degeneracy
splittings. This confirms that the molecular orientations influ-
ence the lattice vibrations of the inorganic network.

As shown in Figs. 6(e) and 6(f), the effect of molecular
orientation on the phonon dispersion becomes even more
pronounced when the reference structure corresponds to the
monomorphous structure, characterized by a single ferro-
electric orientation of the MA or FA molecules. Unlike the
symmetric and random reference structures of MAPbBr3,
the ASDM procedure fails to achieve convergence in the
ferroelectric case, exhibiting persistent phonon instabilities
[Fig. 6(e)], indicated by negative phonon energies, at various
iterations (e.g., ASDM-5). Notably, as the ASDM proce-
dure progresses, certain flat phonon bands associated with
the orientations of the organic molecules become imaginary
(not shown), highlighting the inherent instability of the fer-
roelectric MA-based configurations. The phonon instabilities
observed in the ferroelectric orientation arise because the MA
molecule’s intrinsic dipole conflicts with the lattice’s tendency

to minimize electrostatic energy and maintain mechanical sta-
bility. The phonon instabilities also suggest that MA-based
hybrid halide perovskites do not support a stable ferroelectric
state for the molecules, favoring alternative configurations
(i.e., antiferroelectric or random molecular orientations) that
better accommodate the coupling between the lattice dynam-
ics of the organic and inorganic framework. Our results for
ferroelectric FAPbI3 up to ASDM-13 indicate that a ferroelec-
tric fluctuation of the molecules may be dynamically stable in
FA-based compounds. This stability is likely due to the min-
imal net dipole moment of the FA molecule, which reduces
internal electric fields that could destabilize the ferroelectric
phase. This result is also consistent with studies on solution-
processed FAPbI3 layers, suggesting that substituting MA
with FA cations enhances lattice robustness and contribute to
material durability [145]. In Sec. VI, we show that the phonon
modes with energies above 15 meV are primarily associated
with vibrations of the organic sublattice, demonstrating that
the ferroelectric state leads to further decoupling between the
vibrational dynamics of the inorganic and organic sublattices.

To validate our approach for calculating the phonon disper-
sions of hybrid halide perovskites we report diffuse scattering
maps of MAPbBr3 at 300 K. In Fig. 6(g), we show the
phonon-induced diffuse scattering map of MAPbBr3 calcu-
lated for the [QxQy0] plane, where Qα represent Cartesian
components of the scattering wave vector Q. The scatter-
ing map is computed using the phonons calculated for the
MSS structure [Fig. 6(a)], neglecting multi-phonon contribu-
tions [146]. Our computed scattering map exhibits excellent
qualitative agreement with the experimental maps reported in
Ref. [35], reproducing all main features, including the ver-
tical and horizontal diffuse scattering rods that connect high
intensity Bragg peaks, formed when Qx and Qy are integers.
In Fig. 6(h), we present the phonon-induced diffuse scattering
map of MAPbBr3 in the same plane, considering now only
phonons with energies below 10 meV. A comparison of the
maps in Figs. 6(g) and 6(h) clearly reveals that all major fea-
tures are reproduced, demonstrating that low-energy phonons
dominate diffuse scattering in MAPbBr3. In Fig. 6(i), we show
the phonon-induced scattering map of MAPbBr3 calculated
for the [QxQy0.5] plane, focusing now on ultralow energy
phonons with energies below 3.2 meV driving dynamical
octahedral tilting and hopping between different minima in
the PES. These structural fluctuations are primarily associated
with the low-energy flat phonon band along the R-M path in
Fig. 6(a) and give rise to diffuse scattering rods connecting
equivalent wave vectors at the M and R points, consis-
tent with calculations for the high-symmetry cubic phase of
CsPbBr3 [30,147]. We note that we exclude any quasielastic
contributions to diffuse scattering arising from polymorphism
in the inorganic sublattice, as this is beyond the scope of the
present work. However, in Sec. V D, we examine the influence
of local disorder on phonons, leading to strongly overdamped
vibrational dynamics.

D. Free energies, temperature-dependent band gaps,
and effective masses

We remark that the 10 polymorphous structures explored
for each cubic hybrid halide perovskite in 2×2×2 supercells
yield distinct DFT total energy lowerings and phonon spectra.
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FIG. 7. (a), (b) Relative free energy at 300 K for 10 ZG polymorphous configurations (r1-r10) of cubic MAPbBr3 (a) and FAPbBr3 (b),
referenced to the least stable configuration, calculated using Eq. (8) and 2×2×2 supercells. The ZG polymorphous configurations are obtained
starting from geometry optimization of the reference structures with random molecular orientations and then through ASDM. ASDM converged
phonons calculated for each structure [e.g., black lines in Figs. 6(c) and 6(d)] are used to compute the free energy. The relative free energy of
the ZG polymorphous configuration starting from the maximally symmetrized supercell (MSS) is shown for comparison. (c)–(f) Band gaps
and electron/hole effective masses (m∗

e/m∗
h) calculated for MAPbBr3 and FAPbI3 using ZG polymorphous (filled discs) and ZG reference

(open squares) configurations in 4×4×4 supercells accounting for both electron-phonon coupling and thermal lattice expansion. The effect of
spin-orbit coupling is also included. Boltzmann-weighted averages [Eq. (11)] are obtained for 10 structures. Open circles represent calculations
using the ZG polymorphous configuration of the MSS. All calculated temperature-dependent band gaps are shifted by 1.44 and 1.10 eV to
match experimental data of MAPbBr3 and FAPbI3 at 300 K, respectively. These corrections are consistent with the PBE0 values for the band
gaps reported in Table I. Experimental gaps (gray triangles) are from Refs. [56] and [58].

These variations arise from the sensitivity of local disorder
to molecular orientations as discussed previously. To account
for the influence of local disorder, configurational entropy, and
thermal effects on the electronic structure across various ZG
polymorphous configurations, we compute the free energy of
each configuration and use it to obtain Boltzmann-weighted
averages [Eq. (11)]. Figures 7(a)–7(f) show calculations for
the relative free energies of each ZG polymorphous configura-
tion and Boltzmann averaged band gaps and effective masses
of cubic MAPbBr3 and FAPbI3. The free energies in Figs. 7(a)

and 7(b) are evaluated with respect to the least stable config-
urations, r2 and r5. We also include the relative free energy
calculated for the ZG polymorphous configuration obtained
by combining the ASDM with geometry optimization for the
MSS structure. Although starting from the MSS structure
yields one of the most stable configurations, it does not lead
to the absolute minimum in stability. Other random molecular
orientations facilitate local disorder within 2×2×2 supercells
more effectively, leading to lower energy ZG polymorphous
structures.
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TABLE I. Lattice constants (L), DFT band gaps (Eg), PBE0 band gaps (EPBE0
g ), DFT hole (m∗

h), and electron (m∗
e ) effective masses, and

reduced effective masses (μ) of the reference (r) and polymorphous (p) structures of inorganic and hybrid halide perovskites. Band gaps and
effective masses are calculated using 2×2×2 supercells (40 and 96 atoms), 3×3×3 uniform k grids, and a plane wave cutoff of 120 Ry,
including the effect of spin-orbit coupling. DFT corrections to the band gaps [�Eg(T )] and effective masses [�m∗

h (T )] due to electron-phonon
coupling and thermal expansion at temperatures T are calculated with the ASDM using 4×4×4 ZG supercells (320 and 768 atoms), 1×1×1
uniform k grids, and a plane wave cutoff of 60 Ry, including the effect of spin-orbit coupling. Values were obtained as averages over 10 distinct
configurations of the reference and polymorphous structures. Experimental band gaps of the cubic phases, E expt.

g , and experimental reduced
effective masses of the low-temperature phases (μexpt.) are reported for comparison. �s represents an empirical correction to the calculated
band gaps to match E expt.

g , which is consistent with the PBE0 correction EPBE0
g − Eg.

L Eg EPBE0
g �Eg(T ) E expt.

g �s m∗
h �m∗

h (T ) m∗
e �m∗

e (T ) μ μexpt.

Å (eV) (eV) (eV) (eV) (eV) (m0) (m0) (m0) (m0) (m0) (m0)

r-CsPbI3 6.25 −0.05 1.15 0.39 (650 K) – 1.02 −0.02 – −0.02 0.22 (650 K) −0.010 –
p-CsPbI3 6.25 0.60 1.84 0.13 (650 K) 1.78a 1.02 0.21 0.16 (650 K) 0.17 0.08 (650 K) 0.094 0.114 ± 0.01k

r-CsPbBr3 5.87 0.24 1.52 0.41 (430 K) – 1.38 0.04 0.17 (430 K) 0.04 0.14 (430 K) 0.020 –
p-CsPbBr3 5.87 0.85 2.30 0.16 (430 K) 2.39b 1.38 0.23 0.11 (430 K) 0.23 0.10 (430 K) 0.115 0.126 ± 0.01k

r-CsSnI3 6.14 −0.27 0.67 0.52 (500 K) – 0.86 −0.07 0.20 (500 K) −0.10 0.18 (500 K) −0.041 –
p-CsSnI3 6.14 0.28 1.30 0.20 (500 K) 1.35c 0.86 0.07 0.05 (500 K) 0.09 0.08 (500 K) 0.039 –
r-CsPbCl3 5.60 0.59 2.16 0.33 (330 K) – 1.77 0.12 0.16 (330 K) 0.13 0.14 (330 K) 0.062 –
p-CsPbCl3 5.60 1.19 2.79 0.10 (330 K) 3.02d 1.77 0.29 0.07 (330 K) 0.31 0.08 (330 K) 0.150 0.202 ± 0.01l

r-MAPbI3 6.31 0.03 1.23 0.26 (315 K) – 1.00 0.02 0.09 (315 K) 0.02 0.07 (315 K) 0.010 –
p-MAPbI3 6.31 0.52 1.75 0.09 (315 K) 1.61e 1.00 0.16 0.06 (315 K) 0.13 0.04 (315 K) 0.072 0.104m

r-MAPbBr3 5.97 0.39 1.82 0.17 (300 K) – 1.44 0.09 0.06 (300 K) 0.09 0.05 (300 K) 0.045 –
p-MAPbBr3 5.97 0.83 2.27 0.08 (300 K) 2.34b 1.44 0.19 0.07 (300 K) 0.18 0.05 (300 K) 0.092 0.106n, 0.117m

r-MASnI3 6.23 −0.09 0.88 0.22 (300 K) – 1.02 -0.05 0.09 (300 K) −0.03 0.09 (300 K) −0.019 –
p-MASnI3 6.23 0.28 1.30 0.13 (300 K) 1.31f 1.02 0.06 0.03 (300 K) 0.09 0.04 (300 K) 0.036 –
r-MAPbCl3 5.68 0.72 2.34 0.13 (300 K) – 1.73 0.15 0.05 (300 K) 0.16 0.04 (300 K) 0.077 –
p-MAPbCl3 5.68 1.24 2.88 0.12 (300 K) 3.07g 1.73 0.26 0.08 (300 K) 0.27 0.08 (300 K) 0.132 –
r-FAPbI3 6.36 0.10 1.33 0.18 (300 K) – 1.10 0.03 0.07 (300 K) 0.03 0.05 (300 K) 0.015 –
p-FAPbI3 6.36 0.34 1.59 0.09 (300 K) 1.53h 1.10 0.10 0.06 (300 K) 0.09 0.04 (300 K) 0.047 0.09, 0.095m

r-FAPbBr3 5.99 0.46 1.89 0.13 (300 K) – 1.50 0.10 0.04 (300 K) 0.10 0.03 (300 K) 0.050 –
p-FAPbBr3 5.99 0.70 2.13 0.10 (300 K) 2.29b 1.50 0.16 0.05 (300 K) 0.15 0.04 (300 K) 0.077 0.115, 0.13m

r-FASnI3 6.33 0.11 1.13 0.18 (300 K) – 0.85 0.03 0.04 (300 K) 0.03 0.05 (300 K) 0.015 –
p-FASnI3 6.33 0.42 1.48 0.08 (300 K) 1.38i 0.85 0.08 0.03 (300 K) 0.11 0.04 (300 K) 0.046 –
r-FAPbCl3 5.74 0.89 2.51 0.09 (300 K) – 1.71 0.17 0.04 (300 K) 0.18 0.04 (300 K) 0.087 –
p-FAPbCl3 5.74 1.17 2.79 0.03 (300 K) 2.91j 1.71 0.23 0.05 (300 K) 0.25 0.05 (300 K) 0.120 –

aRef. [44]; bRef. [56]; cRef. [54]; dRef. [59]; eRef. [52]; fRef. [61]; gRef. [55]; hRef. [58]; iRef. [57]; jRef. [111]; kRef. [152]; lRef. [153];
mRef. [154]; nRef. [81].

In Figs. 7(c) and 7(e), we compare our calculated
temperature-dependent band gaps using ZG polymorphous
(filled discs) and ZG reference (open squares) structures of
cubic MAPbBr3 and FAPbI3 with experimental data from
Refs. [56,58]. Accounting for local disorder in our calcula-
tions significantly improves agreement with experiment. This
improvement arises from two key effects: (i) positional poly-
morphism influences the electronic structure, leading to a
substantial band gap increase of 0.44 eV for MAPbBr3 and
0.24 eV for FAPbI3 relative to the reference structures (see
Table I), and (ii) it reduces the temperature coefficient of the
band gap, quantified by a decrease in dEg/dT of 51% for
MAPbBr3 and 62% for FAPbI3. A quantitative comparison of
dEg/dT extracted from experiments and calculations, along
with the respective contributions of electron-phonon coupling
and thermal lattice expansion, is presented in Sec. IV. Im-
portantly, we demonstrate in Figs. 7(c)–7(f) that a single ZG
polymorphous configuration obtained from the MSS struc-
ture can yield accurate results for MAPbBr3 and FAPbI3,
comparable to those obtained using 10 ZG polymorphous
configurations.

In Figs. 7(d) and 7(f), we present the temperature de-
pendence of the hole and electron effective masses in
cubic MAPbBr3 and FAPbI3, exhibiting a linear relation-
ship with temperature. Compared to calculations for the
reference structures, the effective masses obtained using ZG
polymorphous configurations are almost twice as large. In
fact, for the ZG reference structure of cubic MAPbBr3

we obtain m∗
h,ref = 0.15, m∗

e,ref = 0.14, and a reduced ef-
fective masses of μref = 0.07 at T = 300 K in units of
the free electron mass m0. In contrast, for the ZG poly-
morphous structure of cubic MAPbBr3, these values in-
crease substantially to m∗

h,poly = 0.26, m∗
e,poly = 0.23, and

μpoly = 0.12 at the same temperature. The corresponding
values at T = 300 K for cubic FAPbI3 are m∗

h,ref = 0.10,
m∗

e,ref = 0.08, μref = 0.04, m∗
h,poly = 0.16, m∗

e,poly = 0.13, and
μpoly = 0.07. We note that our calculations are at the
DFT-level and can be further improved by consider-
ing quasiparticle corrections within the GW approxima-
tion, which are known to enhance the effective masses
[95,99–101,106,148–151] In Sec. IV, we provide a more
detailed discussion how the reduced effective masses of poly-
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FIG. 8. Anharmonic phonon dispersions at finite temperatures (black curves) calculated for the cubic phases of each material with the
ASDM. On each plot we indicate the ASDM-i iteration for which convergence is achieved. The green curve represents the harmonic phonon
dispersion obtained for the monomorphous structure. All phonon dispersions include long-range dipole-dipole interaction corrections, leading
to LO-TO splitting.

morphous structures compare to experimental measurements
and GW calculations.

IV. CASE-BY-CASE ANALYSIS OF 12 MATERIALS

In this section, we discuss our results for each cubic halide
perovskite considered in this study: CsPbI3, CsPbBr3, CsSnI3,
CsPbCl3, MAPbI3, MAPbBr3, MASnI3, MAPbCl3, FAPbI3,
FAPbBr3, FASnI3, and FAPbCl3. We follow this specific or-
der to maintain consistency with the companion paper [110],
which focuses on APbI3, APbBr3, and ASnI3. In this work,
we provide further analysis and results on these systems and
also include findings for Cl-based compounds. We present
first-principles calculations of the band gaps and effective
masses at the DFT level for both reference and polymorphous
structures (Table I). For the band gaps, we additionally re-
port results obtained using the PBE0 hybrid functional [155],

which has been found to reliably describe the band gaps of
three-dimensional halide perovskites [30,156]. All reported
effective masses and reduced effective masses are in units
of the free electron mass m0. Temperature-dependent anhar-
monic phonon dispersions are shown in Fig. 8. TO and LO
phonon frequencies are reported in Table II, which are com-
pared against experimental results from various techniques.
Furthermore, in Fig. 9, we report temperature-dependent band
gaps and effective masses computed using the ASDM. A
comparative analysis between the reference and polymor-
phous structures is provided in Table I as well as in Figs. 9
and 10, highlighting the impact of local disorder on electron-
phonon coupling and thermal lattice expansion contributions
to band gap renormalization. In Sec. V D, we also investi-
gate the influence of positional polymorphism on vibrational
dynamics through calculations of phonon spectral functions,
shown in Fig. 11. We validate our computational methodol-
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FIG. 9. Temperature-dependent band gaps and carrier effective masses calculated with the ASDM and Boltzmann averages [Eq. (11)]
over 10 ZG polymorphous (coloured) and 10 ZG reference (open squares) structures. For hybrid compounds, we show the result using
one ZG polymorphous configuration derived from the MSS structure (open circles). Experimental band gaps (gray triangles) are from
Refs. [44,52,54–59,61,111]. Dark blue, dark red, and black in panels (e)–(h), (m)–(p), and (u)–(x) indicate the hole effective masses. Light
blue, light red, and gray in panels (e)–(h), (m)–(p), and (u)–(x) indicate the electron effective masses.
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FIG. 10. (a)–(c) Contributions of electron-phonon coupling dEg/dT |EPC (a) and thermal lattice expansion dEg/dT |TE (b) to the total
temperature coefficient of the band gap dEg/dT (c). The total dEg/dT values correspond to slopes obtained from linear fits to the calculated
band gaps shown in Fig. 9. Light red, light blue, and light gray bars represent average data obtained for 10 ZG reference structures. Red,
blue, and gray bars represent average data obtained for 10 ZG polymorphous structures. In panel (c), we also include data obtained for a
single ZG polymorphous configuration of the MSS structure (patterned bar). Experimental data (green bars) are extracted by linear fits to the
measurements [44,52,54–59,61,111] reported in Fig. 9. The percentages in panels (a) and (b) indicate the contributions of dEg/dT |EPC and
dEg/dT |TE to their total. In panel (c), the numbers indicate the experimental values in units of 10−4 eV/K.
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TABLE II. Optical phonon energies (in meV) at the � point. In parenthesis, we give values of the LO phonons before LO-TO splitting. For
Cs-based compounds, ωTO2 is a silent triply degenerate mode, and the other TO modes are infrared-active and doubly degenerate. Experimental
data on single crystals (SCs), polycrystalline pellets (PCPs), thin films (TFs), nanocrystals (NCs), and NC films (NCFs) with temperatures are
reported. Experiments refer to the following spectroscopy and scattering techniques: Photoluminescence (PL), THz Kerr, Raman, infrared
(IR), inelastic neutron scattering (INS), and terahertz time-domain spectroscopy (THz-TDS). The temperature range used for fitting the PL
linewidth (LW) is also indicated.

ωTO1 ωTO2 ωTO3 ωTO4 ωTO5 ωTO6 ωTO7 ωTO8 ωLO1 ωLO2 ωLO3 ωLO4

CsPbI3, 650 K 3.68 3.72 4.7 10.7 – – – – 3.71 (3.68) 5.6 (4.7) 15.6 (10.7) –
THz-TDS, NCF, 300 K [157] 4.1 5.9 8.8 11.2 – – – – 4.8 6.9 9.3 15.2
PL replica, NC, 3 K [158] 3.3 5.3
CsPbBr3, 430 K 4.4 4.6 5.8 13.8 – – – – 4.5 (4.4) 6.9 (5.8) 20.3 (13.8) –
THz Kerr, SC, 80 K [160] 3.7 5.4
PL LW, NC, 15–295 K [161] 20.0
PL LW, SC, 10–295 K [162] 16.0
THz-TDS, PCP, 300 K [168] 18.9
CsSnI3, 500 K 3.9 4.0 5.3 10.3 – – – – 4.0 (3.9) 5.6 (5.3) 16.5 (10.3) –
CsPbCl3, 330 K 4.6 6.8 8.2 17.4 – – – – 5.0 (4.6) 9.4 (8.2) 28.2 (17.4) –
PL LW, SC, 185–295 K [162] 4.3
Raman, NC, 170 & 2 K [165] 3.1 6.0 8.4 9.8 13.5 14.5 14.2 25.0
MAPbI3, 315 K 3.9 3.94 3.94 4.0 9.6 9.98 10.0 10.4 3.93 (3.9) 4.2 (3.94) 10.4 (10.0) 16.2 (10.4)
IR, TF/SC, 300 K [166] 4.0 7.8 5.0 16.5
IR, SC, 300 K [169] 4.2 8.3 4.6 16.2
THz-TDS, SC, 300 K [168] 3.8 16.2
INS, SC, 5 K [41] 2.3 3.8 11.7 15.5
PL LW, TF, 150–370 K [53] 11.5
MAPbBr3, 300 K 5.1 5.3 5.6 5.7 10.5 10.6 10.8 10.9 5.2 (5.1) 5.8 (5.5) 10.9 (10.6) 19.2 (10.9)
IR, TF/SC, 300 K [166] 5.6 9.1 6.3 20.1
IR, SC, 300 K [170] 5.9 9.7 6.0 20.7
IR, SC, 300 K [171] 5.5 8.3 11.9 6.3 12.0 21.0
THz-TDS, SC, 300 K [168] 5.7 9.1 20.1
INS, SC, 5 K [41] 5.1 11.6 16.9
Raman, SC, 20 K [41] 4.1 5.9 11.9 16.3
THz Kerr, SC, 80 K [160] 4.7
PL LW, TF, 100–370 K [53] 15.3
MASnI3, 300 K 4.47 4.54 4.85 5.0 8.4 8.9 10.7 11.3 4.48 (4.47) 4.92 (4.85) 11.0 (8.4) 16.1 (11.3)
MAPbCl3, 300 K 7.81 7.99 8.05 8.3 12.2 13.0 15.3 15.7 7.82 (7.81) 8.3 (8.05) 13.6 (13.0) 27.7 (15.7)
IR, TF/SC, 300 K [166] 8.2 11.0 8.7 27.9
THz-TDS, SC, 300 K [168] 8.2 12.4
FAPbI3, 300 K 3.79 3.80 4.8 5.3 8.3 8.6 11.9 12.0 4.0 (3.8) 4.9 (4.8) 11.4 (8.6) 15.5 (11.9)
PL replica, NC, 3.6 K [40] 3.2 11.1 15.4
INS, SC, 5 K [41] 3.9 9.8 15.1
PL LW, TF, 10–370 K [53] 11.5
FAPbBr3, 300 K 5.4 5.5 6.5 7.1 9.7 10.0 13.3 13.7 5.5 (5.4) 6.53 (6.50) 12.9 (10.0) 18.8 (13.3)
INS, SC, 5 K [41] 5.5 13.1 22.2
PL replica, NC, 5.5 K [172] 4.4 18.8
PL LW, TF, 10–370 K [53] 15.3
FASnI3, 300 K 4.93 4.95 5.21 5.8 6.7 6.8 12.1 12.6 4.98 (4.95) 5.24 (5.21) 11.3 (6.7) 15.0 (12.1)
FAPbCl3, 300 K 7.56 7.62 10.1 11.4 12.4 12.9 15.8 16.6 7.64 (7.56) 10.2 (10.1) 15.5 (12.9) 25.8 (15.8)

ogy and findings by comparing our results with experimental
measurements.

A. CsPbI3

We first describe our results for cubic CsPbI3 without
considering thermal effects. Our DFT-PBEsol calculations for
the reference (monomorphous) structure reveal a semimetal-
lic behavior, characterized by a spurious exchange in orbital
character between the conduction and valence band extrema
[Fig. 12(a)]. We thus assign a negative value to the band gap

of −0.05 eV, as reported in Table I. Accounting for posi-
tional polymorphism resolves the orbital exchange problem
[Fig. 12(b)] and yields a band gap widening of 0.65 eV relative
to the monomorphous structure. This band gap increase is the
largest among all compounds studied in this work, consis-
tent with the largest energy lowering reported for CsPbI3 in
Fig. 2(b). Going beyond DFT and using the PBE0 functional
to improve the description of electronic correlations, we ob-
tain a band gap of 1.15 eV for the monomorphous structure.
This value is notably lower than the experimental value of
1.78 eV at 650 K [44]. However, for the locally disordered
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network, the theoretical value improves significantly, yielding
1.84 eV, showing agreement with the experimental value.

At the DFT-PBEsol level, the sign of the effective masses
is also reversed due to the orbital exchange character in the
monomorphous structure, leading to extremely small hole
and electron effective masses of m∗

h,ref = −0.02 and m∗
e,ref =

−0.02. As with the band gap, incorporating local disorder
corrects this issue leading to m∗

h,poly = 0.21 and m∗
e,poly =

0.17. These corrections correspond to hole and electron ef-
fective mass enhancement factors due to polymorphism of
λh = 11.5 and λe = 9.5, respectively; for the definition of λ

refer to Sec. VI E. We note that a more meaningful comparison
is with the effective masses reported for the orthorhombic
structure at the DFT level, which are m∗

h,ortho = 0.12 and
m∗

e,ortho = 0.14 [44], as this structure accommodates octahe-
dral tilting, which is absent in the monomorphous cubic phase.
In this case, the effective mass enhancements captured by
polymorphism are λh = 0.75 and λe = 0.21. Furthermore, our
calculated effective masses m∗

h,poly = 0.21 and m∗
e,poly = 0.17

agree well with GW values reported for the orthorhombic
CsPbI3 of m∗

h,GW = 0.24 and m∗
e,GW = 0.23 [44]. Our value

for the reduced effective mass of polymorphous CsPbI3 is
μpoly = 0.094 which is close to the experimental value [152]
of μ = 0.114 ± 0.01 at T = 2 K. Our value also agrees with
previous GW calculations for orthorhombic CsPbI3 reporting
a reduced effective mass of 0.093 [150] and 0.12 [44].

We now examine the anharmonic phonon dispersion. The
cubic phase of CsPbI3 stabilizes above 539 K [25,44] and thus
we focus on temperatures around this value. In Fig. 8(a), we
present the calculated ASDM phonon dispersion at 650 K,
which converges as early as the second iteration, fully allevi-
ating the instabilities present in the harmonic approximation
for the monomorphous structure. Our calculations for the TO
modes yield ωTO1 = 3.68, ωTO3 = 4.7, and ωTO4 = 10.7 meV,
each of which is doubly degenerate, while ωTO2 = 3.72 meV
remains triply degenerate corresponding to the silent mode.
For the LO modes, we obtain ωLO1 = 3.71, ωLO2 = 5.6, and
ωLO3 = 15.6 meV. Our values compare well with THz-TDS
measurements on thin films containing cubic shaped CsPbI3

nanocrystals of about 15 nm [157] reported in Table I. Our
values for ωLO1 and ωLO2 also agree well with the experimen-
tal values of 3.3 and 5.3 meV obtained from exciton-phonon
sidebands in the PL spectra of CsPbI3 nanocrystals of size
9.31 nm at 3 K [158]. Deviations between our calculations,
which are based on single-crystal reference structures, and
experimental results on nanocrystals are expected due to size
confinement effects, surface ligand interactions, and structural
disorder. The latter is addressed in Sec. V D. These factors can
alter the lattice dynamics, leading to shifts or broadening of
phonon modes.

Now we consider the impact of thermal effects, arising
from electron-phonon coupling and thermal expansion, on
the band gap and effective masses. Accounting for the extra
renormalization on the electronic structure due to thermal
effects we obtain a band gap opening of �Eg,ref (650 K) =
0.39 eV and �Eg,poly(650 K) = 0.13 eV for the ZG reference
and ZG polymorphous structures, respectively (see Table I).
The corresponding electron and hole thermal effective mass
enhancements are λe,ref (650 K) = 11, λh,poly(650 K) = 0.76,
and λe,poly(650 K) = 0.47. We note that we were not able to

extract a hole effective mass enhancement for monomorphous
cubic CsPbI3 due to numerical instabilities related to the
orbital exchange character at the DFT level. The large reduc-
tions due to positional polymorphism in �Eg and λe at 650 K
show effectively that the thermal-induced renormalization is
strongly reduced at the presence of local disorder.

In Fig. 9(a) we compare our calculations for the band
gap of cubic CsPbI3 as a function of temperature using ZG
polymorphous (blue discs) and ZG reference (open squares)
networks with experimental data from Ref. [44] (gray tri-
angles). To match the experimental data, we shift our DFT
values by �s = 1.02 eV close to our PBE0 correction of
1.24 eV (Table I); notably, the shift of 1.02 eV is also
consistent with the GW correction to DFT of 1.08 eV for
orthorhombic CsPbI3 [44]. From Fig. 9(a), we observe that
using the ZG reference structure not only underestimates the
experimental values but also results in a band gap closure
with increasing temperature, yielding a slope of dEg/dT =
−6.1×10−4 eV/K. This incorrect trend is also reflected in
previous electron-phonon calculations for cubic CsPbI3 in
Refs. [49,102]. As shown in Fig. 10, the negative variation
of the band gap with temperature when employing a ZG
reference structure is attributed to both electron-phonon cou-
pling and thermal lattice expansion. In fact, both dEg/dT |EPC

and dEg/dT |TE indicate a closing of the band gap with
temperature. Importantly, employing ZG polymorphous net-
works recovers the correct trend and reverses the signs
of dEg/dT |EPC and dEg/dT |TE, leading to the band gap
widening with temperature, consistent with experiments. Our
analysis suggests that the electron-phonon coupling domi-
nates thermal-induced band gap renormalization, contributing
97% as shown in Figs. 10(a) and 10(b). The total dEg/dT =
1.3×10−4 eV/K, however, still underestimates the extracted
slope from experimental data, which is 8.3×10−4 eV/K. We
attribute this discrepancy to (i) the DFT treatment of electron-
phonon coupling [122], (ii) the neglect of thermal lattice
expansion in phonon calculations, and (iii) insufficient exper-
imental data above 540 K, which limits the accuracy of the
extracted slope.

In Fig. 9(e), we also report the temperature variation of the
hole and electron effective masses in the range 560–700 K.
Using a ZG reference network, we are unable to extract hole
effective masses, while the electron effective masses exhibit
numerical instabilities, fluctuating around 0.18 m0 without
displaying a clear trend. Using ZG polymorphous networks
instead, yields an almost linear variation for both electron
(light blue) and hole (dark blue) effective masses with slopes
λT

h,poly = 3.7×10−4 m0/K and λT
e,poly = 1.0×10−4 m0/K. We

note that as for the band gap, electron-phonon coupling dom-
inates the thermal-induced effective masses enhancements,
contributing 95% to λT

h,poly and 89% to λT
e,poly. The reduced

effective mass computed for the ZG polymorphous structures
varies linearly from μpoly(560 K) = 0.141 to μpoly(700 K) =
0.154.

B. CsPbBr3

Here, we describe our calculations for cubic CsPbBr3. The
DFT-PBEsol calculations for the monomorphous structure
yield a band gap of 0.24 eV, as reported in Table I. Similar to
CsPbI3, polymorphism leads to a large band gap opening of
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0.59 eV relative to the monomorphous structure, compatible
with the relative large energy lowering shown in Fig. 2(b).
Combining the PBE0 functional for exchange-correlation and
the monomorphous structure, we obtain a band gap of 1.52 eV.
This value is significantly below the experimental value of
2.39 eV at 430 K [56]. The theoretical value improves signif-
icantly when using the locally disordered network, yielding
2.30 eV, which aligns more closely with the experimental
value.

At the DFT-PBEsol level, the effective masses are quite
small, with m∗

h,ref = 0.04 and m∗
e,ref = 0.04. Incorporating lo-

cal disorder through our polymorphous networks increase the
effective masses, resulting to m∗

h,poly = 0.23 and m∗
e,poly =

0.23 which compare well with the hole effective masses
of 0.226 and 0.203 ± 0.016 obtained from GW calculations
for the orthorhombic phase and angle-resolved photoelectron
spectroscopy measurements [151]. The hole and electron ef-
fective mass enhancement factors due to corrections arising
from local disorder are λh = 4.75 and λe = 4.75. These large
enhancement factors yield excellent agreement between the
reduced effective mass of polymorphous CsPbBr3 of μpoly =
0.115 and the experimental value [152] of 0.126 ± 0.01 at
T = 2 K. Furthermore, our calculated value compares well
with the GW value of 0.102 m0 reported for orthorhombic
CsPbBr3 in Ref. [150].

Now we study the anharmonic phonon dispersion and sub-
sequently the impact on the band gap and effective masses
arising from electron-phonon coupling and thermal expan-
sion. We focus on temperatures above 403 K, where the
cubic phase of CsPbBr3 becomes stable [56,159]. In Fig. 8(b),
we show the converged ASDM phonon dispersion at 430 K
(second iteration) in excellent agreement with those reported
in Refs. [30,147]. For the TO modes, our calculations yield
ωTO1 = 4.4, ωTO3 = 5.8, and ωTO4 = 13.8 meV which are
doubly degenerate, and ωTO2 = 4.6 meV, which is triply de-
generate. For the LO modes, we obtain ωLO1 = 4.5, ωLO2 =
6.9, and ωLO3 = 20.3 meV. These values compare well with
THz Kerr measurements [160] for orthorhombic CsPbBr3 sin-
gle crystals at 80 K, which reveal strongly coupled TO modes
of 3.7 and 5.4 meV. We note that the overestimation in the-
oretical values is largely attributed to the different structural
phases considered, as the phonon dispersions of the cubic and
orthorhombic phases are known to differ [42]. Our calculated
value of ωLO3 agrees with the 20 meV obtained from fits of the
one-phonon Fröhlich coupling model to PL linewidth mea-
sured for CsPbBr3 nanocrystals [161] with cubic symmetry
and size 9.3 nm in the 15–295 K range. Corresponding fits to
PL measurements for orthorhombic CsPbBr3 single crystals
in the 10–295 K range yield a value of 16.0 meV [162]. Our
computed ωLO3 also compares well with 18.9 meV obtained
by THz-TDS measurements for a CsPbBr3 pellet at room
temperature.

As show in Table I, the thermal-induced renormalization
on the electronic structure of reference and poly-
morphous networks yields a band gap widening of
�Eg,ref (430 K) = 0.41 and �Eg,poly(430 K) = 0.16 eV.
The corresponding hole and electron effective mass
enhancements are λh,ref (430 K) = 4.25, λe,ref (430 K) = 3.5,
λh,poly(430 K) = 0.48 and λe,poly(430 K) = 0.43. The large
reductions due to positional polymorphism in �Eg and λ at

430 K can be explained by the strong reduction in electron-
phonon self-energy corrections arising from the weaker
response of electrons to lattice vibrations in a disordered
environment [110].

In Fig. 9(b) we compare our temperature-dependent band
gap calculations using ZG polymorphous (blue discs) and
ZG reference (open squares) cubic CsPbBr3 with experiments
from Ref. [56] (gray triangles). Our DFT calculations are
shifted by �s = 1.38 eV to match the experimental data; �s

compares well with our PBE0 correction of 1.45 eV obtained
for the polymorphous structure (see Table I). Our calculations
reveal that using the ZG reference structure yields a band gap
opening with temperature but underestimates the experimen-
tal values by more than 0.35 eV, which cannot be explained by
more accurate treatments to exchange-correlation or electron-
phonon corrections. Furthermore, our calculated slope of
dEg/dT = 7.7×10−4 eV/K overestimates the experimental
value [56] of 3.4×10−4 eV/K by approximately 125%. As
illustrated in Fig. 10, both dEg/dT |EPC and dEg/dT |TE com-
puted for the ZG reference structure contribute to the band
gap widening with temperature, with the electron-phonon
contribution accounting for 82%, as shown in Figs. 10(a)
and 10(b). In contrast, the use of ZG polymorphous networks
significantly suppresses both the electron-phonon coupling
and thermal expansion contributions, with electron-phonon
coupling dominating eventually by 94%. The total dEg/dT =
2.6×10−4 eV/K calculated using ZG polymorphous struc-
tures is in good agreement with the experimental slope of
3.4×10−4 eV/K, as illustrated in Fig. 10(c).

Figure 9(f) shows the variation of the hole and electron
effective masses with temperature in the range 400–500 K
calculated for the ZG reference (open squares) and ZG poly-
morphous (blue discs) networks. Our analysis for the slopes
yields λT

h,ref = 6.0×10−4 and λT
e,ref = 4.3×10−4, λT

h,poly =
3.5×10−4, and λT

e,poly = 2.7×10−4 m0/K, showing that the
presence of local disorder decreases the slopes by approxi-
mately 40%. We also note here that electron-phonon coupling
contributes to more than 90% to the thermal-induced effective
masses enhancements for both the monomorphous and poly-
morphous structures. The reduced effective mass obtained for
ZG polymorphous cubic CsPbBr3 varies from μpoly(405 K) =
0.159 to μpoly(500 K) = 0.175.

C. CsSnI3

In this section, we discuss our results for cubic CsSnI3.
Similar to CsPbI3, our DFT-PBEsol calculations yield a
semimetallic behavior for monomorphous CsSnI3, due to the
spurious exchange in orbital character between the band ex-
trema. We thus assign a negative value to the band gap of
−0.27 eV, as reported in Table I. Taking into account posi-
tional polymorphism addresses the band inversion issue and
results in a 0.56 eV widening of the band gap compared to
the monomorphous structure. By using the PBE0 functional
for improved treatment of electronic correlations, we obtain a
band gap of 0.67 eV for the monomorphous structure. This
value is significantly lower than the experimental value of
1.35 eV at 500 K [54]. Accounting for local disorder yields
a PBE0 value of 1.30 eV, which matches the experimental
result.
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The DFT-PBEsol effective masses exhibit a reversal in sign
due to the orbital exchange characteristics of the monomor-
phous structure, resulting in hole and electron effective masses
of m∗

h,ref = −0.07 and m∗
e,ref = −0.10. As with the band gap,

the incorporation of local disorder corrects this problem,
yielding hole and electron effective masses of m∗

h,poly = 0.07
and m∗

e,poly = 0.09. These values compare well with quasipar-
ticle self-consistent GW calculations for the monomorphous
cubic structure, yielding m∗

h,GW = 0.069 and light-electron
effective mass m∗

e,GW = 0.068 [95]. However, this agreement
is fortuitous, as the GW results do not include SOC, whose
omission introduces a significant error together with the ne-
glect of local disorder. In general, SOC effects significantly
influence the effective masses in both the monomorphous and
polymorphous phases of cubic halide perovskites [30]. Our
corrections due to local disorder in cubic CsSnI3 correspond
to effective mass enhancement factors of λh = 1 and λe = 0.9,
respectively, and result in a reduced effective mass of μpoly =
0.04, the smallest among all inorganic compounds studied
here.

Here, we examine the ASDM phonon dispersion and how
electron-phonon coupling and thermal expansion affect the
band gap and effective masses of cubic CsSnI3. The cu-
bic phase of CsSnI3 is observed above 440 K [54] and as
such, we perform calculations using temperatures around this
value. Figure 8(c) shows the anharmonic phonon dispersion
at 500 K, which converges at the second ASDM iteration
and agrees well with previous calculations within the SCP
theory [42,47]. The zone-centered modes lie at ωTO1 = 3.9,
ωTO2 = 4.0, ωTO3 = 5.3, and ωTO4 = 10.3 meV, ωLO1 = 4.0,
ωLO2 = 5.6, and ωLO3 = 16.5 meV, close to those reported for
CsPbI3 at 650 K. Moreover, our values of ωLO1 , ωLO2 com-
pare well with the PL phonon sidebands of 3.3 and 5.3 meV
obtained for CsPbI3 nanocrystals at 3 K [158].

The electronic structure renormalization due to electron-
phonon coupling and thermal expansion leads to an over-
all band gap opening of �Eg,ref (500 K) = 0.52 eV and
�Eg,poly(500 K) = 0.20 eV as reported for the reference
and polymorphous structures in Table I. The effective
mass enhancements are λh,ref (500 K) = 2.86, λe,ref (500 K) =
1.8λh,poly(500 K) = 0.71, and λe,poly(500 K) = 0.89, showing
again a large impact of positional polymorphism on thermal-
induced corrections.

In Fig. 9(c), we report the band gap of cubic CsSnI3 as
a function of temperature computed using ZG polymorphous
(blue discs) and ZG reference (open squares) structures. We
compare our calculations with measurements from Ref. [54]
(gray triangles). Our DFT values are shifted by �s = 0.86 eV,
which compares well with the PBE0 correction of 1.02 eV
obtained using the polymorphous structure (Table I). The
temperature-dependent band gaps calculated for the reference
structure exhibit a band gap widening with increasing tem-
perature, but underestimate the experimental values by over
0.2 eV. The calculated band gap temperature coefficient is
dEg/dT = 3.4×10−4 eV/K for the reference structure which
compares well with the corresponding coefficient extracted
from experimental data of 4.7×10−4 eV/K. However, this
agreement is fortuitous, as electron-phonon coupling and ther-
mal expansion contribute with opposite sign, as shown in
Figs. 10(a) and 10(b). In fact, the computed band gap re-

duction with lattice expansion is due to the artificial orbital
exchange character in reference cubic CsSnI3. Reversing the
sign of this contribution yields dEg/dT = 7.9×10−4 eV/K
which overestimates the experimental value by 68%. Impor-
tantly, the use of polymorphous networks results in a positive
dEg/dTTE and an overall dEg/dT = 3.9×10−4 eV/K, which
is in close agreement with experiments. Similar to the
other Cs-based compounds, our analysis shows a dominant
electron-phonon coupling contribution of 84%.

In Fig. 9(g), we show the temperature dependence of
the hole and electron effective masses of cubic CsSnI3 in
the range 400–600 K. The slopes obtained for the data
of the reference (open squares) and polymorphous (blue
discs) structures are λT

h,ref = 2.1×10−4, λT
e,ref = 1.5×10−4

and λT
h,poly = 1.2×10−4, λT

e,poly = 1.7×10−4 m0/K. Similar
to the other polymorphous compounds, electron-phonon cou-
pling is the dominant effect contributing to more than 90%
to the thermal-induced effective masses enhancements. For
polymorphous cubic CsSnI3, we evaluate a reduced effective
mass of μpoly(400 K) = 0.065 and μpoly(600 K) = 0.080.

D. CsPbCl3

Here, we present our findings for cubic CsPbCl3. The
DFT-PBEsol calculations for the monomorphous structure
yield a band gap of 0.59 eV, as shown in Table I. Similar to
other inorganic Pb-based compounds, polymorphism induces
a substantial band gap widening of 0.60 eV compared to the
monomorphous structure. By applying the PBE0 functional
for exchange-correlation to the monomorphous structure, we
obtain a band gap of 2.16 eV which underestimates the ex-
perimental value of 3.02 eV at 295 K, obtained from PL
measurements of the free exciton peak [59]. However, when
local disorder is taken into account, the PBE0 band gap opens
to 2.79 eV, improving agreement with the experimental result.

The effective masses calculated for the monomorphous
structure are m∗

h,ref = 0.12 and m∗
e,ref = 0.13. Using lo-

cally disordered structures, the effective masses increase to
m∗

h,poly = 0.29 and m∗
e,poly = 0.31 which correspond to effec-

tive mass enhancement factors of λh = 1.42 and λe = 1.38.
The corrections arizing from polymorphism improve consid-
erably the agreement with the experimental reduced effective
mass of 0.202 ± 0.01 at T = 2 K [153], increasing the calcu-
lated value for CsPbCl3 from μref = 0.062 to μpoly = 0.150.
Despite this important improvement, our computed μpoly still
underestimates experiment by 25%, which we attribute to
neglecting quasiparticle and excitonic effects [150,163] from
our calculations.

We now examine the anharmonic phonon dispersion and
subsequently the thermally induced renormalization of the
band gap and effective masses. The cubic phase of CsPbCl3

stabilizes above 325 K [164]. In Fig. 8(d), we present the
converged ASDM phonon dispersion at 330 K, achieved at the
fifth iteration, where phonon energies extend up to 30 meV.
This range is broader compared to other inorganic halide
perovskites, owing to the small mass of Cl. The energies
of the degenerate TO modes at the � point are ωTO1 = 4.6,
ωTO2 = 6.8, ωTO3 = 8.2, and ωTO4 = 17.4 meV and of the LO
modes are ωLO1 = 5.0, ωLO2 = 9.4, and ωLO3 = 28.2 meV.
The value of ωLO1 compares well with the LO phonon fre-
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quency of 4.3 meV, obtained from an one-phonon model fit
to the PL linewidths of single crystals in the 185–295 K
range, as reported in Ref. [162]. Our data is also compared
with Raman measurements [165] of TO modes at 170 K and
for LO modes at 2 K for cubic-shaped CsPbCl3 nanocrystals
of 8 nm, as shown in Table II. Deviations between theory
and experiment can be attributed to various factors, including
quantum confinement, surface effects, the dielectric screening
environment, and variations in locally disordered domains,
as well as the computational setup, such as the choice of
functional and lattice parameters. Notably, our calculated
phonon energies compare better with data obtained from in-
frared spectroscopy data on thin films and single crystals of
MAPbCl3 at 300 K [166], which report TO phonon energies
of 8.2 and 11.0 meV and LO phonon energies of 8.7 and
27.9 meV.

As reported in Table I, the thermal-induced renor-
malization on the electronic structure of monomorphous
and polymorphous networks yields a band gap widening
of �Eg,ref (330 K) = 0.33 eV and �Eg,poly(330 K) = 0.10 eV.
The corresponding hole and electron effective mass en-
hancements are λh,ref (330 K) = 1.33, λe,ref (330 K) = 1.08,
λh,poly(330 K) = 0.24, and λe,poly(330 K) = 0.26, showing
the local disorder surpresses thermal-induced corrections at
330 K.

Figure 9(d) shows the band gap of cubic CsPbCl3 in
the temperature range 150–450 K obtained using the ZG
polymorphous (blue discs) and ZG reference (open squares)
structures. While the cubic phase of CsPbCl3 stabilizes
above 325 K [164], we also conduct calculations at temper-
atures as low as 150 K, where temperature-dependent PL
measurements of the free exciton peak (gray triangles) are
available [59]. DFT calculations are shifted by �s = 1.77 eV
to facilitate comparison with experiment, close to the PBE0
correction of 1.60 eV obtained for the polymorphous struc-
ture (see Table I). Our data for the ZG reference structure
show a band gap widening with temperature, where the
rate of change gradually decreases. Fitting a straight line to
our data within the temperature range of 150–450 K yields
a slope of dEg/dT = 7.6×10−4 eV/K, which significantly
overestimates 0.3×10−4 eV/K extracted from experimental
data in the range 60–295 K. As illustrated in Fig. 10, both
dEg/dT |EPC and dEg/dT |TE computed using the ZG ref-
erence structure contribute to the band gap widening with
temperature, with the electron-phonon contribution account-
ing for 74%, as illustrated in Figs. 10(a) and 10(b). When
we employ ZG polymorphous networks both effects become
less pronounced, with electron-phonon coupling contributing
81% to the total dEg/dT = 3.2×10−4 eV/K. Although this
value shows better agreement, it still significantly overesti-
mates the experimental slope of 0.3×10−4 eV/K, unlike in the
case of CsPbBr3 where our calculated slope matches closely
experiments. We attribute this different behavior to the fact
that excitonic effects, which are neglected from our calcula-
tions, play a more important role in CsPbCl3, as evidenced
by its higher binding energy and stronger exciton interac-
tions [150,167].

In Fig. 9(h), we present hole and electron effective masses
as a function of temperature calculated for the ZG reference
(open squares) and ZG polymorphous (blue discs) structures.

We observe that the effective masses of the polymorphous
structure follow a clear linear trend, which is more physi-
cally consistent, in contrast to the behavior observed for the
reference structure. Fitting a straight line to the data yields
the slopes λT

h,ref = 8.0×10−4, λT
e,ref = 6.2×10−4, λT

h,poly =
2.2×10−4, and λT

e,poly = 2.7×10−4 m0/K, showing that local
disorder decreases significantly the variation of the effec-
tive masses with temperature. Similar to our analysis for the
band gap, electron-phonon coupling contribution dominates
thermal-induced renormalization of the effective masses being
more than 90%. Finally, we report that the reduced effective
mass calculated for polymorphous cubic CsPbCl3 varies lin-
early from μpoly(150 K) = 0.169 to μpoly(450 K) = 0.206.

E. MAPbI3

We now describe our results for MA-based compounds,
starting with cubic MAPbI3. The DFT-PBEsol calculations
for both the monomorphous and reference structures give a
semimetallic behavior with a band gap of 0.06 and 0.03 eV.
Unlike in the case of CsPbI3, no electronic band edge in-
version is observed [see Figs. 12(c) and 12(d)]. However,
using reference structures helps alleviating the problem of
an asymmetric charge distribution induced by the net dipole
moment of the MA molecule in the monomorphous structure.
Incorporating local disorder through polymorphous networks
yields an average band gap widening of 0.49 eV relative to the
reference structures. As reported in Table I, our PBE0 calcu-
lation yields a band gap of 1.23 eV for the reference structure
which underestimates the experimental value of 1.61 eV at
315 K [52]. Using polymorphous networks, the theoretical
value improves significantly, as we find a band gap of 1.75 eV,
close to previous GW calculations on the orthorhombic [149]
and tetragonal [99] phases, reporting 1.57 and 1.67 eV, re-
spectively. GW band gaps of 1.67 eV for the cubic phase were
reported in Refs. [101] and [148], based on a ferroelectrically
distorted monomorphous structure. However, this symmetry-
broken configuration does not reflect the correct macroscopic
Pm3̄m symmetry of cubic MAPbI3, leading to unphysical
results such as artificial Rashba splitting.

Similar to monomorphous cubic CsPbI3, the DFT-PBEsol
hole and electron effective masses are extremely small:
m∗

h,ref = 0.02 and m∗
e,ref = 0.02. Using locally disordered

structures increases the effective masses considerably to
m∗

h,poly = 0.16 and m∗
e,poly = 0.13 amounting to hole and elec-

tron effective mass enhancement factors of λh = 7 and λe =
5.5, respectively. The large mass enhancements lead to the
increase of the reduced effective mass from μref = 0.01 to
μpoly = 0.072 improving significantly the comparison with
the experimental value [154] of μ = 0.104 at T = 2 K and the
calculated value for orthorhombic MAPbI3 of 0.11 obtained
within the GW approximation [149].

We now focus on the anharmonic phonon dispersion and
then on the impact of thermal effects on the band gap and
effective masses. Since the cubic phase of MAPbI3 is sta-
ble only above 315 K [52,173], our analysis is performed
above this temperature regime. In Fig. 8(e), we present the
ASDM phonon dispersion of the MAPbI3 reference struc-
ture at 315 K, focusing on the energy range associated with
the phonon dynamics of the inorganic network. The ASDM
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converges by the fifth iteration, effectively mitigating the in-
stabilities across the reciprocal space obtained in the harmonic
approximation for the ferroelectric monomorphous structure.
In addition, the harmonic phonon dispersion exhibits dis-
continuities at the � point, such as a splitting of 1 meV at
an energy of approximately 15 meV. These discontinuities
originate from anisotropies in the Born effective charge and
high-frequency dielectric tensors, which are calculated for the
ferroelectric monomorphous structure. These anisotropies, in
turn, arise from the net dipole moment of the MA molecule,
which breaks the macroscopic symmetry of the lattice and al-
ters the long-range dipole-dipole interactions. As a result, the
nonanalytical contribution to the dynamical matrix is affected,
leading to direction-dependent LO-TO splitting and discon-
tinuities in the dispersion [42]. The discontinuities at the �

point are alleviated in the ASDM phonon dispersion, which
correctly reflects the isotropic cubic lattice. This is achieved
by using average Born effective charge and high-frequency
dielectric tensors calculated for the polymorphous structures.
This demonstrates that, although local disorder is present in
polymorphous structures, on average, those structures reflect
the isotropy of the lattice. The ASDM phonon dispersion
of MAPbI3 spans a similar energy range (0–15 meV) as
that of CsPbI3 shown in Fig. 8(a), and exhibits compara-
ble features, such as the ultrasoft flat band along the R-M
direction and the phonon frequencies at the � point. The dif-
ferences between the two dispersions are primarily attributed
to the contributions of the Cs atom and the MA molecule
and secondarily to the different temperatures used. Our cal-
culated transverse optical and longitudinal optical phonon
frequencies at the � point for 315 K are ωTO1−4 = 3.9 − 4.0,
ωTO5−8 = 9.6 − 10.4, ωLO1 = 3.93, ωLO2 = 4.2, ωLO3 = 10.4,
and ωLO4 = 16.2 meV, as reported in Table II. These values
compare well with infrared spectroscopy measurements on
single crystals at room temperature, reporting TO modes of
4.0 and 7.8 meV and LO modes of 5.0 and 16.5 meV as in
Ref. [166], and TO modes of 4.2 and 8.3 meV along with LO
modes of 4.6 and 16.2 meV as in Ref. [169]. Similarly, our
calculated LO phonon energies agree with THz time-domain
spectroscopy measurements at room temperature [168], which
find values of 3.8 and 16.2 meV, as well as neutron scattering
measurements at 5 K [41] of 3.8, 11.7, and 15.5 meV. We
note that our value of ωLO3 = 10.4 meV compares well with
the effective LO phonon frequency of 11.5 meV used to fit
temperature-dependent PL linewidth data in Ref. [53]. Small
deviations between theory and experiment are attributed to
the functional used for the DFT calculations, different lattice
constants, as well as to the fact that, due to supercell size
constraints, our reference structure preserves only a subgroup
of the full Pm3̄m symmetry.

Accounting for the renormalization on the elec-
tronic structure due to electron-phonon coupling and
thermal expansion, we obtain a band gap opening of
�Eg,ref (315 K) = 0.26 eV and �Eg,poly(315 K) = 0.09 eV
for the reference and polymorphous structures, respec-
tively (see Table I). The corresponding effective mass
enhancements are λh,ref (315 K) = 4.5, λe,ref (315 K) = 3.5,
λh,poly(315 K) = 0.38, and λe,poly(315 K) = 0.31. The pro-
nounced reductions in �Eg, λh, and λe due to polymorphism
demonstrate that thermally induced renormalization effects

are significantly suppressed in the presence of local positional
disorder. Furthermore, our calculations at 315 K suggest an
increase of 37% and 31% due to electron-phonon coupling
of the hole and electron effective masses, respectively, which
compares well with the 28% increase at 300 K calculated for
both hole and electron effective masses in the orthorhombic
phase using many-body perturbation theory [174].

In Fig. 9(i), we present the temperature-dependent band
gaps of cubic MAPbI3 calculated using Boltzmann-weighted
averages over 10 ZG polymorphous configurations (red
discs) and their corresponding ZG reference structures (open
squares) at each temperature. We also report temperature-
dependent band gaps computed using only one ZG polymor-
phous network obtained by geometry optimization of the MSS
structure (open circles). We compare our results with the ex-
perimental data from Ref. [52] (gray triangles). To match the
experimental data, we shift our DFT values by �s = 1.00 eV
close to our PBE0 correction of 1.23 eV (Table I); notably,
the 1.00 eV shift aligns with the GW correction to the DFT
value reported for orthorhombic MAPbI3 [149]. Our anal-
ysis on data obtained for the reference structures yields a
slope of dEg/dT = 5.6×10−4 eV/K which overestimates the
experimental value of 2.6×10−4 eV/K by 115%. This over-
estimation is also observed in electron-phonon calculations
performed on ferroelectric monomorphous cubic MAPbI3
in Ref. [102]. Accounting for positional polymorphism
suppresses both electron-phonon and thermal-expansion-
induced band gap renormalization leading to a slope of
dEg/dT = 3.1×10−4 eV/K, which significantly improves the
agreement with experiment. Importantly, even when a single
ZG polymorphous configuration is used, starting from the
MSS structure, the extracted slope of 3.6×10−4 eV/K re-
mains in excellent agreement with experiment, as illustrated
also by the bar plot in Fig. 10(c). Our analysis shown in
Figs. 10(a) and 10(b) suggests that electron-phonon coupling
in both reference and polymorphous structures dominates
thermal band gap renormalization, contributing to 84% and
88%, respectively.

In Fig. 9(m), we report the temperature variation of
the hole and electron effective masses in the range 315–
450 K. Using both ZG reference and ZG polymorphous
networks, we obtain a linear variation of the effective masses
with temperature. Our analysis for the slopes yields λT

h,ref =
2.7×10−4 and λT

e,ref = 1.6×10−4, λT
h,poly = 4.6×10−4, and

λT
e,poly = 1.0×10−4 m0/K, showing that the presence of local

disorder increase/decrease the slopes λT
h /λT

e by 70%/38%.
As for the band gap renormalization, using a single ZG
polymorphous configuration obtained from the MSS struc-
ture results in excellent agreement with Boltzmann-weighted
averages over 10 polymorphous configurations. We remark
that in all cases electron-phonon coupling dominates the
thermal-induced effective masses enhancements contributing,
for example, 97% to λT

h,poly and 99% to λT
e,poly. The reduced

effective mass computed for the ZG polymorphous structure
varies linearly from μpoly(315 K) = 0.096 to μpoly(450 K) =
0.110.

F. MAPbBr3

Now we present our calculations for cubic MAPbBr3. The
DFT-PBEsol band gap calculated for the reference structure is
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0.39 eV, as reported in Table I. Compared to CsPbBr3, poly-
morphism leads to a similar, but smaller, band gap opening
of 0.44 eV relative to the reference structure. Using the PBE0
functional, we obtain an average band gap for the reference
structures of 1.82 eV. This value underestimates the exper-
imental band gap of 2.34 eV at 300 K [56]. Using locally
disordered networks, our theoretical value shows significant
improvement, yielding 2.27 eV which considerably enhances
the agreement with the experiment. Our value also compares
well with the GW band gap of 2.56 eV obtained for the
tetragonal phase of MAPbBr3 [100]. The GW overestimation
of the band gap by 0.22 eV is attributed to the use of a phase
other than cubic and to the scalar relativistic treatment of the
screened Coulomb interaction W .

At the DFT-PBEsol level, the hole and electron effective
masses are m∗

h,ref = 0.09 and m∗
e,ref = 0.09. Incorporating lo-

cal disorder through our polymorphous networks increase the
effective masses to m∗

h,poly = 0.19 and m∗
e,poly = 0.18. The ef-

fective mass enhancement factors due to these corrections are
λh = 1.11 and λe = 1.00. These mass enhancements lead to
the increase of the reduced effective mass of cubic MAPbBr3

from μref = 0.045 to μpoly = 0.092 improving considerably
the comparison with the experimental values [81,154] of
0.106 and 0.117 at T = 2 K. As with the band gap, the GW
calculations of Ref. [100] yield an overestimated value of
0.144 for tetragonal MAPbBr3, likely due to the scalar rela-
tivistic treatment of the screened Coulomb interaction W .

Now we examine ASDM phonon dispersion and subse-
quently the effect of electron-phonon coupling and thermal
expansion on the band gap and effective masses. We study
temperatures above 250 K, where the cubic phase of
MAPbBr3 is stable [56,175]. Figure 8(f) shows the ASDM
phonon dispersion of the MAPbBr3 reference structure at
300 K, focusing on phonons energies related to the inor-
ganic network. The ASDM converges by the sixth iteration,
alleviating the harmonic phonon instabilities calculated for
the ferroelectric monomorphous structure. As for the case of
MAPbI3, the discontinuities at the � point are alleviated in
the ASDM phonon dispersion by using average Born effective
charge and dielectric tensors computed for the polymorphous
structures, reflecting the isotropy of the cubic lattice. The
anharmonic phonons related to the inorganic network of
MAPbBr3 lie within the energy range of 0–20 meV, sim-
ilar to that of CsPbBr3 shown in Fig. 8(b). Apart from
the contributions related to the Cs atom and MA molecule
[see Figs. 14(a) and 14(b)] and the different temperature
used, both phonon dispersions exhibit similar characteristics,
including the ultrasoft flat band along the R-M direction.
However, the frequency of the high-energy TO mode at the
� point of MAPbBr3 is about 3 meV lower in energy com-
pared to that of CsPbBr3. Particularly, our anharmonicity
calculations for MAPbBr3 at 300 K yield ωTO1–4 = 5.1–5.7,
ωTO5–8 = 10.5–10.9, ωLO1 = 5.2, ωLO2 = 5.8, ωLO3 = 10.9,
and ωLO4 = 19.2 meV, as reported in Table II. These values
are in good agreement with PL, inelastic neutron scattering,
infrared, Raman, or other THz spectroscopy measurements for
MAPbBr3 [41,53,160,166,168,170,171]. In particular, focus-
ing on room temperature measurements, the following values
are reported: (i) TO modes of 5.6 and 9.1 meV and LO
modes of 6.3 and 20.1 meV [166], (ii) TO modes of 5.9 and

9.7 meV and LO modes of 6.0 and 20.7 meV [170], (iii)
TO modes of 5.5 and 8.3, and 11.9 meV and LO modes
of 6.3, 12.0, and 21.0 meV [171], and (iv) LO modes of
5.7, 9.1, and 20.1 meV [168]. We note that an effective LO
phonon frequency of 15.3 meV was used in Ref. [53] to fit
an one-phonon Fröhlich coupling model to PL linewidths in
the 100–370 K range. This value lies nearly midway between
our computed ωLO3 = 10.9 meV and ωLO4 = 19.2 meV. Dis-
crepancies between theory and experiment are related to the
choice of functional used in the DFT calculations, differences
between the lattice constants, and to the supercell size used,
in which our reference structure preserves only a subgroup of
the full Pm3̄m symmetry.

As show in Table I, the thermal-induced renormal-
ization on the electronic structure of reference and
polymorphous networks yields a band gap widening
of �Eg,ref (430 K) = 0.17 and �Eg,poly(430 K) = 0.08 eV.
The corresponding hole and electron effective mass en-
hancements are λh,ref (430 K) = 0.66, λe,ref (430 K) = 2.8,
λh,poly(430 K) = 0.37, and λe,poly(430 K) = 0.28. It is clear
that both �Eg and λ are diminished due to positional polymor-
phism; this is attributed to the reduced coupling of electrons
to lattice vibrations in a distorted octahedral network, which
in turn decreases the Fan-Migdal electron-phonon self-energy
correction [110].

In Fig. 9(j), we present the band gap of cubic MAPbBr3

as function of temperature evaluated as Boltzmann-weighted
average over 10 ZG polymorphous configurations (red
discs) and their ZG reference structures (open squares).
Temperature-dependent band gaps computed using a sin-
gle ZG polymorphous network obtained through geometry
optimization of the MSS structure are also reported (open
circles). We compare our results with the experimental data
from Ref. [56] (gray triangles). Our DFT calculations are
shifted by our PBE0 correction of 1.44 eV (see Table I) to
match the experimental data. Calculations indicate that us-
ing reference structures results in a band gap widening with
temperature, but underestimates the experiment by more than
0.30 eV, a discrepancy that can be resolved by employing ZG
polymorphous structures. In addition, our calculated slope of
dEg/dT = 5.8×10−4 eV/K for the ZG reference structures
overestimates the experimental value [56] of 2.8×10−4 eV/K
by more than a factor of 2. As shown in Figs. 10(a)
and 10(b) for the reference structures, both dEg/dT |EPC and
dEg/dT |TE contribute to the temperature-induced band gap
widening, with the electron-phonon contribution account-
ing for 71%. The use of polymorphous networks reduces
both the electron-phonon coupling and thermal expansion
contributions, with electron-phonon coupling remaining the
dominant effect, accounting for approximately 70%. The to-
tal slope calculated using ZG polymorphous structures is
dEg/dT = 2.9×10−4 eV/K which agrees with the exper-
imental one of 2.8×10−4 eV/K. Remarkably, even when
a single ZG polymorphous configuration is used, start-
ing from the MSS structure, maintains excellent agreement
with the experimental data, with the extracted slope being
2.1×10−4 eV/K.

Figure 9(n) shows temperature-dependent hole and elec-
tron effective masses in the range 275–450 K calculated
using ZG reference (open squares) and ZG polymorphous (red
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discs) networks. Unlike the hole effective mass of 0.15 m0

at 300 K obtained for the reference structures, our calculated
value of 0.26 m0 for the polymorphous structures at 300 K
is in excellent agreement with angle-resolved photoemission
measurements at room temperature, which report a value of
0.25 ± 0.05 m0 [176]. Importantly, even when using a sin-
gle ZG polymorphous configuration obtained from the MSS
structure [open circles in Fig. 9(n)], the results compare well
with our values obtained from Boltzmann-weighted averages
over 10 polymorphous configurations, i.e., when including
configurational entropy effects. Linear fits to the data give
slopes of λT

h,ref = 2.5×10−4, λT
e,ref = 2.0×10−4 and λT

h,poly =
1.5×10−4, λT

e,poly = 0.9×10−4 m0/K, showing that local dis-
order decreases the slopes by 40% and 55%, close to the
values obtained for CsPbBr3. We note that in our calcula-
tions, electron-phonon coupling dominates by 85%–92% the
thermal-induced effective masses enhancements for both the
reference and polymorphous structures. The reduced effective
mass obtained for polymorphous cubic MAPbBr3 varies lin-
early from μpoly(275 K) = 0.120 to μpoly(450 K) = 0.130.

G. MASnI3

In this section, we discuss our results for cubic MASnI3.
Similar to CsPbI3 and CsSnI3, our DFT-PBEsol calculations
yield a semimetallic behavior for the reference structures of
MASnI3 and a spurious exchange in orbital character between
the band extrema. We thus assign a negative value to the band
gap of −0.09 eV, as reported in Table I. The band inversion
issue is addressed when taking into account positional poly-
morphism which results in a band gap widening of 0.37 eV.
Our PBE0 calculations for the reference structures give a
band gap of 0.88 eV, which underestimates the experimental
value of 1.31 eV at 300 K [61]. Employing locally disordered
networks results in a band gap opening to 1.30 eV, which is in
agreement with experiment and compares well with the GW
value of 1.1 eV reported for tetragonal MASnI3 [99].

Similar to CsPbI3 and CsSnI3, the effective masses of
the reference structures exhibit a reversal in sign due to or-
bital exchange at the DFT-PBEsol level. This results in hole
and electron effective masses of m∗

h,ref = −0.05 and m∗
e,ref =

−0.03. As with the band gap, local disorder corrects this
problem and DFT-PBEsol hole and electron effective masses
become m∗

h,poly = 0.06 and m∗
e,poly = 0.09. These effective

masses are the smallest among all hybrid halide compounds
studied here and expected to be at the origin of the high mo-
bility reported for MASnI3 in Ref. [60]. The adjustments due
to local disorder correspond to effective mass enhancement
factors of λh = 1.2 and λe = 3, respectively, The reduced
effective mass of cubic MASnI3 increase from μref = 0.019
to μpoly = 0.036.

Now we examine phonon anharmonicity in cubic MASnI3.
The cubic phase of MASnI3 is observed above 275 K [61,177]
and therefore we perform calculations using temperatures
around this value. Figure 8(g) shows the anharmonic phonon
dispersion at 300 K in the energy range 0–16 meV, which con-
verges at the fifth ASDM iteration. The discontinuities at the �

point present in the harmonic phonon dispersion arise from the
use of a ferroelectric monomorphous structure, which induces
anisotropy in the Born effective charge and dielectric tensors,

and thus in the long-range contribution to the dynamical ma-
trix. As with the other MA-based compounds, this issue is
resolved in the anharmonic phonon dispersion by using aver-
aged Born effective charges and dielectric tensors calculated
from the polymorphous structures. The anharmonic phonon
dispersion related to the inorganic network of MASnI3 ex-
hibits similarities with the one reported for CsSnI3 [Fig. 8(c)],
including an identical energy range of 0–16 meV and the
low energy flat band along the R-M direction. The main
differences are attributed to the contributions of the A-site
cation, the different temperatures considered, and the choice
of reference structure, which preserves only a subgroup of
the full Pm3̄m symmetry. For MASnI3, the zone-center fre-
quencies ωTO1 = 4.47, ωTO4 = 8.4, ωLO2 = 4.92, and ωLO4 =
16.1 meV, compare well with the spectroscopy data reported
for MAPbI3 single crystals at room temperature: 4.0, 7.8, 5.0,
and 16.5 meV [166], and 4.2, 8.3, 4.6, and 16.2 meV [169],
respectively.

The thermal-induced electronic structure renormalization
leads to an overall band gap opening of �Eg,ref (300 K) =
0.22 eV and �Eg,poly(300 K) = 0.13 eV as reported for the
ZG reference and ZG polymorphous structures in Table I.
The hole and electron effective mass enhancement factors are
λh,ref (300 K) = 1.8, λe,ref (300 K) = 3.0λh,poly(300 K) = 0.5,
and λe,poly(300 K) = 0.4, showing that local disorder reduces
thermal-induced corrections.

Figure 9(k) shows the band gap of cubic MASnI3 as a
function of temperature. Red discs and open squares rep-
resent Boltzmann-weighted averages over the band gaps
computed for 10 ZG polymorphous configurations and their
ZG reference structures, respectively. Open circles represent
temperature-dependent band gaps computed using a single
ZG polymorphous network obtained from the MSS structure.
Gray triangles are experimental data from Ref. [61]. Our DFT
values are shifted by �s = 0.90 eV, which aligns with our
PBE0 correction of 1.02 eV obtained for the polymorphous
structures. This shift also aligns with the GW correction of
0.79 eV reported in Ref. [99] for tetragonal MASnI3. The
reference structures exhibit a band gap widening with in-
creasing temperature, but they underestimate the experimental
values by about 0.3 eV. The calculated temperature coefficient
of the band gap for the reference structures is dEg/dT =
3.4×10−4 eV/K, which shows good agreement with the ex-
perimentally determined value of 4.5×10−4 eV/K. Similar
to the case of CsSnI3, this agreement appears coinciden-
tal, since electron-phonon coupling and thermal expansion
contribute with opposite signs, as illustrated in Figs. 10(a)
and 10(b). Specifically, the negative thermal expansion con-
tribution arises from the orbital exchange character in the
reference structures of cubic MASnI3. Adjusting the sign
of this contribution results in dEg/dT = 7.2×10−4 eV/K,
which overestimates the experimental value by 60%. Using
ZG locally disordered networks gives a positive dEg/dTTE

and an overall dEg/dT = 5.7×10−4 eV/K which is closer to
experiment. Notably, even a single ZG polymorphous config-
uration, derived from the MSS structure, reproduces a nearly
identical temperature coefficient of 5.6×10−4 eV/K. Similar
to Cs-based and MA-based compounds, our analysis shows
that electron-phonon coupling is the leading contribution, ac-
counting for 61%.
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Figure 9(o) shows the temperature dependence of the
hole and electron effective masses of cubic MASnI3 in the
range 250–450 K. Linear fits to the data obtained for the
ZG reference (open squares) and ZG polymorphous (red
discs) structures are λT

h,ref = 0.8×10−4, λT
e,ref = 0.3×10−4

and λT
h,poly = 1.5×10−4, λT

e,poly = 2.1×10−4 m0/K. A sin-
gle ZG polymorphous configuration derived from the MSS
structure [open circles in Fig. 9(o)] yields similar slopes
to those obtained from Boltzmann-weighted averages over
10 ZG polymorphous configurations but underestimates the
values by about 0.02. Electron-phonon coupling is the lead-
ing thermal effect, contributing to more than 75% to the
effective masses enhancements. For polymorphous cubic
MASnI3, the reduced effective mass exhibits a linear temper-
ature dependence, increasing from μpoly(250 K) = 0.049 to
μpoly(450 K) = 0.067.

H. MAPbCl3

Here, we present our findings for cubic MAPbCl3. The
DFT-PBEsol calculations for the reference structures yield
a band gap of 0.72 eV, as shown in Table I. Local disorder
induces a substantial band gap widening of 0.52 eV, which is
the largest among all MA-based compounds studied in this
work, consistent with the largest energy lowering reported
for MAPbCl3 in Fig. 2(b). Our PBE0 calculations for the
reference structures give a band gap of 2.34 eV which un-
derestimates significantly the experimental values of 2.88 and
3.07 eV at 300 K, obtained from PL measurements of the
major emission peak [51,55]. Significant improvements are
observed when employing locally disordered networks in
combination with the PBE0 approximation, yielding a band
gap of 2.88 eV which is in excellent agreement with ex-
periments. A GW band gap of 3.46 eV has been previously
reported for tetragonal MAPbCl3 [100], which overestimates
experiment by approximately 0.4–0.6 eV. This discrepancy
has been primarily attributed to the use of a scalar relativistic
approximation for the screened Coulomb interaction, neglect-
ing spin-orbit coupling for W [22].

The effective masses calculated for the reference structures
are m∗

h,ref = 0.15 and m∗
e,ref = 0.16. Using locally disordered

structures, the effective masses increase to m∗
h,poly = 0.26 and

m∗
e,poly = 0.27. The associated hole and electron effective

mass enhancement factors due to polymorphism are λh =
0.73 and λe = 0.63. Corrections arising from polymorphism
increase the reduced effective mass from μref = 0.077 to
μpoly = 0.132. The latter value lies within the inherent ac-
curacy of the GW value of 0.159 reported for tetragonal
MAPbCl3 in Ref. [100] that neglects spin-orbit coupling
in W .

The cubic phase of MAPbCl3 stabilizes above 180 K [55]
and therefore we perform calculations using temperatures
above this value. In Fig. 8(h), we present the converged
ASDM phonon dispersion at 300 K, achieved at the sixth
iteration, in the energy range associated with the vibrations of
the inorganic sublattice (0–31 meV). Similar to other hybrid
halide perovskites, the harmonic phonon dispersion displays
phonon instabilities, lifted degeneracies, and discontinuities
at the � point due to the fixed molecular orientation in the
ferroelectric monomorphous structure. As for other hybrid

halide perovskites, in our anharmonic phonon calculations
we resolve these issues by including phonon self-energy
corrections, taking the MSS structure as a reference, and com-
puting the nonanalytic contribution to the dynamical matrix
based on Born effective charge and high-frequency dielec-
tric tensors of the polymorphous structures. The anharmonic
phonon dispersions of MAPbCl3 and CsPbCl3 [Fig. 8(d)]
have some similar characteristics, spanning comparable en-
ergy ranges and both exhibiting an ultrasoft, flat phonon
band along the R-M direction. The primary differences arise
from the contributions of the A-site cations and the selection
of the MSS structure that retains only a subgroup of the
full Pm3̄m symmetry. Table II reports the frequencies at the
� point of MAPbCl3: ωTO1–4 = 7.8–8.3, ωTO5–6 = 12.2–13.0,
ωTO7–8 = 15.3–15.7, ωLO1 = 7.8, ωLO2 = 8.3, ωLO3 = 13.6,
and ωLO4 = 27.7 meV. A good agreement is observed with
experimental data from infrared and THz-TDS spectroscopy
on MAPbCl3 at room temperature, which identify TO modes
at 8.2 and 11.0 meV and LO modes at 8.2, 8.7, 12.4, and
27.9 meV [166,168].

We next investigate the renormalization of the band gap
and effective masses due to electron-phonon coupling and
thermal expansion. Figure 9(l) shows the band gap of cubic
MAPbCl3 in the temperature range 200–400 K obtained us-
ing 10 ZG polymorphous (red discs) and 10 ZG reference
(open squares) structures for each temperature. We also in-
clude temperature-dependent band gaps computed with the
ZG polymorphous configuration of the MSS structure (open
cirles). Experimental data (gray triangles) are from Ref. [55].
To enable direct comparison with experiment, the DFT data
are rigidly shifted by �s = 1.73 eV. This value matches
the PBE0 correction of 1.64 eV obtained for the polymor-
phous structures (see Table I). Our data for the ZG reference
structures show a temperature-induced band gap widening,
with a temperature coefficient of dEg/dT = 6.2×10−4 eV/K.
This value significantly overestimates the experimentally de-
rived coefficient of −0.9×10−4 eV/K, which indicates that
the band gap remains nearly constant with temperature in
the measured range. As illustrated in Figs. 10(a) and 10(b),
both dEg/dT |EPC and dEg/dT |TE computed for the reference
structures lead to band gap widening, with electron-phonon
coupling accounting for 48%. Notably, this is the only case
among Cs-based and MA-based compounds where thermal
expansion is the leading contribution to the thermal-induced
band gap renormalization. When ZG polymorphous networks
are employed, electron-phonon coupling results in band gap
narrowing, uniquely among all compounds studied, while
thermal expansion continues to induce a band gap widen-
ing, though its contribution is reduced. The total temperature
coefficient of the band gap for the polymorphous struc-
tures is dEg/dT = 0.9×10−4 eV/K, which closely matches
the experimental value, as shown in Fig. 10(c). Overall,
we attribute the nearly constant variation of the band gap
with temperature to the opposing effects of electron-phonon
coupling and thermal expansion. Unlike for the other MA-
based compounds, a single ZG polymorphous configuration
derived from the MSS structure does not provide a suffi-
ciently accurate approximation for computing temperature-
dependent band gaps, yielding a temperature coefficient
of 3.8×10−4 eV/K.
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In Fig. 9(p), we present the temperature dependence of
the hole and electron effective masses calculated using the
ASDM for both the reference (open squares) and polymor-
phous structures (red discs). The effective masses of the
ZG reference structures exhibit a monotonic increase with
temperature, whereas those in the ZG polymorphous struc-
tures remain nearly constant, mirroring the trend observed
for the band gap. Fitting a straight line to the data yields
the slopes λT

h,ref = 1.6×10−4, λT
e,ref = 1.8×10−4 and λT

h,poly =
0.9×10−4, λT

e,poly = 0.2×10−4 m0/K, showing that local dis-
order affects significantly the variation of the effective masses
with temperature. We remark that now electron-phonon
coupling contribution dominates thermal-induced renormal-
ization of the effective masses being more than 70%. We also
report that the reduced effective mass calculated for poly-
morphous cubic MAPbCl3 remains linearly constant being
μpoly(200 K) = 0.170 and μpoly(400 K) = 0.172. Finally, we
note that as for the band gap, a single ZG polymorphous
configuration derived from the MSS structure [open circles
in Fig. 9(p)] is not a good approximation to explain the tem-
perature variation of the effective masses.

I. FAPbI3

We next present our results for cubic FAPbI3. DFT-PBEsol
calculations for the reference structure reveal a semimetallic
behavior with a band gap of 0.10 eV. However, unlike CsPbI3

[Figs. 12(a) and 12(b)], our charge density plots [Figs. 12(f)
and 12(g)] do not display any spurious exchange in orbital
character between the conduction and valence band extrema.
Accounting for positional polymorphism leads to a relatively
small band gap widening of 0.24 eV, consistent with the rela-
tively small degree of polymorphism in FA-based compounds
(Fig. 2). Going beyond DFT, PBE0 calculations give a band
gap of 1.33 eV for the reference structures. Although this un-
derestimates the experimental value of 1.53 eV at 300 K [58],
it remains in reasonable agreement. Employing polymorphous
networks results in a band gap of 1.59 eV, aligning better with
experiment and again highlighting the importance of local
disorder in accurate band gap predictions. Our result also
compares well with GW calculations for tetragonal FAPbI3,
which report a band gap of 1.71 eV [107]. Previous GW
calculations, based on idealized ferroelectric monomorphous
structures that are not representative of the actual physical
system yielding an artificial Rashba splitting, report a band
gap of 1.47 and 1.48 eV [101,178]. We emphasize that band
structures of polymorphous structures do not exhibit a Rashba
band splitting of the doubly degenerate band extrema [30,110]
as they reflect, on average, the system’s centrosymmetricity.

At the DFT-PBEsol level, the spurious semimetallic be-
havior leads to extremely small hole and electron effective
masses of m∗

h,ref = 0.03 and m∗
e,ref = 0.03. As with the

band gap, incorporating local disorder increases the effective
masses to m∗

h,poly = 0.10 and m∗
e,poly = 0.09, correpondig to

effective mass enhancement factors of λh = 2.3 and λe =
2.0, respectively. Our calculated reduced effective mass
increases significantly from μref = 0.015 to μpoly = 0.047
for polymorphous FAPbI3. However, this value still sub-
stantially underestimates the experimental measurements for
orthorhombic and tetragonal FAPbI3, reported as 0.09 and

0.095, respectively [154]. This underestimation is attributed
to the semilocal treatment of exchange-correlation effects
within DFT and the relatively small degree of polymorphism
exhibited by FA-based compounds. Previous GW calcula-
tions [106] on a ferroelectrically distorted monomorphous
configuration of cubic FAPbI3, (though unphysical, exhibit-
ing a relatively large μGW = 0.121) report an increase in the
DFT hole and electron effective masses of 72% and 93%,
respectively. Applying these corrections to our DFT effec-
tive masses of polymorphous FAPbI3 yields a renormalized
value of μpoly+GW = 0.086, in excellent agreement with the
experimental values.

In the following we present the anharmonic phonon disper-
sion. The cubic phase of FAPbI3 stabilizes above 285 K [179]
and thus we perform calculations using temperatures around
this value. In Fig. 8(i), we present the calculated ASDM
phonon dispersion at 300 K, which converges by the fourth
iteration. We focus on the energy range 0–16 meV, mostly
associated with vibrations of the inorganic atoms. Account-
ing for anharmonicity with the ASDM fully alleviates the
strong instabilities present in the harmonic phonon dispersion
calculated for the ferroelectric monomorphous structure. The
differences between the anharmonic phonon dispersions of
cubic MAPbI3 [Fig. 8(e)] and FAPbI3 are primarily attributed
to the distinct contributions of the MA and FA cations and
the indirect coupling between the lattice dynamics of the or-
ganic and inorganic sublattices. The phonon frequencies at the
� point for 300 K are ωTO1–4 = 3.79–5.3, ωTO5–6 = 8.3–8.6,
ωTO7–8 = 11.9–12.0, ωLO1 = 4.0, ωLO2 = 4.9, ωLO3 = 11.4,
and ωLO4 = 15.5 meV, as reported in Table II. Analysis of
phonon sidebands in PL spectra at 3.6 K of FAPbI3 nanocrys-
tals [40], which have a cubic crystal structure and average
sizes of 10–15 nm, yields LO phonons of 3.2, 7.8, and
15.4 meV. These values compare well with our calculations
except the mode at 7.8 meV which differs from our calcu-
lated value of 11.4 meV. However, as reported in Ref. [40],
high-energy excitations result in temporal fluctuations of the
intermediate phonon, spanning an energy range from 7.2 to
15 meV. Therefore, in Table II, we adopt the mean value
of this range, 11.1 meV, as the representative intermedi-
ate phonon energy. Close to this value, Refs. [40] and [53]
report an effective LO phonon of 10.7 and 11.5 meV, re-
spectively, obtained by one-phonon Fröhlich coupling model
fits to temperature-dependent PL linewidths. Our calculations
are also in good agreement with inelastic neutron scattering
data [41] of 3.9, 9.8, and 15.1 meV, obtained for the low
temperature phase of FAPbI3.

Now we move to the effect of thermal effects on the
electronic structure. As reported in Table I, our calculations
with the ASDM accounting for anharmonic electron-phonon
coupling and thermal expansion yield a band gap opening
of �Eg,ref (300 K) = 0.39 eV and �Eg,poly(300 K) = 0.13 eV
for the ZG reference and ZG polymorphous structures. The
corresponding electron and hole effective mass enhancements,
derived using the renormalization �m∗ reported in Table I, are
λh,ref (300 K) = 2.3, λe,ref (300 K) = 1.7 and λh,poly(300 K) =
0.6, λe,poly(300 K) = 0.4. These values show that local
disorder leads to a considerable reduction to the thermal-
induced renormalization of the electronic structure of
FAPbI3.
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In Fig. 9(q) we compare the band gap of cubic FAPbI3

as a function of temperature calculated for ZG polymorphous
(black discs) and ZG reference (open squares) networks with
measurements from Ref. [58] (gray triangles). The DFT data
are shifted by �s = 1.10 eV close to our calculated PBE0
correction of 1.25 eV (see Table I). A linear fit to the data
obtained for the ZG reference structures yields a slope of
dEg/dT = 7.5×10−4 eV/K which overestimates the exper-
imental value of 4.3×10−4 eV/K by 75%. Accounting for
positional polymorphism improves significantly the agree-
ment with experiment as it suppresses both electron-phonon
coupling and thermal expansion leading to a temperature co-
efficient dEg/dT = 4.6×10−4 eV/K. Figure 9(q) also reports
data calculated using only the ZG polymorphous network
of the MSS structure (open circles). Remarkably, our values
overlay with data obtained from Boltzmann-weighted aver-
ages over 10 ZG polymorphous structures, with the extracted
coefficient being 4.5×10−4 eV/K. As shown in Figs. 10(a)
and 10(b), electron-phonon coupling contributes more sig-
nificantly than thermal expansion, accounting for 65% and
70% in our calculated band gap renormalization for the ZG
reference and ZG polymorphous structures, respectively.

In Fig. 9(u), we report hole and electron effective masses in
the temperature range 220–350 K, revealing a thermal-driven
increase for both the ZG reference (open squares) and ZG
polymorphous structures (dark discs). The slopes extracted
from linear fits to the data are λT

h,ref = 2.8×10−4, λT
e,ref =

1.9×10−4 and λT
h,poly = 3.3×10−4, λT

e,poly = 1.7×10−4 m0/K.
Similar to the band gap renormalization, more than 75% of
λT arises from electron-phonon coupling in all cases. We also
report that the reduced effective mass calculated for poly-
morphous cubic FAPbI3 varies linearly being μpoly(220 K) =
0.063 to μpoly(350 K) = 0.078. Applying the GW cor-
rections [106] of 72% and 93% to the DFT hole and
electron effective masses gives μpoly+GW (220 K) = 0.115 to
μpoly+GW (350 K) = 0.143. Finally, we note that the temper-
ature dependence of the effective masses is well reproduced
by a single ZG polymorphous configuration derived from the
MSS structure, as indicated by the open circles in Fig. 9(u).

J. FAPbBr3

In this section, we describe our calculations for cubic
FAPbBr3. Table I reports a DFT-PBEsol average band gap
of 0.46 eV for the reference structure. Similar to FAPbI3,
positional polymorphism leads to a relatively small band
gap opening of 0.24 eV, consistent with the relative small
degree of structural disorder calculated for FA-based com-
pounds, as shown in Figs. 2(c)–2(h). Combining the PBE0
functional and the reference structures, we obtain a band gap
of 1.89 eV, which underestimates the experimental value of
2.29 at 300 K [56]. Using locally disordered polymorphous
networks, the calculated band gap increases to 2.13 eV, match-
ing closer the experimental value. Previous GW calculations
on ferroelectric monomorphous structures that exhibit an ar-
tificial Rashba splitting on the electronic structure yield band
gaps of 2.20 and 2.26 eV [101,178].

Our calculated DFT-PBEsol effective masses for the ref-
erence structure are m∗

h,ref = 0.10 and m∗
e,ref = 0.10. Local

disorder enhances the effective masses, resulting to m∗
h,poly =

0.16 and m∗
e,poly = 0.15, and thus to λh = 0.6 and λe = 0.5.

These enhancements increase the reduced effective mass
of cubic FAPbBr3 from μref = 0.050 to μpoly = 0.077 im-
proving the comparison with the experimental values for
orthorhombic and tetragonal phases of 0.117 and 0.13 [154].
To further improve consistency with experimental values, we
apply GW enhancements [106] of 72% and 93% to the DFT
hole and electron effective masses, respectively, following the
approach used for FAPbI3. This results in a reduced effective
mass of μpoly+GW = 0.141.

Now we study the anharmonic phonon dispersion of cubic
FAPbBr3. We focus on temperatures around 270 K, where the
cubic phase of FAPbBr3 becomes stable [56,180]. In Fig. 8(j),
we present the converged ASDM phonon dispersion at 300 K
(fourth iteration) in the energy range 0–20 meV. As shown
in Fig. 14(b), this range is mostly associated with vibra-
tions of the inorganic atoms. The phonons of the ferroelectric
monomorphous structure exhibit strong instabilities [green in
Fig. 8(j)], which are alleviated by using a reference structure
and including self-energy corrections with the ASDM. The
stabilized phonon frequencies at the � point are ωTO1–4 =
5.4–7.1, ωTO5-6 = 9.7–10.0, ωTO7–8 = 13.3–13.7, ωLO1 = 5.5,
ωLO2 = 6.53, ωLO3 = 12.9, and ωLO4 = 18.8 meV, as reported
in Table II. These frequencies are comparable to those of
MAPbBr3 and CsPbBr3 with main differences attributed to
contributions from the A-site cations and their coupling with
the inorganic sublattice. Our calculated LO phonon frequen-
cies for cubic FAPbBr3 compare well with the experimental
values: (i) 5.5, 13.1, and 22.2 meV, obtained from inelas-
tic neutron scattering measurements on the orthorhombic
phase [41], and (ii) 4.4 and 18.8 meV, derived from the anal-
ysis of PL sidebands of 4–17 nm nanocrystals at 5.5 K [172].
Additionally, Ref. [53] reports an effective phonon frequency
of 15.3 meV, obtained by fitting an one-phonon Fröhlich cou-
pling model to PL linewidths measured over the 10–370 K
range. This value lies approximately midway between our
calculated ωLO3 = 12.9 meV and ωLO4 = 18.8 meV.

In Table I, we report for the ZG reference and ZG poly-
morphous structures a thermal-induced band gap renormal-
ization of �Eg,ref (300 K) = 0.13 eV and �Eg,poly(300 K) =
0.10 eV. Using the reported thermal-induced mass correc-
tions, �m∗, we obtain the following enhancements factors:
λh,ref (300 K) = 0.4, λe,ref (300 K) = 0.3 and λh,poly(300 K) =
0.3, λe,poly(300 K) = 0.3. The small changes in both �Eg

and λ are consistent with the relatively small degree of local
disorder in cubic FAPbBr3.

In Fig. 9(r), we present temperature-dependent band gaps
of the ZG reference (open squares) and ZG polymorphous
(black discs) structures of cubic FAPbBr3 evaluated as
Boltzmann-weighted averages over 10 configurations. Our
DFT calculations are corrected by �s = 1.50 eV to align with
the experimental data from Ref. [56] (gray triangles); �s

is close our PBE0 correction of 1.43 eV obtained for the
polymorphous structure (see Table I). Using ZG reference
structures leads to a temperature-induced band gap widen-
ing, but the calculated values consistently underestimate the
experimental band gap by more than 0.20 eV across all tem-
peratures. This discrepancy is resolved by employing ZG
polymorphous structures. The temperature coefficient of the
band gap, calculated as dEg/dT = 6.6×10−4 eV/K for the
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reference structures, overestimates the extracted experimental
value of 4.9×10−4 eV/K by approximately 35%. As shown
in Figs. 10(a) and 10(b), both dEg/dT |EPC and dEg/dT |TE

contribute to the band gap opening with temperature, with
electron-phonon coupling accounting for 54% of the total
effect in the reference case. The use of ZG polymorphous
networks reduces both contributions, particularly that from
electron-phonon interactions, leading now to a dominant ther-
mal expansion contribution of 66%. The total slope obtained
with ZG polymorphous structures is improved to dEg/dT =
3.6×10−4 eV/K, underestimating the experimental value by
27%. Notably, the single ZG polymorphous configuration of
the MSS structure [open circles in Fig. 9(r)] yields excel-
lent agreement with experiment, with an extracted slope of
4.9×10−4 eV/K.

Figure 9(v) presents the temperature dependence of hole
and electron effective masses in the range 275–400 K,
calculated for both the ZG reference (open squares) and
ZG polymorphous (black discs) networks of FAPbBr3. The
extracted slopes are λT

h,ref = 1.8×10−4, λT
e,ref = 1.5×10−4

and λT
h,poly = 1.9×10−4, λT

e,poly = 1.5×10−4/K. These values
indicate that local disorder has small influence on the tem-
perature dependence of the effective masses. Unlike the case
of the band gap, the temperature-induced enhancement of
the effective masses is primarily driven by electron-phonon
coupling, which accounts for over 75% of the total effect in
both structural models. For polymorphous cubic FAPbBr3, the
reduced effective mass increases from μpoly(275 K) = 0.096
to μpoly(400 K) = 0.107. Applying GW correction factors
of 72% and 93% to the DFT hole and electron effective
masses [106] yields corrected values of μpoly+GW (275 K) =
0.175 and μpoly+GW (400 K) = 0.195. Finally, we note that a
single ZG polymorphous configuration derived from the MSS
structure [open circles in Fig. 9(v)] provides a reasonable ap-
proximation for estimating the effective masses of FAPbBr3.

K. FASnI3

We next discuss our results for cubic FASnI3. Similar to
CsSnI3 and MASnI3, our DFT-PBEsol calculations yield a
semimetallic behavior for the reference structures of FASnI3,
with a band gap of 0.11 eV as reported in Table I. However, in
this case we did not observe an exchange in orbital character
between the band extrema. Including local disorder leads to
a band gap opening of 0.31 eV of similar magnitude with
other FA-based compounds. This value is consistent with the
0.22 eV band gap opening previously reported by some of us
for a single locally disordered configuration of cubic FASnI3,
calculated without including spin-orbit coupling [29]. Exper-
imental measurements on FASnI3 nanocrystals with cubic
symmetry (space group Pm3̄m) have reported a band gap in-
crease of 190 meV compared to the corresponding bulk cubic
phase [29]. In addition to quantum confinement, this increase
has been attributed to local structural disorder, specifically to
an average Sn-I-Sn bond angle reduction of 13◦ relative to
the idealized cubic configuration. This angular deviation is 3◦
larger than that found in our locally disordered bulk structures,
corresponding to an additional band gap renormalization of
approximately 72 meV, based on the 24 meV/◦ slope shown
in Fig. 2(d). We therefore attribute roughly 72 meV of the

total 190 meV band gap increase to enhanced local disorder
in cubic FASnI3 nanocrystals, with the remaining contribution
arising from quantum confinement or other effects. Our PBE0
calculations for the bulk reference structures give a band gap
of 1.13 eV which compares well with the experimental value
of 1.38 eV at 300 K [57], both reported in Table I. Employing
locally disordered networks results to a band gap of 1.48 eV,
which agrees with the experimental value. We note that GW
calculations using an unphysical distorted monomorphous
structure [101] report a band gap of 1.24 eV.

The DFT-PBEsol hole and electron effective masses of the
reference structures are extremely small: m∗

h,ref = 0.03 and
m∗

e,ref = 0.03. Local disorder increase the hole and electron
effective masses to m∗

h,poly = 0.08 and m∗
e,poly = 0.11, which

remain small close to those reported for MASnI3. The ad-
justments due to local disorder correspond to effective mass
enhancement factors of λh = 1.7 and λe = 2.7 and an in-
crease in the reduced effective mass from μref = 0.015 to
μpoly = 0.046.

Now we examine the anharmonic phonon dispersion of
cubic FASnI3. The cubic phase of FASnI3 is observed
above 250 K [57,180] and therefore we perform calculations
around this value. In Fig. 8(k), we show the anharmonic
phonon dispersion at 300 K in the energy range of 0–
15 meV, which is found to converge by the third ASDM
iteration, alleviating all phonon instabilities present in the
monomorphous structure. The stabilized phonon frequen-
cies at the � point are ωTO1–4 = 4.93–5.8, ωTO5–6 = 6.7–6.8,
ωTO7–8 = 12.1–12.6, ωLO1 = 4.98, ωLO2 = 5.24, ωLO3 = 11.3,
and ωLO4 = 15.0 meV, as reported in Table II. The calculated
frequencies are comparable to those obtained for CsSnI3 and
MASnI3 [Figs. 8(c) and 8(g)], with the primary differences
arising from the influence of the A-site cations and their inter-
actions with the inorganic sublattice. Furthermore, the phonon
dispersions of FASnI3 [Fig. 8(k)] and FAPbI3 [Fig. 8(i)]
are qualitatively and even quantitatively similar across large
regions of the Brillouin zone. We attribute this to the fact
that many vibrational modes are dominated by the motion
of I atoms, despite the difference in B-site cations. This also
supports the good agreement between our calculated phonon
frequencies for cubic FASnI3 and experimental measurements
reported for FAPbI3 [40,41,53], reported in Table II.

In Fig. 9(s), we show the band gap of cubic FASnI3 as a
function of temperature. The black discs and open squares
correspond to Boltzmann-averaged band gaps calculated from
10 distinct ZG polymorphous configurations and their respec-
tive ZG reference structures. Temperature-dependent band
gaps obtained from a single ZG polymorphous configuration,
derived from the MSS structure, are shown as open circles.
Our DFT values are shifted by �s = 0.85 eV to match the
experimental data [57] (gray triangles). This shift is close to
our computed PBE0 correction of 1.06 eV obtained for the
polymorphous structures and the GW correction of 0.79 eV
obtained for tetragonal MASnI3 in Ref. [99]. The band gaps of
the ZG reference structures increase with temperature, yield-
ing a temperature coefficient of dEg/dT = 7.9×10−4 eV/K.
This value compares reasonably well with the experimen-
tal coefficient of 10.6×10−4 eV/K but underestimates it by
approximately 25%. A similar level of underestimation is
observed when ZG polymorphous structures are used, with
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the extracted coefficient being dEg/dT = 8.0×10−4 eV/K.
Notably, a single ZG polymorphous configuration derived
from the MSS structure yields results nearly identical to those
obtained by averaging over 10 ZG configurations.

As shown in Figs. 10(a) and 10(b), both dEg/dT |EPC and
dEg/dT |TE contribute to the temperature-induced band gap
widening, with electron-phonon coupling being the dominant
mechanism in the reference structures, accounting for 62%.
Interestingly, local disorder reverses this trend, suppressing
the electron-phonon coupling contribution while enhancing
that of thermal expansion, which now dominates with 73%.
An enhancement of thermal expansion contribution is also
observed for MASnI3. Although thermal expansion leads to an
overall increase in average bond lengths, which is associated
with the band gap opening in halide perovskites [Fig. 2(c)], its
effect is modulated by changes in the metal-halide-metal bond
angles due to local disorder. For example, in cubic FAPbI3,
our analysis suggests that local disorder leads to the increase
of the Pb-I-Pb angles toward 180◦ with thermal expansion,
partially offsetting the band gap opening expected from bond
length increase. In contrast, in cubic FASnI3, local disorder
leads to a larger deviation of Sn-I-Sn angles away from 180◦,
enhancing the band gap opening and, thus the thermal expan-
sion contribution. This contrasting behavior can be attributed
to the more pronounced stereochemical activity of the Sn 5s2

lone pairs [27,33], which favors asymmetric bonding under
lattice expansion.

Figure 9(w) shows the temperature dependence of the hole
and electron effective masses of cubic FASnI3 in the range
140–400 K. Linear fits to the data for the ZG reference
(open squares) and ZG polymorphous (red discs) struc-
tures are λT

h,ref = 1.8×10−4, λT
e,ref = 2.4×10−4 and λT

h,poly =
1.9×10−4, λT

e,poly = 2.4×10−4 m0/K. A single ZG polymor-
phous configuration obtained from the MSS structure [open
circles in Fig. 9(w)] yields similar slopes but underestimates
the values obtained from Boltzmann-weighted averages by
about 0.01–0.02 m0. Electron-phonon coupling in reference
structures is the leading thermal effect, contributing to about
72% to the effective masses enhancements. This contribution
is reduced to 50% when local disorder is taken into account
with thermal expansion contributing equally. Similar to the
band gap behavior, the increased thermal expansion contribu-
tion to the effective mass enhancement in locally disordered
structures is attributed to the enhanced lone pair activity in
Sn-based compounds, promoting greater Sn-I-Sn bond an-
gle bending under lattice expansion. Finally we report that
for ZG polymorphous structures, the reduced effective mass
exhibits a linear temperature dependence, increasing from
μpoly(200 K) = 0.053 to μpoly(400 K) = 0.075.

L. FAPbCl3

Here, we present our findings for cubic FAPbCl3. As re-
ported in Table I, the average DFT-PBEsol band gap for the
reference structures is 0.89 eV. Incorporating local disorder
results in a moderate band gap widening of 0.28 eV. Hy-
brid functional calculations using PBE0 yield a band gap of
2.51 eV for the reference structures, which underestimates
the experimental value of 2.91 eV [111]. The use of locally
disordered networks improves the agreement, yielding a PBE0

band gap of 2.79 eV. Assuming also that the band gap of
FAPbCl3 is similar to that of MAPbCl3 [101], our calculated
value of 2.79 eV compares well with the experimental band
gaps of 2.88 and 3.07 eV at 300 K reported for MAPbCl3 in
Refs. [51,55].

The effective masses calculated for the reference structures
are m∗

h,ref = 0.17 and m∗
e,ref = 0.18. Using locally disordered

structures, the effective masses increase to m∗
h,poly = 0.23 and

m∗
e,poly = 0.25. The associated hole and electron effective

mass enhancement factors due to local disorder are λh =
0.35 and λe = 0.39, which are slightly lower than those of
MAPbCl3 due to the reduced degree of local disorder in
FAPbCl3. Corrections arising from polymorphism increase
the reduced effective mass from μref = 0.087 to μpoly =
0.120. The latter value compares well with the average GW
value of 0.159 reported for tetragonal MAPbCl3, falling
within the expected accuracy of the calculations [100].

We next investigate phonon anharmonicity in FAPbCl3.
The cubic phase of FAPbCl3 is stable above 200 K [181];
accordingly, all calculations are performed at temperatures
above this value. Figure 8(l) presents the ASDM phonon
dispersion at 300 K, converged by the third iteration,
within the 0–30 meV energy range characteristic of vibra-
tions in the inorganic lattice framework. The anharmonic
phonon dispersion of FAPbCl3 has some similar features
to those reported for MAPbCl3 [Fig. 8(h)] and CsPbCl3

[Fig. 8(d)]; for example, all span comparable energy ranges
and exhibit an LO-TO splitting above 10 meV (see ωLO4

values in Table II). Differences primarily stem from A-site
cations contributions and how they modulate the lattice dy-
namics through interactions with the metal-halide network.
Table II reports the frequencies at the � point of FAPbCl3:
ωTO1–2 = 7.56–7.62, ωTO3–4 = 10.1–11.4, ωTO5–6 = 12.4–12.9,
ωTO7–8 = 15.8–16.6, ωLO1 = 7.64, ωLO2 = 10.2, ωLO3 = 15.5,
and ωLO4 = 25.8 meV. These values are in good agreement
with room-temperature infrared and THz-TDS spectroscopy
measurements for MAPbCl3 [166,168], which report TO
modes at 8.2 and 11.0 meV and LO modes at 8.7 and
27.9 meV, as well as LO modes at 8.2 and 12.4 meV.

Now we examine the effect of electron-phonon coupling
and thermal expansion on the electronic structure. Table I
reports the band gap renormalization calculated using
ZG reference and ZG polymorphous networks which are
�Eg,ref (300 K) = 0.09 eV and �Eg,poly(300 K) = 0.03 eV.
The reported thermal-induced mass corrections, �m∗, lead
to the following enhancements factors: λh,ref (300 K) =
0.24, λe,ref (300 K) = 0.22 and λh,poly(300 K) = 0.22,
λe,poly(300 K) = 0.20, slightly smaller than those reported
for MAPbCl3.

In Fig. 9(t), we present temperature-dependent band gaps
of cubic FAPbCl3 in the range 250–400 K calculated using
10 ZG reference (open squares) and their corresponding ZG
polymorphous (black discs) structures. We also include band
gaps computed with a single ZG polymorphous configuration
obtained from the MSS structure (open cirles). To match the
experimental value of 2.91 eV [111] at room temperature,
we shift all DFT data by about �s = 1.71 eV, similar to
the PBE0 correction of 1.82 eV obtained for the polymor-
phous structures (see Table I). Our data for the ZG reference
structures show a band gap widening with temperature,
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with a temperature coefficient of dEg/dT = 5.3×10−4 eV/K.
Figures 10(a) and 10(b) show that both electron-phonon cou-
pling and thermal expansion lead to an opening of the band
gap of the ZG reference structures, with the thermal expansion
being the leading contribution with 60%. When ZG poly-
morphous networks are employed, electron-phonon coupling
is suppressed, consistent with trends observed in other FA-
based compounds, while the thermal expansion contribution
remains nearly unchanged. As a result, thermal expansion
contribution to the total band gap renormalization is in-
creased to 81%. The calculated temperature coefficient of the
band gap for the ZG polymorphous structures is dEg/dT =
4.1×10−4 eV/K, which aligns well with the experimental
value of 3.2×10−4 eV/K reported for CsPbCl3 [164]. In
contrast, our calculations for FAPbCl3 do not reproduce the
nearly temperature independent band gap behavior observed
in MAPbCl3. Direct experimental measurements for FAPbCl3

are needed to validate our predictions. We remark that us-
ing a single ZG polymorphous structure offers a reasonable
approximation for evaluating the temperature dependence of
the band gap in FAPbCl3, giving a temperature coefficient of
5.3×10−4 eV/K.

Figure 9(x) shows the temperature dependence of the
hole and electron effective masses of the ZG refer-
ence (open squares) and ZG polymorphous structures
(black discs). In both cases, the effective masses ex-
hibit a linear increase with temperature with gradi-
ents: λT

h,ref = 1.9×10−4, λT
e,ref = 1.8×10−4 and λT

h,poly =
1.9×10−4, λT

e,poly = 2.4×10−4 m0/K, indicating that local
disorder has little impact on the temperature variation of
the effective masses. We remark that now electron-phonon
coupling contribution dominates thermal-induced renormal-
ization in all cases, being more than 63%. We also report
that the reduced effective mass calculated for polymor-
phous cubic FAPbCl3 varies linearly with temperature, being
μpoly(250 K) = 0.136 and μpoly(400 K) = 0.153. Finally, we
note that unlike the band gap, the ZG polymorphous config-
uration of the MSS structure is not a good approximation to
explain the temperature variation of the effective masses [open
circles in Fig. 9(x)].

V. GENERAL COMPARISON AND DISCUSSION

A. Electronic structure

In general, we find that the electronic structure modifi-
cations induced by polymorphism are critical for improving
agreement between calculated and experimental values of
band gaps and effective masses across all compounds. This
conlusion aligns with previous work by Zhao et al. [26,85,94],
who emphasized that, in perovskite systems, including oxides,
variations in band gap often arise from structural poly-
morphism rather than strong electronic correlations alone.
Furthermore, our findings suggest that accounting for lo-
cal disorder in cubic phases is essential to prevent spurious
semimetallic behavior in DFT calculations, especially for Pb-
and Sn-based iodide perovskites, where such artifacts severely
hinder electronic structure properties. Depending on the size
of the A-site cation, which governs the available steric envi-
ronment, local disorder induces an average band gap opening

of 0.27, 0.46, and 0.61 eV; hole effective mass increase of
0.06, 0.12, and 0.18 m0; electron effective mass increase of
0.07, 0.11, and 0.19 m0 in FA-, MA-, and Cs-based com-
pounds, respectively. We, thus, identify local disorder as one
of the main factors determining the band gap and effective
mass ordering in APbI3 and APbBr3 halide perovskites, where
Cs-based compounds exhibit the largest band gaps and ef-
fective masses, followed by MA- and FA-based systems. In
contrast, for Sn-based and Cl-based compounds, additional
factors, such as thermal expansion as well as lone pair ex-
pression and excitonic effects, respectively, play an important
role.

Improved treatment of electronic correlations using PBE0
calculations combined with polymorphous structures yields
overall good agreement with experimental band gap values,
as shown in Table I. The calculated band gaps exhibit an
average absolute deviation of 0.11 eV from experimental
values. Including thermal-induced corrections [�Eg,poly(T )]
further improves agreement in some cases, but increases the
discrepancy in others, resulting in a slightly higher average
absolute deviation of 0.12 eV. Moreover, our PBE0 val-
ues compare well with GW calculations for the tetragonal
and orthorhombic phases, which incorporate the effect of
octahedral tilting. In future work, it would be interesting to ex-
plore how the combination of state-of-the-art GW calculations
using cubic polymorphous structures and thermal-induced
corrections compares with experiments. We emphasize that
polymorphism is also essential for improving agreement with
experimental values of the reduced effective masses, as shown
in Table I. In this case, GW calculations are also expected
to play an important role in achieving better quantitative
accuracy. We observe that for the reduced effective masses
of Pb-based compounds, the agreement with experiment de-
creases from Cs-based to MA-based, and further to FA-based
compounds. For example, our values underestimate experi-
mental data for CsPbI3, MAPbI3, and FAPbI3 by 18%, 31%,
and 48%, respectively. This trend aligns with the fact that
compounds with larger cations exhibit smaller degree of poly-
morphism, and thus stronger electronic correlations.

B. Band gap across different polymorphs

As discussed in Secs. IV and V A, the band gaps ob-
tained for the polymorphous cubic structures agree well with
prior calculations on lower-symmetry polymorphs that ex-
plicitly incorporate octahedral tilts, i.e., the tetragonal and
orthorhombic phases. Considering the monomorphous phases
of CsPbBr3, our calculations yield a DFT-PBEsol band gap
of Eg = 0.83, 0.69, and 0.24 eV for the orthorhombic (Pnma),
tetragonal (P4/mbm), and cubic (Pm3̄m) phases, respectively.
Assuming a monomorphous picture this trend is reasonable:
larger octahedral tilts in the orthorhombic phase widen the gap
relative to the tetragonal phase (a0a0c±; no apical tilting) and,
ultimately, to the untilted cubic phase. However, this ordering
contradicts the measured band gap sequence in CsPbBr3 [56],
where Eg(Pm3̄m) > Eg(P4/mbm) > Eg(Pnma). The corre-
sponding calculated band gaps using polymorphous structures
are: Eg = 0.83, 0.86, and 0.85 eV for the orthorhombic,
tetragonal, and cubic phases, respectively. This nearly recov-
ers the expected trend (orthorhombic < tetragonal � cubic),
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compressing the spread to 0.03 eV. As shown in Ref. [30],
adopting polymorphous rather than monomorphous structures
and including thermal effects is crucial to capture the con-
tinuous increase of the band gap with temperature across
different phases, avoiding spurious discontinuities at the phase
boundaries. This suggests that reproducing the correct band
gap ordering requires explicitly accounting for local structural
disorder and finite-temperature effects, i.e., thermal lattice
expansion and electron-phonon coupling.

A similar trend holds for MAPbBr3 [56]. Using monomor-
phous orthorhombic, reference tetragonal, and reference cubic
structures of MAPbBr3, our DFT-PBEsol calculations yield
Eg = 0.83, 0.46, and 0.39 eV, respectively. In contrast, poly-
morphous tetragonal and cubic structures that capture local
disorder give an almost phase-independent gap of Eg �
0.83 eV. Interestingly, representing the finite-temperature
band gap with a ZG orthorhombic MAPbBr3 snapshot already
provides a better description of the band gap at high tempera-
tures than using ZG reference cubic cells [110].

For MAPbI3, the picture differs slightly. Monomorphous
orthorhombic, reference tetragonal, and reference cubic struc-
tures give Eg = 0.61, 0.29, and 0.03 eV, respectively, having
a spread of 0.58 eV. Employing polymorphous tetragonal and
cubic structures the corresponding band gaps are Eg = 0.61,
0.51, and 0.52 eV, reducing the spread to 0.1 eV; this residual
offset reflects the gap drop at the orthorhombic to tetragonal
transition, not observed in MAPbBr3 [56]. This result is con-
sistent with experimental observations for MAPbI3 [52,182]
which report a band gap drop at the orthorhombic to tetragonal
phase transition of about 0.1 eV and a nearly smooth evolution
from the tetragonal to cubic phase transition.

C. LO-TO splitting

In the inorganic monomorphous Pm3̄m structures, the 12
optical phonons at the Brillouin zone center are grouped
into four triply degenerate modes [183] prior to the inclu-
sion of long-range dipole-dipole interactions. These comprise
three infrared-active modes (�−

4 ) and one silent mode (�−
5 ).

When LO-TO splitting is taken into account, our calculations
show that three TO modes are doubly degenerate, while ωTO2

retains its triply degenerate character, consistent with its as-
signment as the silent mode.

In Table II, we report in parenthesis the frequency of
LO modes before LO-TO splitting for all compounds, each
matching a value of the TO modes. Since the LO-TO splitting
scales inversely with the atomic mass, materials incorporating
lighter halides, such as Cl instead of Br or I, exhibit a more
pronounced splitting related to the high energy LO mode.
This effect arises from the stronger long-range restoring forces
acting on the lighter ions, which elevate the LO frequency
relative to the TO. As a result, compounds like CsPbCl3 show
a larger LO-TO separation, e.g., 10.8 meV for ωLO3 , compared
to their heavier halide counterparts, such as CsPbI3, CsPbBr3,
and CsSnI3, which show a splitting of 4.9, 6.5, and 6.2 meV,
respectively. A similar picture holds for MA and FA-based
compounds with different X-site anions.

The LO-TO splitting associated with the high energy LO
mode is the smallest in FA-based perovskites. For example,
the LO-TO splitting in FAPbI3 is 3.6 meV, in MAPbI3 is

5.8 meV, and in CsPbI3 is 4.9 meV. To rationalize this re-
sult we first use the simplified expression for the nonanalytic
LO-TO splitting, �LO−TO ∝ |Z∗|2/L3ε∞, where Z∗ indicates
the Born effective charges in units of elementary charge,
ε∞ is the high frequency dielectric constant, and L3 is the
volume of the cubic system. In view of the expression for
�LO−TO, one can expect FAPbI3 to exhibit a similar if not
larger splitting among the A-site variants. This is based on the
fact that FAPbI3 has relatively larger Born effective charges
(e.g., Z∗

Pb = 4.72, Z∗
I = 4.68), a similar high-frequency di-

electric constant (ε∞ = 6.13), and a similar lattice constant
(L = 6.36 Å) compared to MAPbI3 (with Z∗

Pb = 4.59, Z∗
I =

4.44, ε∞ = 5.87, and L = 6.31 Å) and CsPbI3 (with Z∗
Pb =

4.49, Z∗
I = 4.17, ε∞ = 5.75, and L = 6.25 Å). Nonetheless,

our density functional perturbation theory calculations show
that FAPbI3 exhibits the smallest LO-TO splitting among
the three compounds. This contradiction indicates that the
simplified expression does not capture the full microscopic
picture [184], as it neglects the phonon mode character, dipole
directionality, and mode mixing. We ascribe the reduced
LO-TO splitting in FAPbI3 to enhanced mode mixing be-
tween polar optical phonons and internal molecular vibrations
[Fig. 14(c)], as well as directional coupling effects that dimin-
ish the effective dipole strength of the LO mode.

D. Overdamped phonon dynamics

In general, the calculated phonon energies at the zone
center, reported in Table II, show good agreement with mea-
surements obtained from various experimental techniques.
However, our anharmonic phonon dispersions (Fig. 8) are
based on reference structures and the quasiparticle approxi-
mation, and therefore neglect vibrational correlations arising
from local structural disorder. As demonstrated in Ref. [30]
for inorganic halide perovskites, local disorder gives rise
to strongly overdamped and interacting vibrational modes,
with only acoustic phonons near the � point remaining
clearly identifiable. This picture, for example, aligns with
several experimental observations: (i) inelastic neutron scat-
tering measurements in hybrid halide perovskites revealing
the absence of well-defined optical phonon modes across
the entire energy range, attributed to strong overdamping at
all momenta [41]; (ii) Raman spectra of both inorganic and
hybrid halide perovskites displaying a pronounced central
peak over a broad frequency range, indicative of correlated
polar vibrations [38]; (iii) infrared transmission measurements
showing highly overdamped vibrational modes lacking dis-
tinct quasiparticle features [170]; and (iv) THz time-domain
spectroscopy pointing to damping of LO phonons due to mode
coupling [168].

In Fig. 11, we present phonon spectral functions of all
compounds calculated as an average over 10 polymorphous
structures in 2×2×2 supercells in conjunction with the
phonon unfolding technique; for more computational details
see Sec. VI G. We focus on energy windows associated mostly
with vibrations of the inorganic sublattice. Similar to findings
of Ref. [30], the phonon spectral functions of all cubic phases
reveal that acoustic phonons emerge from a sea of strongly
correlated optical vibrations across the entire Brillouin zone.
This picture, emerging from our quasistatic polymorphous
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FIG. 11. Phonon spectral functions (color map) of inorganic and hybrid halide perovskites computed by phonon band unfolding [30].
Calculations represent averages over spectral functions computed for 10 polymorphous configurations of each compound. Open white circles
denote experimental data from various techniques, as listed in Table II. Open red circles indicate experimental data from other compounds, as
specified in each plot. For MAPbI3, MAPbBr3, FAPbI3, and FAPbBr3 we include phonon energies at the X, R, M, and mid �-R high-symmetry
points obtained from neutron scattering measurements [41].

approach, is inconsistent with the translational diffusion char-
acteristics of a liquid [185], as it preserves well-defined
transverse acoustic phonons despite the presence of strong
anharmonicity. Qualitatively, Fig. 11 shows that the degree
of phonon overdamping varies with the A-site cation, being
strongest in FA-based compounds, followed by MA-based,
and weakest in Cs-based halide perovskites. This conclusion
is also supported by low-frequency Raman spectra reported
for CsPbBr3 and MAPbBr3 [38]. Furthermore, hybrid halide
perovskites exhibit strongly correlated vibrational dynamics
extending across a broad energy range, including high-energy
optical modes. In contrast, overdamped phonons in Cs-based
compounds are primarily confined to lower energies, typically
below 10 meV. We attribute the greater extent of phonon
overdamping in hybrid halide perovskites to the presence of

molecular vibrational modes and their coupling to the vibra-
tions of the inorganic sublattice accross a larger energy range.

In Fig. 11, we also compare our calculated phonon spectral
functions with measurements of phonon energies at the �

point from various techniques and samples, as reported in
Table II. We additionally include neutron scattering data for
MAPbI3, MAPbBr3, FAPbI3, and FAPbBr3 at the X, R, M,
and mid �-R high-symmetry points from Ref. [41]. These data
reveal nearly dispersionless optical vibrations with energies
that remain constant across the Brillouin zone, an observation
that is supported by our calculations. Furthermore, the highest
spectral weights in the calculated phonon spectral functions
are distributed around 5 meV for I-based and Br-based com-
pounds, and around 10 meV for Cl-based compounds, in good
agreement with various experimental phonon energies in this
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FIG. 12. (a)–(h) Charge densities at the valence band maximum
(VBM) and conduction band minimum (CBM) of a single motif
of the monomorphous, reference, and polymorphous CsPbI3 (a),
(b), MAPbI3 (c)–(e), and FAPbI3 (f)–(h). The isosurface value u is
indicated at the bottom.

range. In general, we observe that incorporating structural
disorder allows us to more accurately capture the variations
observed in experimental data across different sample types,
such as thin films, single crystals, polycrystalline pellets,
nanocrystals, and nanocrystal films, where deviations from
idealized reference structures, significantly influence phonon
behavior leading to extensive broadening and phonon fre-
quencies shifts. We remark that in some cases, especially
for high energy modes, the spectral function peaks either
overestimate or underestimate experimental data which we
attribute to (i) the DFT functional used for computing IFCs,
(ii) different lattice constants, (iii) the supercell size used to
simulate local disorder, (iv) the temperature and perovskite
phases considered in the experiment, and (v) the sample used
for the measurements, e.g., thin films, single crystals, pellets,
and nanocrystals. We note that, for example, in the case of
nanocrystals other factors affect the phonon energy measure-
ments, such as quantum confinement, dielectric screening,
shape and surface effects, as well as the enhanced local dis-
ordered discussed in Sec. IV K.

E. Thermal-induced renormalization

We have seen that thermal-induced corrections are strongly
modified for most cubic compounds in the presence of local
disorder. As shown in Fig. 10(a), electron-phonon contribu-
tion is strongly suppressed for all compounds, with the largest
reductions found for Cs-based compounds which exhibit the
largest degree of local disorder. The only case where electron-
phonon coupling contributes negatively to the temperature
coefficient of the band gap leading to a band gap closing is
MAPbCl3. We attribute this to the fact that MAPbCl3 exhibits
one of the highest degrees of local disorder among the hy-
brid halide perovskites, reaching levels comparable to those
of Cs-based compounds (Figs. 2(b) and 2(c) of Ref. [110]).
The opposing effects of electron-phonon coupling and ther-
mal expansion in polymorphous cubic MAPbCl3 lead to the
nearly constant variation of the band gap with temperature,
consistent with experiments.

Thermal expansion contribution to the band gap renor-
malization is also reduced due to polymorphism for most
compounds, especially for Cs-based compounds [Fig. 10(b)].
Thermal expansion increases the bond lengths, which tends to
open the band gap in halide perovskites as shown in Fig. 2(c).
However, this effect is also influenced by how the bond angles
change upon allowing the structure to explore local disorder.
For example, in cubic FAPbI3 and most of the compounds
studied here, local disorder causes the Pb-I-Pb angles to open
toward 180◦, which reduces the band gap opening due to
thermal expansion. In contrast, in FASnI3, the Sn-I-Sn angles
bend more, enhancing the gap opening, as shown in Fig. 10(b).
This difference comes from the stronger lone pair stereochem-
ical expression of Sn as compared to Pb.

In general, we observe that the electron-phonon coupling
percentage contribution depends on the choice of the A-site
cation and decreases from Cs-based to MA-based, and further
to FA-based compounds. In particular, electron-phonon
coupling is the dominant contribution to the band gap
renormalization in Cs-based and MA-based polymorphous
compounds, except from MAPbCl3, reaching as high as 97%.

085118-32



ROADMAP FOR ELECTRONIC STRUCTURE, … PHYSICAL REVIEW B 113, 085118 (2026)

FIG. 13. (a), (b) Convergence test of the average DFT-PBEsol band gap of cubic FAPbI3 (a) and MAPbBr3 (b) as a function of the number
of polymorphous configurations. (c) Convergence test of the average DFT-PBEsol band gap of cubic MAPbBr3 at 300 K [Eq. (11)] as a function
of the number of ZG polymorphous configurations. Average values for 10 configurations are converged within 5 meV. (d) Convergence test of
the average band gap temperature coefficient due to electron-phonon coupling as a function of the number of ZG polymorphous configurations
used to compute the band gap of MAPbBr3 at each temperature. The temperature coefficient is calculated by fitting data points for the five
temperatures shown in Fig. 7(c). The shaded regions represent the standard error of the mean on either side of the lines.

For FA-based compounds, except for FAPbI3, the dominant
contribution to the band gap renormalization is thermal expan-
sion reaching as high as 81%. We attribute this to the relatively
larger thermal expansion coefficients for the FA-based cubic
phases [180,186,187] varying from 0.58–0.68×10−4 K−1,
while for MA-based compounds [175,180,186–189]
from 0.33–0.54×10−4 K−1 and for Cs-based com-
pounds [25,54,164,188] from 0.29–0.51×10−4 K−1.

Our results for the total temperature coefficients of the
band gap using ZG polymorphous structures compare well
with the experimental values, as shown quantitatively in
Fig. 10(c) and Figs. 9(a)–9(d), 9(i)–9(l), and 9(q)–9(t).
Importantly, we have seen that even using a single ZG poly-
morphous configuration obtained from the MSS structure is
a good approximation for capturing the temperature variation
of the band gap. We also find that thermal-induced corrections
lead to a linear variation of the effective masses with tempera-
ture [Figs. 9(e)–9(h), 9(m)–9(p), and 9(u)–9(x)]. In APbI3 and
APbBr3 compounds, the hole effective masses remain larger
than the electron effective masses, whereas in ASnI3 and
APbCl3 compounds, electron effective masses remain larger
than hole effective masses. We note that our finite-temperature
calculations: (i) rely on a constant temperature phonon
approximation, (ii) neglect nonadiabatic effects in electron-
phonon renormalization of the band structure [190–192], (iii)
neglect many-body quasiparticle corrections to the electronic
structure [122,193,194], and (iv) omit phonon renormalization
due to thermal expansion. While including these effects may
improve quantitative agreement with experiment, we do not
expect them to alter the qualitative trends, as our current
results already show good overall agreement.

VI. COMPUTATIONAL DETAILS

A. Electronic structure calculations

DFT calculations were performed using Quantum
ESPRESSO (QE) [195,196]. We employed optimized
norm-conserving Vanderbilt pseudopotentials from the
PseudoDojo library [197,198] and the Perdew-Burke-
Ernzerhof exchange-correlation functional revised for
solids (PBEsol) [199]. The lattice constants (L) of all
cubic phases, reported in Table I, were fixed close to
their experimental values [25,54,164,175,180,186–189].
Calculations for the monomorphous structures (5 atoms
for inorganic and 12 atoms for hybrid halide perovskites)
were performed using a plane wave cutoff energy of 120 Ry
and 6×6×6 uniform k grids. For exploring reference
and polymorphous cubic structures with the ASDM as
described in Sec. II C, we performed geometry optimization
in 2×2×2 supercells (40 atoms for inorganic and 96 atoms
for hybrid halide perovskites), until residual forces per
atom were below 3×10−4 eV/Å using a plane wave cutoff
energy of 120 Ry and 3×3×3 uniform k grids. During
geometry optimization the lattice constants were kept fixed.
We note that for the reference structures of hybrid halide
perovskites only the molecules were relaxed, while for the
unique reference (monomorphous) structures of inorganic
compounds no relaxation was performed as the residual
forces were zero. For each inorganic halide perovskite,
we generated 1 high-symmetry monomorphous structure
and 10 polymorphous structures. For each hybrid halide
perovskite, we generated 1 MSS reference structure and
its corresponding polymorphous structure, as well as
10 reference structures obtained by relaxing molecules
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from random initial orientations and their corresponding
polymorphous structures. To construct MSS structures for
hybrid halide perovskites, we employed a 2×2×2 supercell
and initially fixed the orientation of one molecular cation
within a single unit cell. Under this supercell constraint, the
remaining seven molecules were placed such that a subset
of the original space group symmetries, corresponding to
the P422 space group, was preserved. The band gap of
each structure was obtained by including SOC effects via
fully relativstic pseudopotentials and evaluating the energy
difference between the conduction band minimum and
valence band maximum at the R point. Convergence tests
of the band gap of FAPbI3 and MAPbBr3 with respect to
the number of polymorphous configurations are shown in
Figs. 13(a) and 13(b).

To check whether DFT-SOC calculations for each structure
yield an exchange of orbital character (EOC) we computed
the charge densities of the band edges at the R point. In
Figs. 12(a)–12(h), we present the computed charge densi-
ties for a single octahedron in the monomorphous, reference,
and polymorphous cubic structures of CsPbI3, MAPbI3, and
FAPbI3. We find that using a monomorphous network of
CsPbI3 yields an EOC which is corrected upon using a
polymorphous structure [Figs. 12(a) and 12(b)]. A similar
behavior is observed for monomorphous CsSnI3 as well as for
monomorphous and reference MASnI3. In Fig. 12(c), we ob-
serve for MAPbI3 that using a monomorphous network with a
single orientation for the MA cation results in an anisotropic
charge density, especially around the Pb atom, in both the
valence band maximum and conduction band minimum. This
spurious directional distortion in the electronic charge density
arises from the net dipole moment of the MA molecule. Using
a reference structure within a 2×2×2 supercell and allowing
the molecules to relax starting from random orientations al-
leviates the anisotropy in the charge density considerably, as
shown in Fig. 12(d). The same picture is maintained when
a polymorphous structure is used [Fig. 12(e)]. In Fig. 12(f),
our calculations for monomorphous FAPbI3 show a reduced
anisotropy in the charge density compared to monomor-
phous MAPbI3 due to the smaller dipole moment of the FA
molecule. However, at the valence band maximum, the charge
is more concentrated around the equatorial I atoms (those
lying in the same plane as the FA molecules) compared to the
apical ones. Using the reference and polymorphous structures
[Figs. 12(g) and 12(h)], we observe a more uniform distribu-
tion of charge density around the I atoms.

PBE0 hybrid functional calculations [155,200] for the ref-
erence and polymorphous cubic structures were performed
using the VASP code [201] within the projector augmented-
wave formalism [202]. A plane-wave energy cutoff of 400 eV
was used, and the Brillouin zone was sampled with a 2×2×2
uniform k grid.

Calculations for the monomorphous orthorhombic (Pnma)
and tetragonal (P4/mbm) structures of CsPbBr3 were per-
formed using the unit cells containing 20 and 10 atoms,
respectively, with uniform k grids of 3×3×2 and 4×4×6.
We used lattice constants of (a = 7.97, b = 8.40, and c =
11.64 Å) and (a = b = 5.73, c = 5.96 Å) [30]. To obtain
a polymorphous structure of tetragonal CsPbBr3, we relaxed
the atoms in a 2×2×2 supercell (80 atoms), which lowered the

energy by 16 meV/f.u. relative to the monomorphous model.
As shown in Ref. [30], exploring local disorder in the or-
thorhombic phase yields a negligible stabilization, consistent
with the fact that the structure is already being at a mini-
mum in the PES. Calculations for the orthorhombic (Pnma)
MAPbI3 and MAPbBr3 were performed using the unit cell (48
atoms) and a 4×4×3 uniform k grid. We generated 10 refer-
ence and 10 polymorphous tetragonal structures of MAPbI3

and MAPbBr3 employing a 1×2×1 supercell (96 atoms) and
a 3×2×3 uniform k grid. Lattice constants were fixed to their
experimental values [203].

B. Phonon calculations

Harmonic phonons, high-frequency dielectric constants,
and Born effective charges of the monomorphous structures
in the unit cell were computed via density functional per-
turbation theory [114,195] using a 2×2×2 uniform q grid.
To compute anharmonic effective IFCs within the SCP the-
ory, we employed 2×2×2 MSS reference structures and the
ASDM in conjunction with finite differences of 0.01 Å as
implemented in ZG.x of EPW code [42,121]. We employed a
plane wave energy cutoff of 100 Ry and a 3×3×3 uniform k
grid. Full anharmonic phonon dispersions were obtained by
diagonalizing the dynamical matrices at 400 equally spaced
q points along the X-R-M-�-R path of the Brillouin zone,
using Fourier-interpolated IFCs. To account for corrections
on the anharmonic phonon dispersions due to long-range
dipole-dipole interactions, we used high-frequency dielec-
tric constants and Born effective charges computed for the
polymorphous structures and the mixed-space approach de-
scribed in Ref. [204]. The number of iterations at which
fully converged ASDM phonon dispersions were obtained for
the MSS reference structures are indicated in Fig. 8. An-
harmonic phonons up to ASDM-2 were computed for the
reference configurations of hybrid halide perovskites with
random molecular orientations (80 configurations in total).
These phonons were used to generate anharmonic special
displacements in each reference and polymorphous struc-
ture for incorporating the effect of electron-phonon coupling
(see Sec. VI E).

To determine the percentage contribution of the molecule
(PCM) to the ASDM phonon dispersions shown in Fig. 14,
we used the computed phonon polarization vectors at each q
point and phonon branch ν with the following expression:

PCM(ν, q) =
∑

κ∈mol,α

|eκα,ν (q)|2
/ ∑

κ,α

|eκα,ν (q)|2×100. (12)

We note that the orientation of the first molecule in the
MSS structure affects the phonon dispersion, as certain high-
symmetry points in the Brillouin zone become inequivalent.
To assess this effect, Fig. 15 shows the phonon dispersion of
MAPbI3 along paths passing through the three inequivalent
M points. While the overall dispersions are similar, subtle
variations are observed, with the most pronounced differences
occurring for the ultrasoft flat band along the R-M direction.
We note that this low energy band does not play an impor-
tant role in the electron-phonon renormalization of the band
gap [110].
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FIG. 14. (a) Percentage contribution of Cs atom to the ASDM phonon dispersion of CsPbBr3 calculated using the high-symmetry
monomorphous structure. (b), (c) Percentage contribution of the organic sublattice to the ASDM phonon dispersion of MAPbBr3 (b) and
FAPbBr3 (c) in the range 0–20 meV calculated using MSS reference structures. (d) Percentage contribution of the organic sublattice to the
ASDM phonon dispersion of FAPbI3 in the range 0–25 meV calculated using the ferroelectric monomorphous network. All ASDM calculations
refer to 2×2×2 supercells and the temperatures specified in each plot. All phonon dispersions include long-range dipole-dipole interaction
corrections, leading to LO-TO splitting.

C. Diffuse scattering

One-phonon diffuse scattering maps of MAPbBr3,
shown in Fig. 6, were computed using disca.x of
EPW [121,146,205]. The Debye-Waller factors at each scat-
tering wave vector Q were evaluated for a 30×30×30 q grid
using phonon polarization vectors and frequencies obtained
by Fourier interpolation of the effective IFCs computed at
300 K with ASDM for 2×2×2 supercells. A 30×30×1 uni-
form Q grid per Brillouin zone together with the computed
Debye-Waller factors were used to calculate the one-phonon
diffuse scattering intensity in reciprocal lattice planes perpen-
dicular to the Cartesian z axis. Parameters from Ref. [206]
were used to model the atomic scattering amplitudes as a sum
of Gaussians.

D. Effective masses

Effective masses were computed at the DFT level in-
cluding SOC and by evaluating the diagonal components
of the effective mass tensor via finite differences [207],
followed by an isotropic average. That is we used the
second-order finite difference formula based on the energies
at the R point and nearby k points (|�k| = 0.01 2π/α)
along each Cartesian direction. The effective mass enhance-
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FIG. 15. ASDM phonon dispersion of the MSS reference struc-
ture of MAPbI3 calculated for the three inequivalent M points:
M1 = [0.5 0.5 0.0], M2 = [0.5 0.0 0.5], M3 = [0.0 0.5 0.5].

ment factors due to polymorphism were determined as λ =
m∗

poly/m∗
ref − 1 and due to thermal effects as λ(T ) = [m∗ +

�m∗(T )]/m∗ − 1. The reduced effective masses were eval-
uated as μ = m∗

hm∗
e/(m∗

h + m∗
e ). The slopes describing the

temperature variation of the effective masses are denoted by
λT .

E. Electron-phonon calculations

To account for electron-phonon coupling effects at var-
ious temperatures, we employed special displacements (or
ZG displacements) [109] generated via Eq. (6) for 4×4×4
supercells. We considered a constant temperature approxima-
tion for the phonons, i.e., anharmonic phonons computed at
a specific temperature for each material (specified in Fig. 8),
and the resulting vibrational modes were thermally populated
at various temperatures to generate special displacements.
We applied the special displacements on the nuclei of both
the reference and polymorphous structures leading to the ZG
reference and ZG polymorphous structures. We note that the
initial 4×4×4 reference and polymorphous structures (con-
taining 320 atoms for inorganic and 768 atoms for hybrid
halide perovskites) were constructed by replicating the cor-
responding structures obtained in 2×2×2 supercells. SOC
was included in all electron-phonon coupling calculations.
To reduce computational cost, the plane wave energy cutoff
was set to 60 Ry. Convergence tests performed on a subset of
materials (MAPbBr3, FAPbBr3, FAPbI3, and MASnI3) using
2×2×2 supercells showed that the band gap values differ by
less than 1 meV compared to calculations with a 120 Ry cut-
off. Furthermore, the Brillouin zone of the 4×4×4 supercell
was sampled using a 1×1×1 k grid. In this case, we found
for the same subset of materials that the band gap varied by
less than 10 meV and the thermal-induced renormalization by
less than 1 meV. Figure 13(c) further shows that the band gap
of MAPbBr3 at 300 K is already well converged with 6 ZG
polymorphous configurations.

To determine the contribution of electron-phonon cou-
pling to the band gap renormalization and effective masses
(dEg/dT |EPC and dm∗/dT |EPC), we applied linear fits to the
data points of each material computed at various temperatures
without considering the effect of thermal expansion. Each
data point was obtained as a Boltzmann-weighted average

085118-35



MARIOS ZACHARIAS et al. PHYSICAL REVIEW B 113, 085118 (2026)

[Eq. (11)] over the band gap of 10 ZG reference or 10 ZG
polymorphous structures. Figure 13(d) shows the convergence
of dEg/dT |EPC computed for MAPbBr3 as a function of the
number of ZG polymorphous configurations used to compute
the band gap for each temperature.

Electron-phonon renormalized band gaps of MAPbBr3

in the orthorhombic phase, reported in the companion pa-
per [110], were computed using the special displacement
method in conjunction with harmonic phonons. Calculations
employed a 4×2×2 supercell of the orthorhombic unit cell
(768 atoms), a cutoff of 80 Ry, and a 1×1×1 k grid, with
SOC effects included.

F. Thermal expansion contribution

To evaluate the contribution of thermal expansion to the
temperature dependence of the band gap, dEg/dT |TE, and
effective masses, dm∗/dT |TE, we employed the following
strategy for each material: (i) The lattice constants of the
initial 10 reference and 10 polymorphous 2×2×2 supercells
were varied by �L = ±0.04 Å. (ii) For each modified lattice,
geometry optimizations were performed while keeping the
lattice constants fixed, yielding new reference and polymor-
phous configurations. (iii) Band gaps and effective masses
were computed for each individual structure, and averaged
over the set of configurations corresponding to the same
lattice constant. (iv) The derivatives dEg/dL and dm∗/dL
were estimated by fitting a linear function to the computed
averaged values at L − �L, L, and L + �L, equivalent to
a central finite difference approximation. (v) Experimen-
tal values of the linear thermal expansion coefficient, α =
1/L dL/dT , of each material were taken from the litera-
ture [25,54,164,175,180,186–189]. Due to the absence of
experimental data for FAPbCl3, we used α = 0.6×10−4 K−1

close to the value reported for MAPbCl3 [187]. (vi) Finally,
the thermal expansion contributions for each material were
evaluated using the relations

dEg

dT

∣∣∣
TE

= dEg

dL
α L and (13)

dm∗

dT

∣∣∣
TE

= dm∗

dL
α L. (14)

G. Phonon spectral functions

Phonon spectral functions of the polymorphous structures
shown in Fig. 11 were obtained by phonon unfolding us-
ing the approach described in Ref. [30] and the ZG.x code
of EPW [121]. We used the IFCs calculated for the poly-
morphous structures without enforcing any translational or
rotational symmetries of the unit cell or the reference struc-
tures. Based on the computed eigenvectors, which reflect
spatial correlations introduced by local disorder, we deter-
mined the spectral weights of each configuration using 394
equally spaced q points along the the X-R-M-�-R path of
the Brillouin zone. Convergence of the spectral weights was
achieved by using a 12×12×12 g grid of reciprocal lattice
vectors.

To obtain the phonon spectral functions of the polymor-
phous structures using the computed IFCs, we employed
Wigner-Seitz (WS) weights calculated for the reference struc-

FIG. 16. (a), (b) Phonon spectral functions of one polymorphous
configuration of MAPbBr3 calculated using phonon unfolding in
conjunction with Wigner-Seitz (WS) weights computed for the ref-
erence (a) and polymorphous (b) structures.

tures. These weights are used to determine whether a given
interatomic vector lies within the WS cell, ensuring that each
real-space interaction is counted once and contributes cor-
rectly to the phonon properties. Using the WS weights of
the reference structure ensures that each atomic interaction is
correctly weighted according to the macroscopic symmetry of
the lattice. In Figs. 16(a) and 16(b), we compare the phonon
spectral function of polymorphous cubic MAPbBr3 calculated
using WS weights of the reference and polymorphous struc-
ture, respectively. The results show that using the WS weights
of the reference structure (i) maintains the overdamped and
correlated character of the optical phonons and (ii) plays an
important role in stabilizing the acoustic phonons, particu-
larly near the � point, where long-wavelength behavior is
sensitive to translational invariance. In other words, using
the WS weights of the reference structure ensures that the
acoustic sum rule is satisfied and accurately capture bulk-like
lattice dynamics without compromising the overall behavior
of the optical modes. This approach is particularly suitable
for systems where disorder represents localized perturbations
rather than fundamental changes to the macroscopic structure.

VII. CONCLUSIONS AND OUTLOOK

Based on the ASDM, we developed a unified methodology
for electronic structure, anharmonicity, and electron-phonon
coupling calculations in locally disordered inorganic and
hybrid halide perovskites. We carried out a comparative
high-throughput study of 12 cubic compounds and analyzed
the modifications due to local disorder to their electronic
structures with and without thermal effects. In addition to
generating polymorphous structures, we also investigated ref-
erence configurations obtained by relaxing only the molecular
sublattice, to minimize artifacts arising from net dipole mo-
ments, particularly relevant for MA-based compounds, and
to enable systematic comparisons with the fully polymor-
phous structures. Our calculations reveal strong correlations
between band gap widening and effective mass enhancement
with structural distortions, such as changes in bond angles
and lengths, induced by positional polymorphism. We further
demonstrate that the extent of positional polymorphism is
strongly influenced by the size of the A-site cation, a trend that
correlates with the tolerance factor [110], where lower values
typically indicate increased structural flexibility and a greater
propensity for local distortions. We also show the critical role
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of local disorder in explaining the experimentally observed
band gap variations across different phases.

We calculated phonon quasiparticle dispersions of MSS
reference structures at finite temperatures within the SCP
theory, and validated our results through comparison with
experimental measurements of � point phonon frequencies
and phonon-induced diffuse scattering. We examined the in-
fluence of A-site cation size on LO-TO splitting, showing
that larger molecular cations, like FA, result in a less pro-
nounced LO-TO splitting. This arises due to the enhanced
coupling between the organic and inorganic sublattices. Fur-
thermore, we demonstrated the breakdown of the phonon
quasiparticle picture due to local disorder, leading to strongly
correlated and dispersionless optical vibrations, consistent
with state-of-the-art inelastic neutron scattering, Raman, and
THz spectroscopy measurements [38,41,157,168,170]. Hy-
brid halide perovskites exhibit more strongly overdamped
phonons over a broader energy range than their fully inorganic
counterparts, which we attribute to the enhanced coupling
between the molecular and inorganic network.

We evaluated the temperature dependence of band gaps
and effective masses using both ZG reference structures and
ZG polymorphous structures for all cubic compounds, taking
into account configurational entropy effects. For the band
gaps, we achieved excellent agreement with experimental val-
ues, highlighting the importance of incorporating corrections
due to positional polymorphism, exchange-correlation treat-
ments beyond standard DFT, anharmonic electron-phonon
coupling, and thermal expansion to accurately reproduce ex-
perimental trends. We further quantified the contributions
of electron-phonon coupling and thermal expansion to the
temperature-induced band gap renormalization, showing that
electron-phonon coupling dominates in Cs-based and MA-
based compounds, whereas thermal expansion plays the
leading role in FA-based systems. This behavior is attributed
to the larger volumetric thermal expansion coefficients of FA-
based compounds. In the case of locally disordered FASnI3,
we found that the stereochemically active Sn lone pair en-
hances the thermal expansion contribution, which primarily
accounts for the largest temperature coefficient of the band
gap among the materials studied. Finally, we showed that even
a single ZG polymorphous configuration, generated from the
MSS structure and ASDM phonons, yields results comparable
to Boltzmann-weighted averages over 10 ZG polymorphous
configurations.

The strong correlations observed between local disorder
and electronic properties indicate that band gap tuning and
charge transport in halide perovskites are intrinsically linked
to local structural fluctuations. This finding suggests that engi-
neering local disorder, through strategies such as A-site cation
selection or strain, could enable systematic optimization of the
optoelectronic performance of these materials. We emphasize
that our approach is readily applicable to mixed-halide per-
ovskites and will be valuable in future studies exploring how
A-site, B-site, or X-site mixing influences positional polymor-
phism and, in turn, electronic structure. We anticipate that
our methodology will complement recent experimental ef-
forts [29,31,33,35,46,91] aimed at elucidating local structural
features not only in three-dimensional halide perovskites, but
also in layered hybrid perovskites and nanocrystals. Further-

more, our theoretical framework will aid in gaining a deeper
understanding of the fundamental limitations of the carrier
transport (lifetimes and diffusion lengths) at elevated tem-
peratures. It will also help understanding the decoherence
limits for the spins of single charge carriers, particularly for
bulk materials, or for excitons, which are more relevant for
quantum dots. Both phenomena may be crucial: on the one
hand, for spin transport in spintronic applications and, on
the other hand, for single-photon emission in quantum optics
applications [208,209].

To our knowledge, this is the first report of anhar-
monic quasiparticle phonon dispersions in hybrid halide
perovskites, validated against experimental measurements.
The anharmonic, temperature-dependent IFCs, along with the
corresponding reference and polymorphous structures, which
are available in the NOMAD repository [210], provide a
foundation for state-of-the-art perturbative electron-phonon
calculations [114–122] in cubic hybrid halide perovskites.
These calculations can help elucidate key phenomena such
as charge carrier mobilities [62,211], polaron formation [80],
as well as nonequilibrium dynamics [212]. Furthermore, our
finding that a single ZG polymorphous configuration within
a 4×4×4 supercell provides an excellent approximation for
nonperturbative electron-phonon calculations holds promise
for extending this approach to large-scale, high-throughput
studies across other hybrid halide perovskite systems.

We emphasize that machine learning force fields
(MLFFs) [185,211,213,214] offer significant potential
for advancing anharmonic phonon calculations and the
exploration of polymorphous structures. However, the
development of more systematic and efficient training
protocols may be necessary to capture the complexity and
long-range correlated positional polymorphism in hybrid
halide perovskites using larger supercells. Furthermore,
MLFFs can help effectively assess approximations in
our electron-phonon calculations, such as the constant
temperature phonon anharmonicity and the neglect of phonon
renormalization due to thermal expansion.

In addition, our calculations revealing the breakdown of
the phonon quasiparticle picture in both inorganic and hybrid
halide perovskites are expected to be of significant interest
to recent experimental spectroscopy and scattering stud-
ies [25,38,40,41,157,168,170,215]. Our results demonstrate
that structural disorder, whether originating from surface ef-
fects, grain boundaries, or finite-size confinement, is intrinsic
to single crystals, thin films, nanocrystals, polycrystalline
pellets, and nanocrystal-based films, and must be taken into
account to accurately describe the experimentally observed
phonon behavior in these systems. Spectroscopic and scat-
tering techniques, when complemented by first-principles
calculations that explicitly include local disorder, offer a pow-
erful framework not only for understanding the extremely
overdamped phonons in ultrasoft halide perovskites, but also
for elucidating the microscopic origins of their ultralow ther-
mal conductivity [216–218].

Our comparative study underscores the critical role of data
in materials science, particularly when include thermal ef-
fects and positional polymorphism. Capturing such effects is
essential for generating datasets that reflect a more realistic
material behavior which is vital for training machine learning
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models to discover reliable descriptors and trends for finite-
temperature properties. These insights also open a path toward
more predictive and transferable models for data-driven mate-
rials discovery.

A database of monomorphous, reference, and polymor-
phous structures of halide perovskites, together with input and
output files that led to the results of this study, is available in
the NOMAD repository [210].
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