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The importance of organic molecular cation orientation and interaction with surrounding inor-
ganic framework in the optoelectronic hybrid halide perovskites is a topic of considerable interest. To
that end, we study the effect of organic molecule rotations on the properties of such hybrid semicon-
ductors using swarm intelligence based structure prediction method combined with ab initio density
functional calculations. Adopting the cubic phases of APbI3 (A = CH3NH3(MA), CHNH2NH2(FA)
and CH3CH2NH3(EA)), we determine the energetically stable/metastable configurations of organic
molecules inside the quasi-cubic perovskite cages. Different cation orientations result in up to ∼250
meV/formula changes in the material free energy, reflecting the complex energy landscape of these
hybrid materials containing dynamically rotating organic components. Notably, the [012] orienta-
tion of MA is found to give the most stable structure of MAPbI3, while the conventional [001], [011]
or [111] directions remain slightly higher in energy. Molecular orientations clearly influence the fun-
damental electronic band gap and also modify the magnitude of Rashba-type energy band splitting
resulting in indirect gap behavior. However, the dielectric screening remains large for all orientations
thus creating weakly bound excitons. Based on the analysis of many organic molecule configura-
tions obtained through structure search technique, our results provide insightful understanding on
the effects of organic molecule rotation on optoelectronic properties and carrier dynamics of hybrid
halide perovskites.

PACS numbers: 31.15.E-,71.15.Mb, 71.20.Nr, 72.40.+w,73.50.Pz, 78.20.-e

I. INTRODUCTION

Photovoltaic (PV) devices based on hybrid lead-halide
perovskites have quickly reached a certified power con-
version efficiency of above 25%1, rivaling that of the
more traditional and widely investigated solar cell ma-
terials. Great attention has been considered for their
fundamental properties that impact PV performances2,3.
These materials feature unique set of characteristics: tun-
able band gaps4, strong optical absorption5,6, long car-
rier lifetime and diffusion lengths7–10, weak exciton bind-
ing energy11–24 and tolerance towards deep defects.25–28.
The underlying physical mechanisms responsible for
these advantageous properties continue to be a topic of
investigation.

The orientation of the organic dipoles embedded within
the cubo-octahedral cavity formed by the lead-halide oc-
tahedral network, represent a subtle condition in the
geometrical configuration of hybrid perovskites. It is
believed that hybrid perovskites are dynamical materi-
als where the dipole orientations and concerted octa-
hedral tilting introduce a level of disorder in the crys-
tals. Although X-ray diffraction can distinguish the dif-
ferent crystalline phases of hybrid perovskites, it does
not provide full information on the position and ori-
entation of the organic molecules relative to the inor-
ganic framework. There is, however, additional exper-

imental evidence that strongly favor orientational dis-
order among the organic cations29–40. Many compu-
tational studies have also addressed rotational motion,
reorientation dynamics and their effects on the elec-
tronic properties30,32,33,41–45. It has been suggested that
the molecules may behave as nearly free rotors in the
room-temperature tetragonal and high-temperature cu-
bic phases of MAPbI3

46,47. Even though the organic
cations in cubic MAPbI3 are highly disordered, their
orientations can still be considered discrete. Onoda-
Yamamuro et al proposed three models based on ther-
mal analysis which describes discrete molecular orien-
tations with the C-N axis directed towards the face
[100], edge [110] and corner [111] of cubic MAPbI3

29.
Other reports also suggested preferential molecular ori-
entations in cubic25,44,46,48–55 and tetragonal phase hy-
brid perovskites50. Quasielastic neutron scattering mea-
surements by Leguy et al showed hopping MA rotations
where the organic dipoles jump between preferential ori-
entations on a timescale of several picoseconds, ruling out
the possibility of free rotations at temperatures below 370
K37. At temperatures relevant for solar cell operation one
could envisage multiple local minima in the ground state
potential energy surface of hybrid perovskites character-
ized by different molecular orientations resulting in local
symmetry breaking56,57, instantaneous structure having
implications on the electronic properties57. Thus, what is
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observed experimentally is only an average crystal geom-
etry while the material continually distorts, consequent
to the organic rotations and associated tilting of the Pb-I
octahedra.
While it is known that the molecular states are not di-

rectly involved in the band edges58, the role of molecular
rotations seem to have a strong influence on the inorganic
framework, indirectly affecting the electronic and optical
response of hybrid perovskites43,49,53. Preferential or-
ganic orientations locally perturb the Pb-I lattice causing
octahedral distortions, leading to variations in the band
gap and carrier effective mass, which eventually con-
trol charge carrier dynamics and recombination4,59–61. A
comprehensive look at molecular orientations in hybrid
perovskites and how they impact electronic properties is
thus very important. This will be the focus of the current
study.
To study the importance of molecular orientations in

hybrid perovskites, we have implemented first-principles
particle swarm optimization (PSO) structure search cal-
culations including van der Walls dispersion (vdW) cor-
rection. Though both the previous molecular dynamics
(MD) calculations30,38,41–43,62,63 and our work can eval-
uate the rotation energy barriers of organic molecules,
our work may add new aspects: First, the combination
of PSO with first-principles calculations allows us to ex-
plore numerous structures in the energy landscape of hy-
brid perovskites. The PSO in principle can overcome
much larger barriers in the energy landscape more ef-
ficiently than the MD approach to obtain possible new
orientation of organic molecules. Secondly, thousands
of static electronic structure calculations from structure
searches enable us to investigate the extent to which
the free energy and materials properties related to op-
toelectronic application are affected by the molecular re-
orientations coupled with octahedral tilting. For this
study, cubic phase of APbI3 with three different or-
ganic cations (A= CH3NH3(MA), CHNH2NH2(FA) and
CH3CH2NH3(EA)) are chosen. The generated structures
and their electronic properties reveal interesting patterns
in the evolution of band gap (Eg), Rashba band splitting,
effective mass and exciton binding energy. The results
indicate variability among these properties, thus empha-
sizing the important role of the size and orientation of
organic molecules.

II. COMPUTATIONAL DETAILS

The preferable orientations of MA, FA, and EA within
the PbI3 framework is explored via particle swarm op-
timization (PSO) algorithm as implemented in the CA-
LYPSO code64,65. For instance, the identified stable and
metastable structures obtained from a population of can-
didate solutions of MAPbI3 are shown in Fig. 1.
For the generation of the initial structures evolved we

considered the cubic PbI3 framework, fixing the center
of mass of MA, FA, and EA molecules at the ideal A-

FIG. 1: (color online) Relative energy of predicted configu-
rations as function of generation for the MAPbI3. The inset
show three freedom degrees of rotation ( polar angle (θ), az-
imuthal angle (φ), spinning angle (ψ)) which are evolved by
the PSO in the molecule MA embedded the framework of
PbI3

site and allowing them to rotate freely about C-N or
C-C axes as appropriate for the respective cases. The
rotation of the organic cations is determined by three
degrees of freedom: polar angle (θ), azimuthal angle
(φ) and spinning angle (ψ) , as shown Fig. 1 and Fig.
S1. Keeping the same cubic symmetry among the three
lead halide perovskites allow systematic comparison as
the internal geometry and corresponding electronic struc-
ture evolve due to organic cation rotations. We note
that FAPbI3 and MAPbI3 have been experimentally re-
ported to adopt a cubic structure at 298 K and above 327
K, respectively6667. We constrain EAPbI3 in the same
structure, although this system was recently reported in
the orthorhombic phase having chain like features with
intervening EAs68.

For structure evolution, PSO is used, as a global opti-
mization algorithm, which is inspired by the social be-
havior of birds flocking or fish schooling. It can be
seen as a distributed behavior algorithm that performs
multi-dimensional search. In practice, a candidate struc-
ture in the configurational space is regarded as a parti-
cle, and a set of individual particles is called a popula-
tion/generation. Each particle explores the search space
via a velocity vector which is affected by both its per-
sonal best experience and the best position found by the
population thus far. During the process of evolution, the
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structures satisfy the following equations:

xt+1
ij = xtij + vt+1

ij (1)

vt+1
ij = ωvtij + c1r1(pbest

t
ij − xtij)

+c2r2(gbest
t
ij − xtij)

(2)

where i is a structure regarded as a particle in the search
space and j ∈ {θ, φ, ψ}. Eq. (1) is used to update the
positions of the particles. The new position of each indi-
vidual i at the jth dimension is calculated based on its
previous location (xtij) before optimization and its new

velocity (vt+1
ij ). The latter depends on previous velocity

(vtij), current location (pbesttij) with an achieved best fit-
ness of lowest enthalpy of the particle, and the best global
fitness value for the entire population (swarm) (gbesttij),
according to Eq. (2). ω denotes the inertia weight and
controls the momentum of the particle.
Structure optimization is conducted within the den-

sity functional theory (DFT) using plane-wave pseu-
dopotential method implemented in the Vienna Ab-initio
Simulation Package (VASP)69. Electron-ion interac-
tion is described using projector augmented-wave (PAW)
pseudopotentials70. The 2s22p2 states of C, 2s22p3 of N,
2s22p4 of O, 1s of H, 6s26p2 of Pb, and 5s25p5 of I are in-
cluded as valence electrons. We use Perdew, Burke and
Ernzerhof (PBE)71,72 as the exchange correction func-
tional. An energy cutoff of 470 eV and the mesh of
k-points of 6×6×6 (MAPbI3) and 5×5×5 (FAPbI3 and
EAPbI3) are used for geometry optimization and elec-
tronic structure calculations. Convergence tests indicate
that the total energy converges at an accuracy of less
than 0.1 meV/atom with respect to cutoff energy, and at
an accuracy of 0.2 meV/atom with respect to the k-point
sampling (Fig. S2). Long-range dispersion interactions,
which play an important role 53,73–75 on organic cation
orientation and structure determination, are considered
in this work. We compared the equilibrium lattice pa-
rameters of MAPbI3 in cubic phase (see the Table S1)
and found that both optB86b and optB88b van der Waals
(vdWs) functionals76 provide better agreement, within
about 0.3% of experimental values46. The optB86b vdW
functional is adopted for all subsequent calculations. In
order to constrain the cubic symmetry, all structures are
optimized by fixing cell shape (a=b=c), while relaxing
their volumes and internal coordinates.
For band gap calculations of the most stable configu-

rations with favored molecular orientations, we used hy-
brid functional (HSE)77 with adjustable Fock exchange
(given by mixing parameter α=55%)78 and including
spin-orbit coupling (SOC). The calculated results show
reasonable agreement with available experimental data
as shown below. We also found that the band gaps from
the HSE+SOC approach are very close to the DFT-PBE
derived values, as demonstrated in Fig. 2. This has
been reported in literature25, i.e., neglecting the SOC
effect leads to fortuitous agreement between calculated

DFT-PBE and experimental band gaps of hybrid halide
perovskites. Thus, we used the DFT-PBE approach to
obtain fairly accurate band gap estimates of thousands
of searched structures caused by reorientation of the or-
ganic molecules. We used the DFT-PBE approach, in-
cluding SOC, to calculate the Rashba-type splitting near
the band edges, which is caused by broken inversion sym-
metry associated with molecular orientations.
We also use the BoltzTraP code79 to calculate carrier

effective mass (m∗) tensors with a dense k-point grid of
10×10×10 and unified carrier concentration of 1.0 × 1018

cm−3 at temperature of 300 K. We calculated carrier ef-
fective masses of stable configurations with the favored
molecular orientations by using the DFT-PBE approach
with and without the SOC effect, as shown in supplemen-
tary Table S2. For the three hybrid perovskites, the hole
effective masses remain almost unaffected by the SOC,
while the electron masses were uniformly overestimated
by the DFT-PBE approach without the SOC. This is ex-
pected since the SOC mainly affects the Pb-p orbitals
dominating conduction bands, but has no impact on the
valence bands derived from Pb-s states (where the rela-
tivistic Darwin effect causes the energy level upshift). For
thousands of searched structures caused by reorientation
of organic molecules, our goal is to explore the extent
to which the carrier effective masses are affected by the
molecular reorientations coupled with octahedral tilting.
Considering the computational cost of the effective mass
calculations needing dense k-point grid when the SOC is
included, we employed the DFT-PBE approach w/o SOC
for such calculations. As such, we note that our calcu-
lated effective masses of conducting electrons are clearly
overestimated. Then, an estimation of the binding energy
(EB) of the hydrogenic Wannier-Mott exciton is made,
using EB = µRy/m0ǫ

2
∞
, where µ is reduced carrier ef-

fective mass (1/µ=1/m∗

e + 1/m∗

h), ǫ∞ is the calculated
high-frequency dielectric constant obtained by purturba-
tion theory within PBE and Ry is the atomic Rydberg
energy.

III. RESULTS AND DISCUSSION

As shown in Fig. 1 and Fig. S1, different cation ori-
entations result in up to ∼60 meV/formula for MAPbI3,
∼150 meV/formula for FAPbI3 and ∼250 meV/formula
for EAPbI3 changes in the ground-state total energy.
This reflects the complex energy landscape of these hy-
brid materials containing dynamically rotating organic
components. Fig. 2(a, b, c) shows favored molecu-
lar orientation in the predicted stable configurations of
the three compounds: MAPbI3, FAPbI3, and EAPbI3
(structural details are summarized in Table S3). Cor-
responding lattice parameters are 6.310 Å (experiment:
6.328Å66), 6.370 Å (experiment: 6.362Å67), and 6.418
Å for MAPbI3, FAPbI3, and EAPbI3, consistent with
the increasing size of the organic cations MA+, EA+,
FA+. The arrows in Fig. 2 represent molecular dipole
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FIG. 2: (color online) The predicted stable structures and
calculated corresponding band structures using PBE and HSE
(with adjustable Fock exchange, given by mixing parameter
α=55%)+SOC functional respectively for MAPbI3 (a, d, g)
, FAPbI3 (b, e, h) and EAPbI3 (c, f, i). Note that the MA
directed to the orientation [012].

moments. It is interesting to note that the C-N axis of
MA+ is directed along [012] with Pm symmetry in the
predicted lowest energy configuration of MAPbI3 cubic
unit cell; deviating from the conventional [100],44,49–52

[110],48,53 and [111] directions25,54,55) which are com-
monly cited in the literature. The calculated total en-
ergies of [110], [001] and [111] orientations are are higher
than that of [012] by 16, 26, 45 meV/formula unit, re-
spectively. In case of FAPbI3, it has been suggested that
the C-H bond of FA+ is directed towards a cube face
[100], thus minimizing the (C-H)· · · I interactions while
the C-Ns are oriented in a way that allow (N-H)· · · I hy-
drogen bonds67. Our structure search predicts a different
FAPbI3 ground state where the N-CH-N part of FA lies
approximately within the (111) plane, distinct from the
FA lying in the (200) plane in Ref. 67. We find this
configuration of FAPbI3 to be more stable, by about 124
meV/formula unit, compared to the one where the C-H
bond is directed along [100]. The preferred molecular ori-
entations in MAPbI3 and FAPbI3 predicted by the struc-
ture search approach potentially means increased hydro-
gen bonding ((N-H))· · · I bonds) in the distorted, pseu-
docubic hosts - emphasizing the interplay between or-
ganic motifs and inorganic framework in these dynamical
materials. Relatively small energy differences between
specific configurations also imply that the molecules may
be rotationally mobile at room temperature i.e., their ori-

entations continue to evolve due to rotor-like or tumbling
motion, without the possibility of long range ferroelectric
ordering.

The electronic band structures of MAPbI3, FAPbI3,
and EAPbI3 stable configurations are shown in Fig. 2.
As is well-known in the case of hybrid perovskites, ne-
glecting spin-orbit effects leads to fortuitous agreement
between calculated PBE band gaps (Eg) and experimen-
tal values. Nevertheless, it provides reasonable estimates
as evident from the comparison with the results calcu-
lated by the HSE+SOC functional with adjustable Fock
exchange (given by mixing parameter α=55%), shown
in Fig. 2. However, band splitting and band-edge po-
sition relative to the core levels are more accurately de-
scribed when spin-orbit coupling and nonlocal exchange
interaction is included as in the case of HSE+SOC. The
calculated HSE+SOC gaps are 1.54, 1.52, 1.72 eV for
MAPbI3, FAPbI3, and EAPbI3 following the trend: Eg
(FA) < Eg (MA) < Eg(EA), which is in reasonable agree-
ment with available experimental results: ∼1.5-1.7 eV in
MAPbI3

80–87 and 1.43-1.48 eV in FAPbI3
60,88–90. All

structures show an indirect band gap near the high sym-
metry R point as indicated in Fig. 2.
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FIG. 3: (color online) Calculated band gaps using DFT-PBE
functional for the MAPbI3 (a), FAPbI3 (b), EAPbI3 (c) as
function of the energy range when the molecules are evolved
to rotate in the space.

Next, we describe the ’dynamical band gap’ behavior
caused by molecular reorientations coupled with octahe-
dral tilting as obtained from our search. For example,
in case of MAPbI3 the HSE+SOC calculated band gap
changes from 1.54 eV in the preferred [012] organic ori-
entation (most stable structure) to about 1.47 eV when
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cations are directed along [111]. Fig. 3 shows band gap
variations of the searched structures in all three com-
pounds caused by reorientation of the differently sized
organic cations and corresponding distortions of the Pb-
I octahedral framework91. The presented gap values are
based on PBE functional without spin-orbit coupling and
plotted as a function of relative energy w.r.t the most
stable structure. In a previous study, Mosconi et al in-
vestigated the dynamics of organic rotations, observing
that the Highest Occupied Molecular Orbital (HOMO)
level varied within ∼0.5 eV in cubic MAPbI3

30. They
also studied FA molecular dynamics in cubic FAPbI3, es-
timating in this case band gap changes ranging within
0.2 eV43. The plot in Fig. 3 shows a similar range
of band gap values obtained through the structure evo-
lution process. It is clear that the molecular orienta-
tion can strongly influence the band gap of the hybrid
perovskites by affecting the I-Pb-I inorganic framework
which take part in the frontier orbitals. The PSO ap-
proach employed in our current study can efficiently over-
come larger barriers in the potential energy landscape of
these perovskites, and consequently provide an accurate
estimate of band gap variation obtainable via molecular
rotation and concerted octahedral tilting. Our results
indicate band gap values approximately ranging between
1.5-1.7 eV in MAPbI3, 1.3-1.6 eV in FAPbI3, and 1.5-1.9
eV in EAPbI3.

FIG. 4: (color online). (a) The illustration of the rashba
splitting for the ground-state of MAPbI3 structures in the
VBM and CBM and (b) calculated rashba coefficient with
the energies of no more than 60 meV/f.u. higher than the
ground-state for the MAPbI3 structures in the VBM (α v=2
∆ E Rv / ∆ kRv ) and CBM (α c=2 ∆ERc/∆kRc) along
the high symmetry direction of the Brillouin zone R (0.5,
0.5, 0.5) → Γ (0.0, 0.0, 0.0) as function of the effective mass.
The calculations were done by using the DFT-PBE approach,
including SOC.

Another impact of molecular rotation is small varia-
tions in k-space splitting (Rashba-type splitting) near
band edge that causes indirect gaps. This effect, re-
ported in similar hybrid perovskites,92–96 is a conse-
quence of inversion symmetry breaking. This feature
available among the hybrid materials may help suppress
exciton formation and delay charge carrier recombina-

tion, which is essential for solar cell application53. All-
inorganic perovskite such as CsPbBr3 have direct band
gap (∼2.3 eV), and known to luminesce with green ex-
citonic emission in bulk or nanocrystalline forms97,98.
The strength of Rashba-type splitting among hybrid per-
ovskites can be approximately quantified via the Rashba
parameter, α=2∆ER/∆kR,

99 where ∆k is the momen-
tum offset in k-space of the conduction band minimum
(CBM) or valence band maximum (VBM) w.r.t the high
symmetry k-point. It is shown for MAPbI3 along R-
Γ in Fig. 4(a). ∆ER is the corresponding energy dif-
ference. The estimated α values of VBM/CBM in our
predicted stable configurations of MAPbI3, FAPbI3 and
EAPbI3 are 1.16/2.64, 0.59/0.97 and 0.84/1.81 eVÅ, re-
spectively. It is clear that Rashba parameters of the CBM
are higher than those of the VBM in all three compounds,
attributable to the spin-split Pb 6p orbitals that make up
the conduction edge. Fig. 4(b) depicts the Rashba pa-
rameters given as a function of calculated electron or hole
effective mass for the different MA orientations obtained
in the structure search of MAPbI3. It indicates a wide
range of achievable values of α, greater than those pre-
dicted earlier100 , approaching 4 eVÅ in the CBM and
upto 2 eVÅ in the VBM. Hence, Rashba-type spin split-
ting caused by molecular reorientations may be one of
the key features that help reduce charge carrier recombi-
nation and improve efficiency of hybrid perovskite-based
solar cells92,93,95.
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FIG. 5: (color online) Calculated effective mass of electron
and hole using DFT-PBE functional for the MAPbI3 (a),
FAPbI3 (b), EAPbI3 (c) as function of the energy range
with the evolution of the θ, φ and ψ angles by rotating the
molecules.

Effective mass (m∗) tensors that relate directly to car-
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rier’s electrical conductivity are calculated using the PBE
functional. Carrier effective masses of various structures
as a function of relative energy w.r.t the most stable con-
figuration are shown in Fig. 5. The electron masses (m∗

e)
approximately range 0.4-0.6m0 (m0 being the electron
rest mass) in all three compounds, and that of holes (m∗

h)
between 0.2-0.4m0 in MAPbI3, 0.2-0.3m0 in FAPbI3, and
0.3-0.4m0 in EAPbI3. The results underscore variable
m∗ as the molecules are allowed to rotate within the
Pb-I framework. Specific values of different MAPbI3
structures along kx, ky and kz directions are shown in
Fig. S3. The most stable configurations of MAPbI3,
FAPbI3 and EAPbI3 yield values of 0.29(0.26), 0.22(0.20)
and 0.34(0.32)m0 for the holes and 0.46(0.22), 0.47(0.27),
0.51(0.38)m0 for electrons without(with) the SOC effect,
respectively. For the three hybrid perovskites, the hole
effective masses remain almost unaffected by the SOC,
while the electron masses were uniformly overestimated
by the DFT-PBE approach without the SOC. This is ex-
pected since the SOC mainly affects Pb-p orbitals dom-
inating the conduction bands, but has no impact on the
valence bands derived from Pb-s (where the relativistic
Darwin effect causes the energy level upshift). The esti-
mated effective mass of MAPbI3 is in reasonable agree-
ment with reported m∗

e of 0.35m0 and m∗

h of 0.31 m0
101.

Low electron and hole effective masses due to the dis-
persive band edges contribute to the good, ambipolar
electrical conductivity observed in experiment and the-
ory calculations7,55.

A notable aspect of Figs. 3 and 5 is the horizontal scale
which represents the energy difference between the most
stable and the least stable molecular orientations among
the metastable (local minima) structures. It is about
60, 150, 240 meV/formula unit for MAPbI3, FAPbI3
and EAPbI3 respectively (see Fig.S1), indicating that the
larger molecules rotate less freely and more slowly in the
Pb-I framework. The figures also show the corresponding
distribution in band gap and effective mass values with
increasing energy of the structures.

We finally turn to the dielectric properties of the pseu-
docubic hybrid perovskite structures generated through
our PSO search. As the orientation of the organic
cations are allowed to change accompanied by octahe-
dral tilting, the static dielectric constant values remain
large. Anomalously high dielectric constant separates
these ionic halides from traditional III-V and II-VI com-
pound semiconductors. To evaluate the exciton binding
energy EB within the Wannier-Mott hydrogenic model,
we use the calculated high frequency dielectric constant,
ǫ∞. The inverse relationship between EB and dielec-
tric constant for hybrid perovskites has been reported
previously102. Figure 6 shows EB as a function of calcu-
lated ǫ∞, ranging between 50-110 meV, 50-85 meV and
70-150 meV for different metastable states of the three
different hybrid perovskites. These values are in over-
all agreement with experimental studies that have sug-
gested low exciton binding energy, with few reporting
values as low as 2 meV in case of MAPbI3

11–18,20,22–24
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FIG. 6: (color online) Calculated exciton binding energies us-
ing DFT-PBE functional of the MAPbI3 (a), FAPbI3 (b),
EAPbI3 (c) recpectively as function of the high-frequency
limit of dielectric constant.

. As the pseudocubic structure of the hybrid perovskites
constantly evolve via molecular rotations, the exciton ef-
fective mass (not shown) and binding energy values re-
main consistently low. Considering that the exciton radii
are large, equal or greater than the lattice constant, the
electron-hole screened interaction is impacted by molec-
ular rotations that cause local lattice polarization. We,
thus, emphasize that reduced rate of bimolecular recom-
bination among hybrid perovskites is a consequence of
strong screening of electron-hole pairs by large static di-
electric constant and low exciton binding energy; a con-
sequence of lattice polarization caused by molecular ro-
tations and induced octahedral tilting.
Finally, to simulate different equivalent alignments of

organic molecules, we have performed the calculations
with the 2×2×2 supercell of MAPbI3, where for selected
orientations (e.g., [001], [011], [012], [111]) the molecules
are randomly aligned w.r.t. equivalent orientations. For
each selected orientation, five configurations were con-
structed and the relevant properties such as total energy,
band gap, carrier effective masses, and Rashba splitting
coefficients were calculated. The results are shown in
the new supplementary Fig. S4. As seen, the fact that
the [012] orientation of MA leads to the energetically
most favorable structure is valid for all the configura-
tions. The other properties such as band gap, carrier
effective masses, Rashba splitting coefficients show vari-
ation within a reasonably small range. These results
indicate that the main findings discussed by using the
unit cubic perovskite cell indeed are maintained when
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the larger supercell with different equivalent molecular
orientations are used. It should be pointed out that we
are not claiming a perfect correlation or alignment is
expected throughout the entire volume of these hybrid
perovskites. Rather, it emphasizes a local microstruc-
ture is possible in these dynamical materials. The bulk
crystal’s response is an average over such microstructures
which consist of preferred molecular orientations and cor-
responding octahedral distortions.

IV. CONCLUSIONS

We explored favored orientations of three different or-
ganic cations, viz., CH3NH3(MA), CHNH2NH2(FA) and
CH3CH2NH3(EA) inside the polyhedral cages of pseu-
docubic lead-halide perovskites and its impact on the
electronic structure. Local metastable structures are
searched by the particle swarm optimization algorithm
combined with the first principles DFT calculations. In
case of MAPb3, we find the [012] orientation of the MA
cation to be most stable, separate from the commonly
known [100], [110], and [111] orientations discussed in
the literature. This study highlights the complex energy
landscape formed by the metastable structures among
hybrid preovskites and the effect of varying molecular ori-
entations on their dynamical gap behavior, and Rashba
splitting - both of which are connected to carrier genera-
tion and recombination that impact device performance.
The dichotomy between predicted low effective mass of
charge carriers and low-to-moderate carrier mobility has
been a subject of debate. Deformation potential scat-
tering by acoustic phonons, possibility of large polarons,
even strongly bound small polarons have been suggested

as possible reasons for moderate mobility103–107. Our
previous works described the possibility of electrostatic
polarization caused by molecular reorientation that is in-
dicative of long range coupling, creating shallow trap-like
states that bind charge carriers within a few kT of the
CBM or VBM108. Current structure search indicates a
similar phenomenon where molecular reorientations via
three rotational degrees of freedom give rise to pseudocu-
bic metastable structures, all of whom have low carrier
effective mass. This finding is consistent with the view
that at room or higher temperatures a global ground
state structure may be elusive as a result of organic ro-
tation and octahedral tilting, whose phonon cloud ”pro-
tect” the charge carrier by enhancing both its mass and
lifetime. The crystal, however, maintains its average ge-
ometry. Additionally, we find that the exciton binding
energy values remain consistently low among all searched
structures. Thus, large exciton radius and strong screen-
ing may be the hallmarks of the hybrid perovskites that
lead to reduced bimolecular pairing and efficient collec-
tion of photo-generated charge carriers.
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