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ABSTRACT: Lead halide perovskites have revolutionized the
solar cell community. Further optimization of perovskite-based
optoelectronic devices requires fundamental understanding of their
structure−property relationships. Recent experiments indicate that
MAPbI3 and other lead halide perovskites exhibit an unusual
pressure dependence of photophysical properties. Typically,
decreased band gaps are associated with shorter excited state
lifetimes; however, perovskites show the opposite trend. Moreover,
the narrower band gap and longer carrier lifetime achieved
simultaneously form a favorable combination for solar energy
utilization. We rationalize the surprising observation using ab initio
nonadiabatic molecular dynamics. Compression of the inorganic
lattice enhances the antibonding interaction between the Pb-s and I-p orbitals, raising the valence band maximum and decreasing the
band gap. Pressure-induced destabilization of the lattice enhances fluctuations of the Pb and I atoms. The induced disorder localizes
electrons and holes, decreasing their overlap. As a result, loss of coherence during the nonradiative relaxation is accelerated, and the
relaxation is slowed down. This time-domain decoherence effect is equivalent to the reduction of the Franck−Condon factor in the
energy domain, taking place because of a stronger response of the destabilized Pb−I lattice to photoexcitation. The detailed
atomistic understanding of the structure−property relationships of lead halide perovskites paves the way for further improvement of
perovskite-based optoelectronic devices.

Methylammonium (MA) lead halide, MAPbX3 (X = Cl,
Br, I), and related perovskites have been under

extensive investigations for solar cell applications owing to
their high photo-to-current conversion efficiency, low cost, and
ease of fabrication.1−8 The efficiency of perovskite solar cells
has increased rapidly from 3.8% in 2009 to 25.2% in 2019.9

The prominent photovoltaic performance originates from a
large optical absorption coefficient, long charge carrier
diffusion, and slow carrier recombination. To approach the
Shockley−Queisser efficiency limit,10 equaling to 33.7% for a
single junction semiconductor solar cell under typical sunlight
conditions, the semiconductor band gap should match an
optimal energy of 1.34 eV. However, the band gap of the most
common MAPbI3 perovskite, ∼1.6 eV, is larger than the
optimal value. There exist numerous strategies to adjust
perovskite band gaps.11−13 Further optimization of perovskites
toward higher luminescence efficiency requires prolongation of
charge carrier lifetimes and elimination of nonradiative
recombination losses. Such efforts necessitate fundamental
understanding of the relationship between the perovskite
structure and charge carrier dynamics at the atomistic level.
In view of the soft and dynamic nature of the inorganic

lattice of metal halide perovskites, it is important to explore

how perturbation to the crystal structure changes the
optoelectronic performance. Pressure treatment can compress
the lattice and tune the electronic structure, which can result in
novel physical properties. Several teams used hydrostatic
pressure to precisely regulate the compressible perovskite
crystal structure.14−21 In response to pressure, lead halide
perovskites experience changes in the Pb−X bond lengths and
the Pb−X−Pb bond angles, allowing one to modulate
perovskite structural and electronic properties without the
need to adjust the chemical compositions.
Investigation of charge carrier dynamics in perovskites is a

relatively unexplored area, especially computationally, because
it requires unconventional simulation tools, such as those
developed in our group.22,23 Such investigations are partic-
ularly important because carrier lifetime is one of the key
parameters that determine solar cell performance. Recently,
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investigations of pressure-induced effects in MA and
formamidinium (FA)-based lead halide perovskites have
uncovered unusual phenomena, associated with structure
changes and charge recombination dynamics.18,21,24,25 By
applying mild pressure, Kong et al. have demonstrated that
the [PbI6]

4− octahedra in MAPbI3 undergo substantial
distortions, resulting in simultaneous band gap narrowing
and carrier lifetime prolongation.24 Such inverse correlation
between the band gap and the lifetime is unexpected because
according to the common arguments, such as the energy gap
law,26 lower energy gaps are associated with reduced excited
state lifetimes. Similar observations have been reported for the
fully inorganic CsPbX3 (X = Cl, Br, I).27,28 The mechanism of
the unusual behavior remains unclear, and a detailed atomistic
investigation of charge carrier dynamics is needed in order to
clarify the origin of the anti-correlation between the semi-
conductor band gap and charge carrier lifetime in metal halide
perovskites under structural perturbations that can be induced
by external pressure, strain from a substrate, and doping with
larger or smaller A-site cations.
In this work, we rationalize the atomistic and quantum

mechanical origins of the surprising and beneficial combination
of decreased band gap and increased charge carrier lifetimes in
MAPbI3 under pressure. By combining time-domain density
functional theory (DFT) and nonadiabatic (NA) molecular
dynamics (MD), we study systematically geometric structure
and MD of MAPbI3, its electronic properties, elastic and
inelastic electron−vibrational interactions, and the quantum
dynamics of nonradiative recombination of charge carriers at
three different pressures. Our simulations demonstrate that
external pressure can slow down the carrier relaxation and
decrease the band gap, in agreement with the experimental
observations. We find that pressure-induced shortening of the
Pb−I bonds enhances the antibonding coupling between the
Pb-s and I-p orbitals, which form the valence band maximum
(VBM), raises the VBM energy, and narrows the band gap.
Increased pressures destabilize the inorganic Pb−I lattice and
enhance its fluctuations, while at the same time inhibiting
motions of the MA cations. The increased lattice disorder leads
to localization of electron and hole charge densities and
decreases their overlap. The enhanced fluctuations of the Pb
and I atoms, which support electrons and holes, and the
disorder-induced charge localization shorten quantum coher-
ence time for the nonradiative charge recombination and
prolong the charge carrier lifetime. Equivalently in the energy
representation, the Pb−I lattice disrupted by pressure responds
more strongly to photoexcitation, resulting in a larger Huang−
Rhys factor and Stokes shift, and a smaller Franck−Condon
factor, and hence, reduced charge recombination rate. The in-
depth understanding of the band gap modulation, structural
properties, and electron−vibrational relaxation in metal halide
perovskites under pressure and strain obtained from the
simulations assists in the design of high-efficiency perovskite-
based optoelectronic devices.
To simulate the electron−hole recombination process in the

MAPbI3 perovskite under different pressures, Figure 1, we use
the semiclassical decoherence-induced surface hopping
(DISH) approach29 for NA-MD, implemented in the frame-
work of time-domain DFT within the PYthon eXtension for
Ab Initio Dynamics (PYXAID) software package.22,30 The
lighter electrons are treated quantum mechanically, while the
heavier nuclei are described classically. Decoherence effects
that should arise within the electronic subsystem due to

interactions with quantum nuclei are included in DISH
semiclassically, with the decoherence time estimated as the
pure-dephasing time of the optical response theory.31 The
PYXAID implementation of DISH employs the classical path
approximation (CPA), which uses the ground state nuclear
trajectory to drive the electron dynamics. The CPA is valid in
most nanoscale and condensed matter systems that undergo no
photo-chemistry. It drastically reduces the computational cost
and is essential for application of ab initio NA-MD to large
condensed matter systems. The approach has been widely used
to investigate charge carrier dynamics in many systems,32−40

including perovskites.41−52

The simulations are performed on the bulk MAPbI3
perovskite in the cubic phase. MAPbI3 exists in both tetragonal
and cubic phases and undergoes the tetragonal-to-cubic phase
transition as the temperature is raised above 327 K. The
simpler cubic phase allows us to perform a more systematic
analysis by considering fewer non-equivalent degrees of
freedom and atomic motions. Further, solar cells often operate
at high temperatures in warm climates. In addition, temper-
ature is defined in ab initio simulations up to a few tens of
degrees due to a finite and relatively small size of simulation
cells. We choose the cubic MAPbI3 structure with the
experimental lattice constants, a = b = c = 6.3 AÅ,53 as the
initial configuration. The MA cation can have different
orientations, which indirectly influences the opto-physical
properties of MAPbI3.

54−56 We set the MA orientation in the
⟨111⟩ direction according to Giorgi et al.57 The uncompressed
lattice corresponds to ambient conditions (1 atm ≈ 0 GPa). By
gradually decreasing the lattice parameter by 1 and 3%, the
cubic MAPbI3 structure under pressures of 1.31 and 2.73 GPa
can be obtained. These pressure values are taken as the average
of the stress tensor in x, y, z directions.
The electronic structure calculations, geometry optimization,

and adiabatic MD are carried out using the VASP code.58,59

The Perdew−Burke−Ernzerhof (PBE) functional is used to
account for the electron exchange and correlation effects. The
valence electrons are treated explicitly using the plane-wave
basis set with a 500 eV energy cutoff. Both geometry
optimization and adiabatic MD employ a 5 × 5 × 5
Monkhorst−Pack k-point mesh. During the geometry opti-
mization, the atomic positions are allowed to change until the
force on each atom is less than 0.01 eV/Å. The optimized
structures are used to bring the temperature of all systems to
300 K using repeated velocity rescaling. The heated systems
are additionally equilibrated in the NVE ensemble for several
ps, to ensure that the temperature does not drift. Then, 4 ps
NVE MD trajectories are obtained to perform the NA-MD
calculations. The NA couplings (NACs) are computed along
the equilibrated MD trajectories and are iterated three times
for the DISH simulation. 2000 initial geometries are sampled

Figure 1. Illustration of cubic MAPbI3 perovskite (left) and
nonradiative electron−hole recombination (right).
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from the trajectories and are used as initial conditions. 1000
random number sequences are sampled for each initial
condition.
Spin−orbit coupling (SOC) is significant in systems with

heavy elements such as Pb and I. Previous theoretical
investigations indicated that inclusion of SOC reduces the
MAPbI3 band gap by approximately 1 eV,60,61 whereas bare
DFT functionals without SOC produce satisfactory band gaps
due to cancellation of the self-interaction error with the neglect
of SOC. In principle, accurate band gaps can be obtained in
both 2D and 3D perovskites by combining SOC with hybrid
functionals62 or more advanced many-body GW quasiparticle
corrections.63 However, such levels of theory are too
computationally expensive for the NA-MD simulations,
which involve thousands of repeated electronic structure
calculations. Because the PBE functional gives a good value
of the MAPbI3 band gap, we employ it without SOC. Such
level of theory has been used successfully to study charge
carrier dynamics in lead halide perovskites.41,48,64−68

The calculated Pb−I bond lengths, Pb−I−Pb bond angles,
and electronic energy gap in MAPbI3 under 0, 1.31, and 2.73
GPa are listed in Table 1. Figure 2 presents evolution of the

Pb−I bond lengths and the Pb−I−Pb bond angles, while
Figure S1 presents the band structure and projected density of
states (pDOS) under the compressive strain. The Pb−I−Pb
bond angle decreases at elevated pressures, indicating that
compression increases [PbI6]

4− octahedral tilting. The Pb−I
bond length shortens with the application of pressure. The
changes of the structural parameters influence notably the
electronic properties of MAPbI3. The band edge states are
particularly important for the present study, as they directly
participate in the electronic transition leading to charge
recombination. The band structure and pDOS plots show
that all systems have direct band gaps and that the band gap
redshifts with increasing pressure. It is known that the VBM is
a result of antibonding coupling between the Pb-s and I-p
orbitals, while the conduction band minimum (CBM) is
formed by nonbonding Pb-p orbitals.69 The contraction of the

Pb−I bond length and the Pb−I−Pb bond angle leads to
complicated changes in the band edge states. On the one hand,
the decreased Pb−I−Pb bond angle and the [PbI6]

4−

octahedral tilting reduce the antibonding overlap of the Pb-s
and I-p orbitals in the VBM, and therefore, the VBM energy
should decrease, as reported by others70,71 and in our previous
works.48,67 On the other hand, a shorter Pb−I bond increases
the antibonding overlap of the Pb-s and I-p orbitals, lifting the
VBM energy. The effect of the shorter Pb−I bonds
outcompetes the influence of the smaller Pb−I−Pb angles,
and ultimately, the antibonding orbital overlap between the
Pb-s and I-p orbitals increases with applied pressure. As a
result, the electronic energy gap is reduced.
In addition to the energy gap, the timescale of the

nonradiative charge recombination is determined by the NA
electron−phonon coupling. The NAC between states i and j is
given by

i RNAC i R jφ φ= ℏ |∇ | · ̇
(1)

Here, ⟨φi|∇R|φj⟩ is the quantum electronic matrix element,
dependent on wavefunction overlap and wavefunction
sensitivity to nuclear motion. R represents nuclear coordinates,
and the dot denotes the time derivative, Ṙ = dR/dt. Both the
electronic matrix element, ⟨φi|∇R|φj⟩, and the nuclear velocity,
Ṙ, influence the NAC magnitude. We do not compute the
⟨φi|∇R|φj⟩ matrix element separately during the NA-MD
calculations because it is a highly multi-dimensional vector.
Instead, we obtain the ih̵⟨φi|∇R|φj⟩·Ṙ product directly, which is
a scalar.
In order to characterize the overlap-type ⟨φi|∇R|φj⟩ matrix

element, we compute the overlap of the VBM and CBM charge
densities for 100 structures sampled from the MD trajectories,
Figure 3. The photo-generated charge carriers relax rapidly to

Table 1. Ensemble Averaged Pb−I Bond Length (d), Pb−I−
Pb Bond Angle (θ), Energy Gap (Eg), Standard Deviation of
Band gap Fluctuation (σE), Averaged Absolute NAC, Pure-
Dephasing Time (T2*), and Nonradiative Lifetime (T1) for
Carrier Decay in MAPbI3 under Different Pressures

d (AÅ) θ (deg)
Eg

(eV)
σE
(eV)

NAC
(meV)

T2*
(fs) T1 (ps)

0 GPa 3.202 167.9 1.67 0.154 1.04 4.4 245.3
1.31 GPa 3.189 163.5 1.62 0.219 1.44 3.3 283.9
2.73 GPa 3.129 161.8 1.56 0.241 1.56 2.7 348.8

Figure 2. Evolution of the Pb−I bond length (red) and the Pb−I−Pb bond angle (black) at the pressures of (a) 0 GPa, (b) 1.31 GPa, and (c) 2.73
GPa. The dashed lines denote the ensemble average values.

Figure 3. Overlap of VBM and CBM charge densities for 100
structures sampled from the MD trajectory. Increased pressure drives
fluctuation of the [PbI6]

4− inorganic lattice and localizes and separates
electrons and holes.
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the band-edge states, and therefore, the VBM−CBM charge
density overlap characterizes the extent of electron−hole
interactions during the recombination process. Even though
the charges are localized next to each other within the
simulation cell, their overlap is quite small, less than 10%. This
is because electrons and holes are supported by different
atomic orbitals, and because thermal fluctuations of atoms
create instantaneous disorder that tends to localize the charges
in different spatial parts of the simulation cell. The overlap
fluctuates significantly during the MD trajectory, ranging from
essentially 0 to over 10%. A fluctuation between 0 and 10%
takes a few hundred femtoseconds, required to tilt the [PbI6]

4−

octahedra. The ensemble averaged values of the electron−hole
overlap decrease with pressure: 5.0, 4.6, and 4.3% at 0, 1.31,
and 2.73 GPa, respectively. This trend already rationalizes why
the charge carrier lifetime increases with pressure. Compres-
sion perturbs the ideal structure of the inorganic lattice,
creating disorder that enhances charge localization. The
enhanced disorder is also evidenced by the larger band gap
fluctuations at higher pressures, Table 1. Note that larger
energy gap fluctuations typically correspond to faster loss of
quantum coherence for the corresponding electronic tran-
sition72 and faster decoherence extends the transition time, as
manifested by the quantum Zeno effect.73

Because the NAC is proportional to the atomic velocity, eq
1, we compute the ensemble averaged velocities of the Pb, I,
and MA atoms, Table S1. The Pb and I atoms exhibit stronger
fluctuations at higher pressures, which is consistent with the
decreased electron−hole overlap, Figure 3, and increased band
gap fluctuation, Table 1. Interestingly, the MA cations fluctuate
less at higher pressures. This is because compression of the
inorganic Pb−I lattice shrinks the [PbI6]

4− octahedra and
leaves less space for motion of the MA cations. This agrees
with previous reports that higher pressure locks the
reorientations of MA cations in MAPbI3.

74−76 The motions
of the Pb−I and MA subsystems present yet another unusual
anti-correlation between metal halide perovskites properties, in
addition to the band gap-lifetime anti-correlation. The
enhanced velocities of the Pb and I atoms at higher pressures
lead to larger NACs, Table 1, even though the electron−hole
overlap decreases slightly, Figure 3.
In addition to the band gap and NAC, the nonradiative

electron−hole recombination time is influenced by the
quantum coherence time, which is a time-domain equivalent
of the Franck−Condon factor77 and is closely related to the
Huang−Rhys factor and Stokes shift. Faster decoherence
corresponds to a larger Huang−Rhys coupling parameter, a
smaller integrated Franck−Condon factor, and a slower
transition. We evaluate the quantum coherence time as the

pure-dephasing time of the optical response theory,31 employ-
ing the second-order cumulant expansion that accelerates
convergence. The pure-dephasing time can be measured
directly using photon-echo experiments or obtained as the
inverse of the homogeneous linewidth available from single-
chromophore luminescence measurements. First, we compute
the unnormalized autocorrelation function (ACF) of the
VBM−CBM energy gap

C t E t E( ) ( ) (0) T= ⟨Δ Δ ⟩ (2)

where ΔE(t) = E(t) − ⟨E⟩ is deviation of the instantaneous
energy gap from its ensemble averaged value. The square root
of the initial ACF value, C(0) = ⟨E2(0)⟩T, gives the magnitude
of the energy gap fluctuation listed in Table 1. The
decoherence function is obtained by double integration of
the ACF

D t t t C t( ) exp
1

d d ( )
t t

2 0 0

Ä

Ç

ÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑ∫ ∫= −
ℏ

′ ″ ″
′

(3)

The decoherence functions and ACFs are shown in Figure 4.
The decoherence/pure-dephasing times are obtained by fitting
D(t) to Gaussians, exp(−t2/2τ2), and their values are listed in
Table 1.
The Franck−Condon factor can be obtained from the

decoherence function as its Fourier transform (FT) evaluated
at the quantum transition frequency.77 However, converging
such calculation is very difficult in the condensed phase and
nanoscale systems for transitions across energy gaps on the
order of 1 eV. This is because FT of the Gaussian-shaped pure-
dephasing function arising from the second-order cumulant
approximation, eqs 2 and 3, gives a Gaussian-shaped
dependence of the Franck−Condon factor on the transition
energy. Evaluation at energies on the order of 1 eV gives 0,
indicating that a much more accurate evaluation of the tail of
the pure-dephasing function is required. Such a task is
extremely difficult to achieve computationally at the ab initio
level of description because it requires very long MD
trajectories. In contrast, incorporation of decoherence into a
quantum dynamics calculation gives reliable results, which can
be tested both against experimental lifetimes and linewidths.78

Quantum coherence is an important topic of investigation in
a broad spectrum of applications, ranging from charge and
energy transport in biological and nanoscale systems for light-
harvesting72,79 to quantum information processing.80 In the
majority of such studies, long coherence times are required. In
contrast, long charge carrier lifetimes are achieved with short
coherence because short coherence slows down the quantum
transitions responsible for charge trapping and recombina-

Figure 4. (a) Spectral densities and (b) pure-dephasing functions for MAPbI3 at 0 GPa (black line), 1.31 GPa (red line), and 2.73 GPa (blue line).
The inset in part (b) shows un-normalized ACFs of the energy gap fluctuations. The signals are stronger at higher pressure because Pb and I atomic
motions are enhanced, Table S1.
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tion.73,81 Indeed, the decoherence/pure-dephasing times for all
systems are short, only a few femtoseconds: 4.4, 3.3, and 2.7 fs
for 0, 1.31, and 2.73 GPa, respectively, Table 1. Because the
pure-dephasing functions are obtained from the ACF, eqs 2
and 3, the inset of Figure 4b, ACF analysis provides additional
insights. Pure-dephasing is fast, if the initial value of the
unnormalized ACF, representing the energy gap fluctuation, is
large.72 By destabilizing the structure, compression enhances
the energy gap fluctuations, rationalizing the faster decoher-
ence.
In order to characterize the phonon modes that participate

in the charge-phonon scattering, we obtained spectral densities
by computing FTs of the energy gap ACFs

I t C t( )
1
2

d e ( )ti
2

∫ω = ω

−∞

+∞
−

(4)

The spectral densities show signals at 100 cm−1 and below,
Figure 4a. The frequencies are low because the band edge
states are supported by the heavy Pb and I elements. According
to the experimental Raman characterization of MAPbI3 single
crystals, such phonon frequencies can be assigned to the Pb−I
bending and stretching motions,82 which are well represented
already by the perovskite unit cell. Participation of only the low
frequency vibrations leads to a generally weak NA electron−
phonon coupling and slow nonradiative charge recombination,
Table 1. The intensity of the signals in Figure 4a is directly
related to the amplitude of the phonon-induced energy gap
fluctuations. The larger the FT amplitude, the larger the gap
fluctuation, and the faster the pure-dephasing.
Finally, we perform NA-MD simulations in order to

characterize theoretically the pressure dependence of the
charge carrier lifetimes in cubic MAPbI3. Figure 5 shows

evolution of the population of the lowest energy excited state
corresponding to the band gap excitation. Charges generated
by photo-excitations at energies above the band gap rapidly
relax to the band gap via intraband relaxation,83,84 and
therefore, the studied process represents nonradiative charge
carrier recombination for sunlight of any frequency above the
band gap. The initial short-time component of the carrier
relaxation obtained in the NA-MD simulations can be
approximated by the first-order expansion of the exponential
decay, f(τ) = exp(−t/τ) ≈ 1 − t/τ. The nonradiative relaxation
times, τ, are presented in Table 1. The electron−hole
recombination time for MAPbI3 under ambient conditions
(the 0 GPa system) is 245 ps, which is about an order of
magnitude faster than the experimentally reported nanosecond

electron−hole recombination time.1 The difference can be
attributed to the small size of simulation cell, limited by the
computational efforts. Charges form large polarons85 and small
simulation cells tend to overestimate the electron−phonon
coupling. Further, the NA-MD simulations assume that
charges have already approached each other and are localized
within the simulation cell. In experiments, charges take time to
diffuse around the sample before interacting, get trapped and
de-trapped, scatter off surfaces and grain boundaries, and so
on. The charge recombination time increases with pressure,
agreeing with the experimental observation.24 Slower charge
recombination leads to better solar cell performance, because it
allows for longer-lived charge carriers, and minimizes charge
and energy losses. By applying external pressure, one can
influence the perovskite geometric and electronic structure,
and its dynamical response, in order to achieve simultaneous
redshift of the energy gap and prolongation of the charge
carrier lifetimes, both of which are very beneficial for sunlight
harvesting and solar energy utilization.
The pressure dependence of the nonradiative electron−hole

recombination time can be explained by the interplay of the
electronic energy gap, the NA electron−phonon coupling, and
the pure-dephasing/decoherence time, which are listed in
Table 1. Generally, an electronic transition is slow if the NA
electron−phonon coupling is weak, the electronic energy gap is
large, and quantum coherence is short-lived. In turn, the NAC
depends on an overlap type matrix element involving the
electron and hole wavefunctions and atomic velocity, eq 1. The
NAC grows with pressure, Table 1, even though the overlap of
the electron and the hole decreases, Figure 3. The NAC
increases because velocities of the Pb and I atoms grow, Table
S1. The energy gap decreases with pressure, Table 1.
Therefore, both the NAC and the energy gap favor faster
relaxation with increasing pressure, contrary to the experi-
ment24 and our calculations. Thus, decoherence/pure-dephas-
ing is the only factor that rationalizes the longer charge carrier
lifetime at higher pressures. The decoherence time is the time-
domain analog of the Franck−Condon factor defined in the
energy domain,77 and both are closely related to the Huang−
Rhys factor and Stokes shift. Faster decoherence corresponds
to a smaller Franck−Condon factor. Increased pressures
destabilize the inorganic Pb−I lattice and make it more
responsive to changes in the electronic structure. Photo-
excitation perturbs the lattice more strongly at higher
pressures, decreases the Franck−Condon factor, and shortens
quantum coherence. As a result, the nonradiative transition
slows down, and the charge carriers live longer. Interestingly,
this phenomenon is a direct manifestation of the quantum
Zeno effect.73

The current simulations followed the standard protocol for
periodic systems, employing the MAPbI3 unit cell, periodic
boundary conditions, and multiple k-points. The charges are
delocalized over multiple simulation cell images implicitly
present in such calculation setup. Only one k-point is used for
the charge recombination simulation because MAPbI3 is a
direct band gap semiconductor. The simulation cell size creates
limitations on representation of atomic motions. The number
of vibrational motions contributing to the NAC and
decoherence is limited by the number of atoms in the
simulation cell. Thus, in principle, the NAC and decoherence
rate can be underestimated. However, both NAC and
decoherence arise from stretching and bending motions
already present in the unit cell. The same phonons have

Figure 5. Excited-state population decay in MAPbI3 at different
pressures. Nonradiative electron−hole recombination is slower at
higher pressures because of faster pure-dephasing/decoherence, in
agreement with the experiment.
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been identified in calculations with larger simulation cells.86

The size of the simulation cell also limits the range of pressure-
induced deformations to the system geometry, and hence, the
extent of disorder-induced localization of electrons and holes.
Larger simulation cells would allow more electron−hole
separation. However, if the crystal structure is maintained
under pressure, the charges will remain delocalized over large
parts of the material (much larger than any practical simulation
cell size), and the changes in the electron−hole overlap, Figure
3, are already captured with the current simulation cell.
The original experiment by Kong et al.24 indicated that the

MAPbI3 perovskite undergoes a phase transition with
increasing pressure from I4/mcm to Imm2. The band gap
narrows at mild pressures and increases at higher pressures
after the phase transition. Correspondingly, the carrier lifetime
first increases and then decreases with pressure. In both cases,
the gap and the lifetime are anti-correlated. It is easier to study
two different phases in experiment than calculation because the
measurement time is sufficient to induce the structural change
associated with the phase transition. The simulation timescale
is very short, and one needs to perform separate calculations
for each structure. The calculations combining real-time time
domain DFT and NA-MD are much more computationally
demanding than the common ab initio electronic structure
calculations. The current work aimed to provide an atomistic
rationalization of the unusual phenomenon observed in the
experiments, rather than to repeat the experiments computa-
tionally. By considering one of the two phases, we were able to
uncover the physical mechanisms rationalizing the unusual
correlation. We chose the cubic structure to perform the
calculations because it allows for a more straightforward
analysis. The physical principles established in the current
study should apply not only to the cubic MAPbI3 but also to its
other phases (tetragonal, orthorhombic) and to other perov-
skites.
Lattice mismatch between perovskites films and substrates

can induce significant strain within the perovskites.87 Perov-
skites are significantly softer and more responsive to strain than
many other inorganic materials. For instance, perovskite bulk
modulus an order of magnitude smaller than that of silicon.88

Substrate-induced strain is both a practical reality that needs to
be taken into account and a means to influence perovskite
properties analogous to external pressure.
Pressure may not be the most optimal way to tune

perovskite properties. Doping can achieve similar effects. In
addition to halide doping, which influences carrier properties
both structurally and electronically, one can also consider
purely structural doping by replacing MA with different size
cations, such as FA and GA. Both types of doping have been
investigated in our previous works.47,89 Pressure shrinks the
lattice and changes the structural parameters, influencing the
Pb-s and I-p anti-coupling and electron−vibrational inter-
actions. Doping can also influence these structural parameters
and thereby change the electronic properties near the band
gap. Doping with larger A-site cations expands rather than
contracts the lattice, and therefore, it is complimentary to
external pressure. Smaller A-site cations have little influence on
the Pb−I lattice. Doping with smaller halides acts to deform
and shrink the lattice, similarly to pressure. In addition, smaller
halogens are more electronegative than iodine and do not
contribute to the VBM. Thus, they introduce disorder to the
hole wavefunctions because holes can no longer occupy some
of the X sites.

Our previous study47 showed that doping with lighter
halides reduces electron−hole overlap, speeds up the
decoherence process by introducing higher frequency
vibrations, and slows down charge recombination. Pressure
induces similar effects: enhanced lattice disorder and
fluctuations, charge localization, decreased electron−hole
overlap, faster decoherence, and slower recombination. Doping
with larger A-site cations has the opposite effect compared to
pressure.89 The lattice expands and becomes stiffer, and its
fluctuations decrease. The electronic properties and the
decoherence time change little, however, the NAC is reduced
significantly. Thus, doping with either smaller or large ions
allows stretching and compression that are similar to the
pressure variation.
In summary, we have investigated the nonradiative charge

recombination dynamics in the MAPbI3 perovskite under
different pressures using the state-of-the-art combination of ab
initio time-domain DFT and NA-MD. The simulations
indicate that pressure and strain provide effective means to
control charge carrier relaxation. The simulations demonstrate
that increasing pressure delays nonradiative charge recombi-
nation in MAPbI3, in agreement with the experiments. Higher
pressures destabilize the inorganic Pb−I lattice and increase
thermal fluctuations of the Pb and I atoms, which support the
VBM and CBM charge densities. At the same time,
fluctuations of the MA cations are reduced. The enhanced
thermal disorder localizes electron and hole charge densities,
decreasing their overlap. Lattice contraction caused by the
increased pressure shortens Pb−I bonds, distorts the [PbI6]4−
octahedra, and decreases the Pb−I−Pb bond angle. The lattice
contraction brings the Pb and I atoms closer to each other,
increases the antibonding coupling between the Pb-s and I-p
orbitals, raises the VBM energy, and reduces the band gap. The
enhanced fluctuations of the Pb and I atoms and the stronger
charge localization shorten the quantum coherence time. Or
equivalently, the destabilized Pb−I lattice responds more easily
to the photoexcitation, leading to a smaller Franck−Condon
factor for the excited-to-ground state transition. As a result, the
nonradiative charge recombination slows down. The decreased
band gap and increased carrier lifetime under compression
form a favorable combination for improving efficiencies of
solar energy devices. The study provides an atomistic
rationalization of the experimental observations of the
pressure-induced energy gap narrowing and carrier lifetime
extension in MAPbI3, generating important fundamental
insights into the unusual properties of metal halide perovskites,
needed for further optimization of these materials for
optoelectronic applications.
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