ACS
Energy
Intermolecular Interactions in Hybrid
Perovskites Understood from a Combined
Density Functional Theory and Effective

Hamiltonian Approach

Fan Zheng, and Andrew M. Rappe*

http://pubs.acs.org/journal/aelccp

Liang Z. Tan,

Department of Chemistry, University of Pennsylvania, Philadelphia, Pennsylvania 19104-6323, United States

ABSTRACT: We show how the complex molecular structure of hybrid
perovskites can be understood simply in terms of a few important
intermolecular interactions. We deduce structural rules and coupling
constants from an extensive density functional theory study of the structural
energy landscape of methylammonium lead iodide. We have generated an
unbiased structure—energy database, taking into account the orientations of
molecular dipoles and inorganic lattice distortions. Analysis of this database
shows that room-temperature structures are heavily dominated by a few
hydrogen bonding patterns and lattice distortion modes. The molecule—
molecule interactions, mediated by lattice distortions and hydrogen
bonding, are shown to favor alignment of molecules at right angles to
each other. We develop an effective Hamiltonian which shows that this
interaction drives the cubic—tetragonal phase transition, explaining the
temperature dependence of the tetragonal distortion observed in experi-

Hydrogen bonds:

Lattice distortions:

papate

ment.

ybrid halide perovskites have attracted significant
H attention in recent years because of their large and

rising photovoltaic power conversion efficiency. In
this class of materials, methylammonium lead iodide (MAPbI,)
in particular has emerged as an especially promising candidate,
with reported power conversion efficiencies over 20%.'™> In
addition, MAPbI; can be cheaply made using solution
processing methods. Its cost, long carrier lifetimes,"” ° and
ideal band gap energy’”'' make it promising as a next-
generation solar material.

The perovskite structure of these materials consists of an
inorganic Pbl, lattice and a polar organic molecule at the A site.
At room temperature, experiments have shown that the organic
molecules display rotational motion.'”~'* At the same time,
experiments'>'® and molecular dynamics simulations'*'>"”~*!
have shown that the Pbl; lattice exhibits large amplitude
motions with significant anharmonic character. Density func-
tional theory (DFT) calculations have shown that the local
electronic structure depends sensitively on the atomic structure,
with band gap fluctuations,”*~>* Rashba effects,”> "> and
changes in electron—hole interactions™ possibly appearing at
the local scale. Therefore, it is important to understand the
structural aspects of these hybrid organic—inorganic materials
in order to explain the electronic properties that give rise to
their high efficiency. Moreover, there is a lack of theoretical
tools to decipher the complexity observed in computational
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simulations. The dipole—dipole coupling'***** widely used in

the literature does not explain the propensity for molecules to
align in “crossed” configurations, at 90° to each other. 3637 In
this work, to address these issues, we develop an effective
model inspired by effective Hamiltonians in oxide perov-
skites,>**? building on first-principles calculations and identify-
ing the dominant interaction modes of the organic molecules
and the inorganic lattice. We show that the crossed
configurations in fact play a crucial role in stabilizing the
tetragonal phase and in the tetragonal—cubic phase transition.

Previous DFT calculations have been used to extract some
low-energy structural models."******! However, small unit-cell
structures do not fully account for dynamical disorder at room
temperature. Instead, the large number of degrees of freedom
available to the molecules and the inorganic lattice and the
presence of several small energy scales'”**’ suggest a
complicated energy landscape with multiple competing energy
minima. In the following, we derive an effective model which
explains how this energy landscape arises from the interaction
between charged polar molecules and inorganic lattice.

We start by constructing a first-principles structure—energy
database for MAPbI; by calculating the DFT total energies for
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200 structural motifs. To obtain an unbiased sampling of the
entire energy landscape, we initialize our structure—energy
database with randomized structures. Each structure is
initialized with the C—N axis of each methylammonium
(MA) molecule directed along a random direction, and with
the Pb, lattice in the undistorted configuration (a’a%®), with
no rotations of Pbls octahedra. The angles of rotation of NH;
and CH; tetrahedra about the C—N axis were separately
initialized to random values, i.e., neither eclipsed nor
staggered*® H positions were assumed. These initial structures
are then allowed to relax to local energy minima. The structures
considered are constructed in a 2 X 2 X 2 supercell, using the
lattice constants of the room-temperature tetragonal phase (a =
b=1245 A, ¢ =12.69 A). We carry out these calculations using
the PBE exchange-correlation energy functional** including van
der Waals corrections™*® and norm-conserving pseudopoten-
tials.””*® A 4 X 4 X 4 k-mesh and a 50 Ry plane-wave kinetic
energy cutoff are used for self-consistent evaluation of the
charge density. It was found that the MA molecules
overwhelmingly relax to staggered configurations, with 93% of
molecules having torsion angles within 60 + 5°.

In MAPbDI;, hydrogen atoms on methyl and amino groups
bond to iodine atoms, with the hydrogen atoms on amino
groups displaying stronger hydrogen bonding due to the
electronegativity of nitrogen. From our structure—energy
database, we find that the average hydrogen bond length for
amino groups is 2.76 A, compared to 3.33 A for methyl groups.
Figure 1b shows that amino group hydrogen bonds are much
shorter than the majority of methyl group hydrogen bonds,
which is consistent with previous findings. 4930 Bach hydro-
gen atom in an amino group may form hydrogen bonds with
one or more iodine atoms. Considering the distribution of
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Figure 1. (a) Schematic of MAPDbI; structure, showing MA
molecule with hydrogen bonds (red, dashed) to iodine atoms,
which move toward MA. (b) Distribution of hydrogen bond
lengths, for amino (light red) and methyl groups (dark blue). (c)
Distribution of the difference between shortest and second-shortest
hydrogen bonds for each hydrogen atom in amine groups. The
cluster with bond-length differences less than 0.1 A indicates that
some hydrogen atoms have strong H-bonds to two different iodine
atoms.
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bond lengths for each hydrogen atom, we find that the shortest
bond for each hydrogen atom is typically 0.7 A shorter than the
next-shortest (Figure 1c). Therefore, most hydrogen atoms on
the amino groups can be considered to have a single active H-
bond. However, a small fraction of hydrogen atoms have two
almost equidistant bonds, as can be seen from the bimodal
distribution of bond lengths in Figure lc. These statistics
suggest a categorization of hydrogen bonding modes based on
the shortest and second-shortest hydrogen bonds of the amino
group. Considering the 12 iodine atoms in the cuboctahedral
cage surrounding each MA molecule, all such hydrogen
bonding modes can be enumerated by selecting the three or
more I atoms located on the edges of the cubic cage (Figure
1a) which form the shortest hydrogen bonds with the amino
group.

We find that a few symmetry-inequivalent modes dominate
the hydrogen bonding in our database. In Figure 2, we show the
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Figure 2. (a) Histogram of DFT total energies per 2 X 2 X 2
simulation cell and hydrogen bonding modes. Energies are
referenced to the lowest-energy structure in the database. Colors
indicate different hydrogen bonding modes: H, (green), Hy (blue),
and H (orange). Other modes are colored gray. (b) Schematic
depictions of H,, Hg, and Hc. Iodine atoms involved in hydrogen
bonding are shown in dark color (purple).

most common hydrogen bonding modes at different energies.
We collect all hydrogen bonding modes present in structures
with total energies within successive energy windows,
considering modes related by rotations or reflections to be
equivalent. The lowest-energy structures are entirely dominated
by a single hydrogen bonding mode (H,), which is consistent
with the theoretically proposed molecular orientations for the
low-temperature orthogonal phase.so At higher energies, more
hydrogen bonding modes become available, but three in
particular account for most of the database. Hydrogen bonding
modes H, and H involve all three amino hydrogen atoms each
bonding to one primary iodine atom, while Hy involves four
primary hydrogen bonds including one amino proton bonding
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strongly to two different iodine atoms (Figure 2b). The
dominance of these three modes persists for the entire energy
range. Other modes are possible at high energies but still
account for only a small fraction of structures. In ref 51, a mode
similar to Hy has been proposed as the major contributor to the
hydrogen bonding network.

We also categorize the distortions of the inorganic lattice
based on displacements of iodine atoms from high-symmetry
positions. Considering that each iodine atom is displaced
toward and forms hydrogen bonds with one of four adjacent
MA molecules, we enumerate all possible lattice distortion
modes for a Pbl octahedron by considering displacements of
each iodine atom in one of these four directions. We consider
distortions related by rotations and reflections to be equivalent.
We note that this includes more distortion modes than Glazer’s
scheme,”” because pure octahedral rotations and ferrodistortive
displacements are both allowed here.

We find that only three symmetry-inequivalent distortion
modes account for the majority of structures in our database,
similar to the statistics for the hydrogen bonding modes. Mode
L, is the pure octahedral rotation mode, while modes Ly and
L are a combination of octahedral rotations and ferrodistortive
displacements, in that there are axes about which the I atoms
do not form a pure rotation pattern around the central Pb atom
(Figure 3). The fact that only three lattice distortion modes
dominate the energy landscape suggests the presence of
significant short-range order in MAPDbI;. To see this, we
consider a hypothetical structural model where each I atom
forms hydrogen bonds randomly to adjacent MA molecules and
in an uncorrelated manner from other I atoms. Such a model
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Figure 3. (a) Histogram of DFT total energies per 2 X 2 X 2
simulation cell and lattice distortion modes. Energies are
referenced to the lowest-energy structure in the database. Colors
indicate different lattice distortion modes: L, (green), Ly (blue),
and L. (orange). Other modes are colored gray. (b) Schematic
depictions of Ly, Ly, and L. Iodine (purple) and lead (gray) atoms
are shown along a crystallographic axis. For all three modes,
displacements about the other two crystallographic axes are pure
rotations (as in L,). Black arrows indicate displacement of iodine
atoms away from high-symmetry positions.
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predicts a wide distribution of possible lattice distortion modes,
in sharp contrast to the distribution observed in our database.
The presence of modes Ly and L shows that the nature of
short-range order cannot be solely described by octahedral
rotations. As with the hydrogen bonding modes, the lowest-
energy structures are completely dominated by a single mode
(La), while higher-energy structures allow more modes. In
particular, the lattice distortions in the low-temperature Pnma
orthorhombic phase are pure octahedral rotations (a*b™b").

The structural rules for hydrogen bonding ({H}) and for
lattice distortions ({L}) derived above are interrelated, because
hydrogen bonds form only from each MA to those iodine
atoms displaced toward it. Together, these simple structural
rules Hy, Hy, Hc, Ly, Ly, and L constrain the atomic structure
of MAPDbI;. To see this, we take the lowest-energy modes L,
and H, and find all structures with these modes ina2 X2 X 2
cell. That is, we consider all rotation patternsina 2 X 2 X 2 cell
and constrain each MA molecule to form hydrogen bonds
consistent with H, and the surrounding iodine atoms. By
explicit enumeration, we find that there is a single rotation
pattern, a*b~b~, which accommodates these modes, leading to
the space group (Pnma) of the orthorhombic phase. The
higher-energy hydrogen bonding mode Hy can appear only
with Ly and L, which are not pure octahedral rotations. There
are multiple structures accommodating these higher-energy
modes; for entropic reasons, they become available only at
higher temperatures. This is in agreement with neutron
diffraction experiments which have sugﬁested the predom-
inance of mode Hy at room temperature.

To understand how these hydrogen bonding modes affect
macroscopic structural properties, we develop an effective
model Hamiltonian H = Hgy + Hpy consisting of short-range
(SR) and long-range (LR) interactions:

pp—3(d5)dp)
H, = Z K j i j
ij

r

Hgp = Zg(Pi: PI) W
n.n 1

Here, the degrees of freedom of the model are the orientations
of molecules p; the distance between two molecules is r; and
the unit displacement vector between them is d. Here, we focus
on the room-temperature tetragonal phase, and the hydrogen
bonding mode Hy is predominant in this phase. We take the
molecular orientations p; to be in one-to-one correspondence
with a hydrogen bonding mode of type Hy with a particular
orientation. For instance, the molecular orientation in Figure la
is assigned the Hy mode of the orientation shown in Figure 2b.
For simplicity, the molecules are taken to be oriented toward
the faces ((100) directions), as is expected for the tetragonal
phase."* An effective interaction between the hydrogen bonds
of adjacent unit cells is mediated by the sharing of iodines
between hydrogen bonds of different unit cells or the
displacement of iodine which inhibits hydrogen bonding in
some unit cells in favor of others. This interaction is described
by the SR term in our effective Hamiltonian, which we
parametrize using the four most energetically favorable
configurations of two MA molecules (p,, pj) with Hy modes
in different orientations. We assign an energy g(p, pj) to the SR
term for each of these configurations, with values of g(p, P;‘)
given in Figure 4. We consider only these four interactions, and
we consider only nearest-neighbor interactions because they are

DOI: 10.1021/acsenergylett.7b00159
ACS Energy Lett. 2017, 2, 937—-942


http://dx.doi.org/10.1021/acsenergylett.7b00159

ACS Energy Letters

g(p;, pj)= —0.035eV g(p;. pj)= —0.060 eV
b) LR SRR I N i S S S P W S S
R BRI S S S S S |
LR S5 RN I N N W S W W
R I I I S N N
A A> > h > s>
At R IR B R B R L g
LR K JE2F B 2 S ZEERECIEY S W 2
Y 2 B B IR N I N I SECEEEIE S N
LR I JE I BE 2B SE SRR I E I W 2
I R S S 2 B N B R
LA B N S P WL S N N 2
Atk dE Ik IR B )
LR Ik JE 2 NE 2B NE 2 SE 2P SE S W
LI GE Ik BL I L L S g )
LA B B BF N R Y N N S
X

Figure 4. (a) Short-range coupling configurations used in Monte
Carlo model Hamiltonian. Short-range coupling energies (see text)
are given relative to the configuration at the upper left. The lower
right configuration, corresponding to a “crossed” 90° arrangement
of molecules, has the lowest (most favorable) short-range coupling
energy. (b) Snapshot of molecular dipole orientations in an
equilibrated Monte Carlo simulation, showing a majority of dipoles
in a “crossed” configuration. Arrows denote orientations of
molecules. Simulation temperature of this snapshot was 240 K.

within a thermodynamically accessible energy range. The LR
interactions are described by dipole—dipole coupling.'” Because
our first-principles and model Hamiltonian calculations are
performed within periodic boundary conditions, the dipole sum
is evaluated using the Ewald summation technique.

We parametrize our effective Hamiltonian (eq 1) by
performing a least-squares fit to first-principles energies, finding
a root mean squared error of 7 meV per unit cell. In fitting eq 1,
we take p; to be the unit vector along the C—N direction and
absorb the dipole magnitude and dielectric function into the
fitting parameter K, which has the best-fit value of 4.5 eV A%,
We find that the energetically most favorable SR coupling
configuration of two adjacent molecules is one of the crossed
arrangements, with one of the molecules pointed toward the
other and the other at 90° (Figure 4a). This indicates that the
SR interaction between MA molecules is considerably more
complex than a dipole—dipole interaction, which would favor
either a head-to-tail or an antiferroelectric orientation.

We proceed to extend our effective Hamiltonian to
simulations on larger system sizes, with the aim of better
understanding the tetragonal phase and its phase transitions by
examining the molecular orientation distribution. Ab initio
molecular dynamics simulations are computationally expensive
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and are limited in accuracy, for small unit cells, by spurious
interactions between periodic images.”” On the other hand,
force field molecular dynamics (FFMD) developed for MAPbI,
may not fully capture the nuances of hydrogen bonding. For
instance, FFMD correctly describes a low-temperature phase
transition from the orthorhombic phase but does not show any
signs of a tetragonal—cubic phase transition.'” Therefore,
Monte Carlo simulations based on this effective Hamiltonian
allow extraction of the molecular orientation correlations on a
much larger spatial scale, while at the same time maintaining
the fidelity of intermolecular interactions.

Upon running Monte Carlo simulations of this effective
model over a temperature range of 70—600 K, we observe the
formation of an ordered state below 300 K and a disordered
state above 300 K (Figure S5). We use a 16 X 16 X 16
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Figure S. Order parameter as a function of temperature for the
Monte Carlo simulation, showing phase transition between
tetragonal and cubic phases. See text for definition of order
parameter. Dots indicate the value of order parameter calculated
from Monte Carlo simulations equilibrated at different temper-
atures. Dashed line indicates a fit of Monte Carlo data to the
functional form (T, — T)* for the data below the transition
temperature T..

simulation cell for all temperatures, applying the Metropolis
algorithm with acceptance ratio exp(—AE/T), where AE is the
change in energy between two simulation steps and T the
simulation temperature. We find that 2 X 10° steps were
sufficient for convergence of the ground state. In the disordered
state, we find a random and isotropic distribution of molecular
orientations, which we assign to the cubic phase, in light of the
nearly isotropic cubic phase molecular orientations measured
by neutron powder diffraction.* In the ordered state, there is
bidirectional ordering of the molecules within the (x—y)
plane,®” with a small number of isolated clusters oriented along
z (Figure 4b). Through the process of hydrogen bonding, the
molecules oriented in the x—y plane induce displacement of
iodines within this plane. The resulting I5 octahedral rotations
and distortions in this plane lead to reduced lattice constants in
the x and y directions compared to the z direction, an effect
which has been seen in molecular dynamics.37 Therefore, given
the tetragonal symmetry and the expected reduction in
equatorial (x—y) lattice constants, we assign this ordered
phase in our Monte Carlo simulations as the room-temperature
tetragonal phase of MAPbI;. The simulated phase transition
temperature is close to the exgerimental tetragonal—cubic
transition temperature of 327 R
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To investigate the phase transition in more detail, we define
an order parameter that captures this kind of ordering. Defining
fi as the fraction of molecular dipoles aligned along Cartesian

direction i, we take the order parameter o; = \[ff,f,/f, — f.

This is a measure of the number of molecules oriented
perpendicular to direction i relative to the number parallel to
direction i. That is, it is a proxy for the amount of tetragonal
strain in the system, taking values 0.5 for pure bidirectional
ordering, 0 for complete disorder, and —1 for unidirectional
ordering. Fitting the dependence of o3 on temperature to the
form (T, — T)*, we find a critical exponent 8 = 0.244. This is
consistent with the values of ff & 025 reported for the
tetragonal strain temperature dependence in a recent experi-
ment.>® In going from the cubic to the tetragonal phase, this
model predicts a reduction in molar entropy of Rln 3, as each
molecule is constrained to a single Cartesian direction instead
of all three. This reduction in entropy is consistent with RIn 3.2
measured in experiments.56

In conclusion, we have shown that a small number of
structural rules drive the structural behavior of MAPbI;, and
these can be understood as a trade-off between energetically
favorable distortions of the inorganic lattice and hydrogen
bonding modes constrained by the geometry of the MA
molecule. Moreover, it is these rules, such as the predominance
of crossed molecular orientations, which drive phase transitions
and determine structural properties. These nondipolar
interactions are as important as the electrostatic dipole—dipole
interactions between molecules. The consequences of such
emergent interactions on the excited state and electronic
degrees of freedom will be left as a topic for future study.
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