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ABSTRACT: Nonadiabatic (NA) molecular dynamics (MD) allows one to investigate far-from-equilibrium processes in nanoscale
and molecular materials at the atomistic level and in the time domain, mimicking time-resolved spectroscopic experiments. Ab initio
NAMD is limited to about 100 atoms and a few picoseconds, due to computational cost of excitation energies and NA couplings. We
develop a straightforward methodology that can extend ab initio quality NAMD to nanoseconds and thousands of atoms. The ab
initio NAMD Hamiltonian is sampled and interpolated along a trajectory using a Fourier transform, and then, it is used to perform
NAMD with known algorithms. The methodology relies on the classical path approximation, which holds for many materials and
processes. To achieve a complete ab initio quality description, the trajectory can be obtained using an ab initio trained machine
learning force field. The method is demonstrated with charge carrier trapping and relaxation in hybrid organic−inorganic and all-
inorganic metal halide perovskites that exhibit complex dynamics and are actively studied for optoelectronic applications.

Nonadiabatic (NA) molecular dynamics (MD) is a
powerful tool for modeling excited-state dynamics in

molecules and condense matter systems. NAMD simulations
emulate time-resolved spectroscopy experiments and present
useful insights into naturally occurring non-equilibrium
phenomena at the atomistic level.1−8 In order to perform an
NAMD simulation, knowledge of energies of different
electronic states and NA couplings (NACs) between the
states is required. The energies and NAC depend on nuclear
coordinates. In small systems, the nuclear dependence of the
electronic properties can be mapped in advance for the whole
range of nuclear coordinates. In larger systems, the accessible
space of nuclear coordinates is too large, and “on-the-fly” ab
initio electronic structure calculations are performed along
NAMD trajectories. Condensed phase systems contain large
numbers of electrons, and frequently, excitation of one or a few
electrons has a minor influence on nuclear geometries, as
compared to thermal nuclear fluctuations. Alternatively,
relaxation through dense manifolds of electronic states, present
in condensed phase systems, occurs rapidly and the geometry
does not have time to respond to the excitation. In such cases,
the classical path approximation (CPA) can be employed,9,10

under which MD trajectories are generated for the ground11−13

or low-energy excited electronic states,14−16 and these
trajectories are used to drive the non-equilibrium electronic
evolution. The CPA reduces the computational cost of ab
initio calculations by orders of magnitude, because multiple
NAMD trajectories are replaced with a single trajectory,
expensive excited-state force calculations are replaced with
ground-state calculations, and the NA Hamiltonian is updated
on a nuclear rather than electronic time step. Still, even under
the CPA, the ab initio calculations required to perform NAMD
simulations are expensive if systems are large, and further
advances are required in order to perform atomistic modeling
of modern complex materials and processes.

Received: November 27, 2021
Accepted: December 29, 2021
Published: January 3, 2022

Letterpubs.acs.org/JPCL

© 2022 American Chemical Society
331

https://doi.org/10.1021/acs.jpclett.1c03884
J. Phys. Chem. Lett. 2022, 13, 331−338

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
SO

U
TH

ER
N

 C
A

LI
FO

R
N

IA
 o

n 
Ju

ly
 3

, 2
02

2 
at

 1
3:

53
:3

3 
(U

TC
).

Se
e 

ht
tp

s:
//p

ub
s.a

cs
.o

rg
/s

ha
rin

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bipeng+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Weibin+Chu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oleg+V.+Prezhdo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpclett.1c03884&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c03884?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c03884?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c03884?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c03884?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c03884?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c03884?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c03884?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c03884?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jpclcd/13/1?ref=pdf
https://pubs.acs.org/toc/jpclcd/13/1?ref=pdf
https://pubs.acs.org/toc/jpclcd/13/1?ref=pdf
https://pubs.acs.org/toc/jpclcd/13/1?ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpclett.1c03884?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org/JPCL?ref=pdf


Structural motifs of condensed matter systems are used to
generate descriptors and replace conventional ab initio
calculations with more computationally efficient machine
learning (ML) models, which include artificial neural networks
(NNs), convolutional NNs, kernel ridge regression (KRR),
and so on. Development of ML force fields (FF) based on ab
initio data has allowed scientists to greatly extend the range of
ab initio quality MD simulations in both system size and time
scale.17−19 A variety of structural fingerprint methodologies
have been proposed, such as extended-connectivity finger-
prints,20 smooth overlap of atomic positions,21 and Behler−
Parrinello symmetry functions.22 These efforts have success-
fully mapped nuclear geometries and atomic information onto
various chemical properties, finding nonlinear patterns
between the properties and digital fingerprints.23−29 However,
the ML methods require significant amounts of ab initio data
to validate hyperparameters, generating high computational
cost. Application of ML to NAMD carries additional cost, since
ab initio calculations required to obtain excitation energies and
NACs are more expensive than ground-state calculations.
Moreover, excited-state energies and NACs exhibit more
complex dependence on nuclear geometries than ground-state
energies, and the number of NACs scales quadratically with the
number of electronic states. All of these factors make
application of ML to NAMD computationally expensive and
complicated compared, for example, to development of
MLFFs. Fortunately, the CPA allows for an alternative
strategy,30 in which the NAMD Hamiltonian is interpolated
along a precomputed trajectory that can be obtained with a
MLFF.31 Because only the scalar form of the NAC is needed
under the CPA, one can employ a simpler set of descriptors for
NAC interpolation compared to those used to generate a
MLFF.
In this letter, we demonstrate that an efficient interpolation

of the NAMD Hamiltonian generated under the CPA can be
achieved by inverse fast Fourier transform (iFFT). This
strategy is notably simpler than the use of NNs30 and KRR,32

while at the same time the needed training data set is even
smaller. The iFFT method requires much less time and effort
than training a ML model, while it gives reliable NAMD results
that converge to the ab initio calculations. We demonstrate the
method with nonradiative charge relaxation in two metal halide
perovskites (MHPs), one of which has a defect that creates a
mid-gap trap state, while the other contains high-frequency
vibrations that potentially can require frequent sampling. A
small fraction (1.56%) of excitation energies and NAC
sampled along the MD trajectory is sufficient to obtain high-
quality results in all cases, reducing the NAMD computational
cost by nearly 2 orders of magnitude.
MHPs have gained significant attention because of low

manufacturing cost and excellent optoelectronic properties,
such as strong light absorption, tunable band gap, small exciton
binding energy, and long charge carrier lifetime.33−36 The
power conversion efficiency of perovskite solar cells has
exceeded 25.2%,37 while this number was only 14.2% in
2013.38 Relatively soft materials containing both inorganic and
organic components, MHPs exhibit complicated nuclear
motions occurring over a large range of time scales and
creating challenges for NAMD simulations.
We apply the iFFT-NAMD method to the organic−

inorganic CH3NH2PbI3 (MAPbI3) perovskite, the all-inorganic
CsPbI3 perovskite, and the all-inorganic CsPbI3 perovskite in
which a cesium atom is replaced by an iodine atom, Figure 1.

In both pristine MAPbI3 and CsPbI3 systems, a direct band gap
separates the valence band maximum (VBM) and the
conduction band minimum (CBM). The 0 K gaps are 1.64
and 1.43 eV, respectively. The replacement of cesium with
iodine introduces an empty electron trap state 0.17 eV below
the CBM. The projected density of states (DOS) obtained for
the optimized structures are shown in Figure 1. In all three
cases, the VBM is mainly supported by I atoms, while the CBM
is primarily supported by Pb atoms. The trap state in the
defective CsPbI3 perovskite is localized on the I atom that has
replaced a Cs atom, as well as on other iodine atoms around
the defect, presenting a favorable chemical environment for
fast trapping of free electrons.
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All ab initio calculations are performed using the VASP
program39 and the PBE density functional.40 The structures
are relaxed at 0 K and are heated to 300 K, reaching thermal
equilibrium. After that, 6912 fs MD trajectories with 1 fs time
step are obtained in the microcanonical ensemble. The NAC
can be calculated analytically or numerically via infinitesimal
increments in positions or time, eq 1. In the current calculation
we compute the couplings numerically by considering overlap
of wave functions at sequential MD time steps, as done

Figure 1. Optimized ground-state geometries (left panels) and
projected DOS (right panels) for (a, b) pristine MAPbI3, (c, d)
pristine CsPbI3, and (e, f) defective CsPbI3 with Cs atom replaced by
I (marked as red). The VBM energy is set to zero. In all three
perovskite systems, the VBM and CBM are primarily contributed by
iodine and lead/iodine, respectively. The defect creates a mid-gap
electron trap state.
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Table 1. Average Energy Gap, Average Absolute NAC, Root-Mean-Square (RMS) NAC, Pure-Dephasing Time, and Charge
Recombination Time Obtained from the Ab Initio and iFFT Hamiltonians for the Pristine MAPbI3 and CsPbI3 Systems

MAPbI3 CsPbI3

ab initio iFFT per64 iFFT per128 iFFT per256 ab initio iFFT per64 iFFT per128 iFFT per256

gap (eV) 1.85 1.85 1.85 1.86 1.89 1.89 1.89 1.89
Abs NAC (meV) 0.22 0.22 0.22 0.27 0.45 0.45 0.42 0.36
RMS NAC (meV) 0.33 0.32 0.29 0.33 0.54 0.54 0.51 0.43
pure-dephasing time (fs) 4.75 4.74 4.46 4.22 8.48 8.45 8.71 8.25
recombination time (ns) 97.21 98.23 114.71 80.56 89.20 90.13 96.99 182.07

Figure 2. Energy gaps of (a) pristine MAPbI3, (b) pristine CsPbI3, and (c) defective CsPbI3 predicted using the iFFT method. The data used to
predict the entire trajectories are selected evenly every 64 points (1.56%, 108 points in total) from the ab initio data.

Figure 3. NACs of (a) pristine MAPbI3, (b) pristine CsPbI3, and (c) defective CsPbI3 predicted using the iFFT method. The data used to predict
the entire trajectories are selected evenly every 64 points (1.56%, 108 points in total) from the ab initio data.

Chart 1. Scheme of the iFFT-NAMD method
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customarily under the CPA. Selection of the sampled ab initio
data set is important for the iFFT method. On the one hand,
FFT is best performed on data points that are equally spaced
along the trajectory and are separated by 2n time steps. On the
other hand, the sampling frequency needs to be sufficiently
high in order to represent important oscillations in the NAMD
Hamiltonian parameters. Largest amplitude peaks in a
frequency analysis of excitation energy and NAC happen in
the low-frequency domain, indicating that sparse data sampling
may be sufficient. However, too sparse a sampling can result in
loss of chemical information. In general, a short ab initio
trajectory is needed for a particular system in order to
determine how frequently the energy gaps and NAC have to be
sampled. To balance the computational cost and chemical
information, we sample 1.56% of the ab initio data equally
spaced along the MD trajectory: 108 points spaced every 64 fs
are used. The remaining 98.44% of the data, or 6804 data
points, are employed for testing. An advantage of the iFFT
method compared to NNs is that no extra data are needed for
validation, while a NN relies heavily on validation for
parameter tuning, since it is a parametrized model. In order
to test the performance of the iFFT method in more stringent
cases, subsets with 0.78% and 0.39% data are tested as well.
The results are summarized in Table 1 and Supporting
Information Table S1. The time-domain comparison of the ab
initio and iFFT Hamiltonians can be found in Figures 2, 3 and
S1−S4.
The methodology was implemented using the Python

language. Chart 1 shows the scheme of the iFFT-NAMD
method. In the process, the frequency information on the
1.56% excitation energies and NACs of the three MPHs are
computed by the FFT function in the SciPy package.41 After
performing the FFT of the sampled data, the positions of the
peaks are maintained, while their amplitudes are expanded 64
times to account for the fact that the amplitude is proportional
to the number of data points and that every 64th point of the
original data has been sampled. To interpolate the excitation
energies and NACs, frequency information with the same
length as that from the complete data set is created on the basis
of the sampled data. “Zero padding”, which adds additional
zeros to the sampled amplitude, is used. By adding extra zeros,
in this case 6804 zeros, the short, sampled frequency range is
extended to the range corresponding to the FT of the full MD
trajectory, which has 6912 points. Then, the iFFT function is
applied on the zero-padded amplitude list, returning the
interpolated excitation energy and NAC values in the time
domain. These values are used to perform NAMD simulations
and to compare with the fully ab initio results. The NAMD
simulations are performed using decoherence induced surface
hopping (DISH),42 as implemented in the Pyxaid software.9,10

Electronic excitation energies for pristine MAPbI3, pristine
CsPbI3, and defective CsPbI3, calculated by the ab initio and
iFFT methods are shown in Figure 2. Since defective CsPbI3
contains a mid-gap trap state, three energy gaps are shown,
including VBM−trap, CBM−trap, and CBM−VBM, Figure 1c.
The iFFT predictions have an excellent agreement with the ab
initio values, especially in the two CsPbI3 systems, Figure 1b,c.
With only 1.56% of data sampling, all fluctuations in the
excitation energies are reproduced very well and only very few
peaks are slightly underestimated. In comparison, some
fluctuations in the energy gap of pristine organic−inorganic
MAPbI3 are underestimated or missed by the iFFT method.
That is expected because the organic MA species contains

many high-frequency modes that cannot be represented by the
sampling with the 64 fs period. The fastest frequencies arise
from C−H and N−H vibrations with the period on the order
of 10 fs. Although electrons and holes in MHPs are supported
by the inorganic lattice and MA, Cs, and other A-site cations
do not contribute to the electronic wave functions near the
fundamental band gap, these A-site species can have an indirect
influence on the electronic properties, as established for
instance, by the unsupervised ML analyses.29,43 Even with such
sparse data sampling, the iFFT method gives good predictions
of the energy gaps in these complex systems, compared to the
ab initio calculations. Reducing the sampling frequency further
created deviations; however, the global behavior is still
reproduced, Figures S1 and S2.
The mean squared errors for the 1.56% sampling are 5 ×

10−4 and 3 × 10−5 eV for the VBM−CBM band gaps in the
pristine MAPbI3 and CsPbI3 systems, respectively. The errors
are 2 × 10−4, 1 × 10−4, and 1 × 10−4 eV for the trap−VBM,
CBM−trap, and CBM−VBM gaps in defective CsPbI3. The
errors are very small, around 0.001% of the band gap values
themselves, which are on the order of 1 eV, indicating that the
iFFT method has captured the phonon-driven evolution of the
band gap and is capable of an accurate prediction.
Figure 3 shows the ab initio and iFFT predicted NACs.

NAC is the key parameter that governs nonradiative phonon-
driven charge trapping and recombination, which limit
efficiencies of solar cells and other optoelectronic devices.
The NAC has a more complex dependence on system
geometry than the energy gap, and therefore, it is harder to
predict. The iFFT and ab initio data show larger deviations for
the NACs, Figure 3, than for the energy gaps, Figure 2.
Nevertheless, the iFFT predictions based on the 1.56% data
sampling are quite accurate. The mean square errors in the
NAC are 6 × 10−5 meV for the band gap in pristine MAPbI3, 3
× 10−5 meV for the band gap in pristine CsPbI3, and 6 × 10−6,
2 × 10−3, and 3 × 10−5 meV for the trap−VBM, trap−CBM,
and CBM−VBM transitions in defective CsPbI3. Since the
absolute values of the NAC are on the order of 1−10 meV, the
errors are still small, ranging from within 0.001−0.1%.
The NAC in MAPbI3 exhibits notable fast fluctuations that

are not captured by the 64 fs iFFT sampling, Figure 3a. The
high-frequency fluctuations are more prominent in the NAC
than in the energy gap, Figure 2a. Sampling the low frequencies
allows us to reproduce only the longer scale fluctuations, and it
remains to be seen whether such sampling is sufficient to
achieve accurate NAMD time scales. Note that by filtering out
higher frequencies, the iFFT interpolation underestimates
heights of many peaks; however, at the same time, it also
underestimates minima in the absolute NAC values. As a
result, the average absolute NAC values are reproduced well,
although the root-mean-square (RMS) NAC are slightly
underestimated, Table 1.
The NAC can become very large and even diverge to

infinity, when the two levels become degenerate. A moderate
example of such a situation occurs in the CBM−trap NAC in
defective CsPbI3 at the early time in the middle panel of Figure
3c. The NAC increases 10-fold relative to its other values along
the trajectory. At the same time, the corresponding energy gap
becomes very small, middle panel of Figure 2c. The sampled
data capture this fluctuation, while the iFFT interpolation
slightly overestimates the fluctuation magnitude. In compar-
ison, a NN with a comparable amount of training data
underestimated somewhat the fluctuation magnitude,30 while a
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KRR model reproduced this peak accurately using twice more
training data.32 One expects that low sampling should
underestimate peak amplitudes, which is the case for other
NAC peaks in Figure 3. The unusual behavior of the iFFT
prediction of the large fluctuation in the CBM−trap NAC at
the early time requires further investigation. For example, the
results obtained for the very low sampling frequency, once
every 256 fs, show that if a large peak is present and is sampled,
then nearby NAC values are overestimated, since the
interpolated data decay more slowly than the ab initio NAC,
which exhibits a sharp fluctuation, Figure S4. Large NAC
fluctuations represent important NAMD events. In particular,
the large fluctuation governs the electron trapping process.
It is interesting to note that iFFT interpolation assumes that

the data passed are continuous, and therefore, the end of the
trajectory smoothly matches the beginning. This is a useful
feature when NAMD Hamiltonians are iterated under the
CPA. Iteration of a raw ab initio Hamiltonian creates a
discontinuity, and the discontinuity is smoothed out by the
iFFT interpolation.
The frequency analysis is presented in Figure 4, which shows

FTs of the evolutions of the ab initio and iFFT energy gaps
and NACs. The iFFT results reproduce the ab initio spectra
well. The spectra are heavily dominated by low-frequency
motions. This is a general phenomenon in nanoscale and
condensed matter systems.44−48 Changes in system geometries
arising from local displacements of atoms with respect to each
other, giving rise to high-frequency modes, tend to average out
and have little overall influence on the energy and NAC. On
the other hand, longer scale motions, such as radial breathing
modes in carbon nanotubes,46,49 breathing modes in nano-
crystals,50,51 and out-of-plane undulations of 2D systems45,52

have strong influence on energy gaps and NACs. According to
eq 1, the frequency of the NAC oscillation is determined by
the frequency of the nuclear modes that induce changes in the
electronic wave functions. In the current system, the wave
functions are localized on the heavy Pb and I atoms, and the
dominant frequencies arise from slow motions of these atoms.

Motions of the light atoms of the MA species have only an
indirect influence on the electronic properties. The inserts in
Figure 4a,c demonstrate two broad high-frequency peaks in the
ab initio data, arising from stretching and bending of the N−H,
C−H, and C−N bonds. These signals are missing entirely from
the iFFT signals. However, the high-frequency signals are
weaker by an order of magnitude for the NAC and by nearly 2
orders of magnitude for the gap, compared to the low-
frequency signals, and therefore, high-frequency contributions
to the energy gap and NAC should have little influence on the
NAMD simulation results.
The NAMD simulation results obtained with the ab initio

and iFFT Hamiltonians are presented in Figure 5, which shows
rise or decay of populations of the key states during the
electron−hole recombination dynamics. In pristine MAPbI3

Figure 4. FTs of gap and NAC of (a, c) pristine MAPbI3, (b, d) pristine CsPbI3, and (e−j) defective CsPbI3, corresponding to the data shown in
Figures 2 and 3. Every 64 points from the ab initio data are sampled to obtain the iFFT results. The iFFT method properly samples the most
important, low-frequency modes. High-frequency vibrations of the MA species, shown in the insets of panels a and c, are not captured. However,
the amplitude of the signals is small, and missing the MA motions has little influence on the NAMD results, Figure 5a.

Figure 5. NAMD results showing populations of ground state (GS),
excited state (ES), and trap state (TS) during the electron−hole
recombination dynamics of (a) pristine MAPbI3, (b) pristine CsPbI3,
and (c) defective CsPbI3. Along with the main iFFT results obtained
by sampling every 64 data points, shown are the results based on
sampling every 128 points (0.781% of data, 54 points in total) and
256 points (0.391% of data, 27 points in total). Insert in panel c
presents detailed dynamics between TS and ES. Sampling only ∼1%
of ab initio data provides good estimates of the trapping and
recombination times, Table 1.
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and CsPbI3 the ground-state population increases from 0 to 0.1
in 10 ns, which indicates a 10% probability that the electron
recombines with the hole. In addition to the iFFT results
obtained on the basis of sampling 1.56% of the ab initio data
(every 64 fs), shown are the iFFT-NAMD results obtained
with 0.781% (every 128 fs) and 0.391% (every 256 fs) of the
data. Remarkably, sampling only 4 geometries per 1 ps already
gives a correct order of magnitude estimate of the charge
carrier lifetime in the pristine systems, while it matches the ab
initio estimate of the carrier recombination in defective CsPbI3
nearly perfectly, Figure 5c. Charge trapping occurs faster in the
iFFT-NAMD calculations than in the ab initio NAMD, insert
in Figure 5c. This is because iFFT overestimates the large
fluctuation in the NAC at the beginning of the trajectory,
middle panel of Figure 3c, as also reflected in the over-
estimated amplitudes of the FT signals shown in Figure 4h.
The instance when the CBM−trap NAC is unusually large, and
the corresponding energy gap is small, middle panel of Figure
2c, represents an approach to a conical interaction and
dominates the charge trapping process. Importantly, the iFFT
results converge systematically to the ab initio results as the
sampling is increased. All-in-all, the iFFT-NAMD method
allows one to obtain valuable estimates of charge trapping and
recombination times in the MHPs with only ∼1% of the ab
initio data.
Tables 1 and S1 summarize canonically averaged energy

gaps, absolute NACs, RMS NACs, pure-dephasing times, and
NAMD transition times. The pure-dephasing times reported in
the tables are obtained from the energy gap fluctuations using
the second-order cumulant approximation to of the optical
response theory.53 The pure-dephasing time is used as the
decoherence time of the DISH algorithm.42 In most cases, the
pure-dephasing times become slightly shorter with reduced
data sampling, indicating that fluctuation of the energy gap is
slightly overestimated, since the pure-dephasing times decrease
with increasing gap fluctuation.53 The NAMD transition times
are computed by fitting the population data to appropriate
exponential functions or their short-time linear approxima-
tions, such as P(t) = exp(−t/τ) ≈ 1 − t/τ. The electron−hole
recombination times in the pristine systems obtained with
iFFT-NAMD converge to within 1% of the ab initio NAMD
results at the 1.56% sampling. They correlate with the accuracy
of the NAC. According to the perturbative Fermi golden rule
expression, the transition time depends on the coupling
squared.54 The charge trapping time (CBM−trap, Table S1)
converges to the ab initio result as well; however, it remains
too short because the iFFT method overestimates the NAC
fluctuation event that governs the trapping: see the early time
of the trajectory in the middle panel of Figure 3c. While the
1.56% sampling allows for an accurate description of both the
energy gaps and the NAC, Figures 2 and 3, further sampling
reduction causes substantial errors, Figures S1−S4. However, it
is quite remarkable that a very low sampling frequency, once
every 256 fs, gives reasonable estimates of the charge trapping
and recombination time scales, even though the iFFT
interpolation can predict only rough features of the time
dependence of the ab initio NAMD Hamiltonian, Figures S2
and S4. This observation ties with the stochastic Hamiltonian
method of Akimov.55 Overall, the 1.56% iFFT-NAMD model
shows an excellent agreement with the corresponding ab initio
calculations, providing a very simple strategy to reduce the
NAMD cost by nearly 2 orders of magnitude.

Charge trapping across relatively large energy gaps and
charge recombination across the band gap are very important
processes in optoelectronic applications, and they constitute an
important application of the method. The iFFT-NAMD
method can allow one to increase the system size in studying
fast processes involving charge relaxation and separation
through dense manifolds of conduction and valence band
states. Modeling of processes driven by spin−orbit and
Coulomb couplings, such as intersystem crossings and
Auger-type phenomena,56,57 can also be accelerated by iFFT-
NAMD. Typically, the spin−orbit and Coulomb couplings
fluctuate slower than the NAC, since they do not contain an
explicit dependence on the nuclear velocity. Therefore, the
iFFT-NAMD method can provide even larger computational
savings.
In summary, we have developed an iFFT-NAMD method

that can considerably reduce the computational cost of ab
initio NAMD. The method is simpler than ML models and
requires even less data sampling. Because NAMD in nanoscale
materials is often governed by low-frequency long-scale
acoustic-type motions, which have a stronger influence on
the electronic properties than high-frequency local optical
modes, it is sufficient to sample the ab initio NAMD
Hamiltonian once every several tens or even hundreds of
femtoseconds, providing a significant computational saving.
The strategy of interpolating the NAMD Hamiltonian along a
precomputed trajectory is much more efficient than the efforts
aimed at predicting the NAMD Hamiltonian forward in time;
however, it requires the CPA or similar assumption. In order to
achieve a high overall NAMD efficiency while maintaining the
ab initio level of description, the iFFT-NAMD method can be
combined with MLFFs, which are now routinely generated and
available for many materials and molecules. The method has
been demonstrated with several MHPs that exhibit complex
nuclear and electronic dynamics occurring on multiple time
scales; are among the most widely studied materials; combine
features of inorganic, organic, and even liquid matter; and
provide an excellent testing ground of NAMD methodologies.
The iFFT-NAMD method can provide computational savings
in most cases, and the extent of the efficiency increase depends
on the system and process under investigation. The current ab
initio NAMD simulations of nanoscale systems are limited to a
few or tens of picoseconds, and tens or a few hundred atoms.
The developed strategy paves the way for extending the
simulations to hundreds of picoseconds or nanoseconds, and/
or to many hundreds or thousands of atoms.
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