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ABSTRACT: The success of organic—inorganic perovskites in
optoelectronics is dictated by the complex interplay between
various underlying microscopic phenomena. The structural
dynamics of organic cations and the inorganic sublattice after
photoexcitation are hypothesized to have a direct effect on the
material properties, thereby affecting the overall device perform-
ance. Here, we use ultrafast heterodyne-detected two-dimensional
(2D) electronic spectroscopy to reveal impulsively excited
vibrational modes of methylammonium (MA) lead iodide
perovskite, which drive the structural distortion after photo-
excitation. Vibrational analysis of the measured data allows us to
monitor the time-evolved librational motion of the MA cation

MA libration

Coherence transfer Reorganized lattice

along with the vibrational coherences of the inorganic sublattice. Wavelet analysis of the observed vibrational coherences reveals the
coherent generation of the librational motion of the MA cation within ~300 fs complemented with the coherent evolution of the
inorganic skeletal motion. To rationalize this observation, we employed the configuration interaction singles (CIS), which support
our experimental observations of the coherent generation of librational motions in the MA cation and highlight the importance of
the anharmonic interaction between the MA cation and the inorganic sublattice. Moreover, our advanced theoretical calculations
predict the transfer of the photoinduced vibrational coherence from the MA cation to the inorganic sublattice, leading to
reorganization of the lattice to form a polaronic state with a long lifetime. Our study uncovers the interplay of the organic cation and
inorganic sublattice during formation of the polaron, which may lead to novel design principles for the next generation of perovskite

solar cell materials.

B INTRODUCTION

On the quest for a low-cost and easily processable photoactive
material, organic—inorganic lead halide perovskites (LHPs)
have emerged as a class of material with tremendous potential.
Photovoltaics based on LHPs have displayed a remarkable
increase in power conversion efficiencies (PCE) as compared
to other technologies in the past decade advancing to 24.2%
based on a solid polycrystalline perovskite.' Largely due to
their easy solution processability, large carrier diffusion length,
and high photoluminescence quantum yield,7_9 perovskites
have also found their application in other areas such as
photodetectors and lasing.”'°~'* Despite the success of the
material to reach macroscopic performance scales such as the
highly efficient PCE, a comprehensive understanding of the
underlying microscopic phenomena of charge generation
following photoexcitation is still far from being understood.
To unravel the microscopic mechanisms of the success of
perovskite in photoinduced charge generation, numerous
experimental and theoretical works have been reported
focusing on understanding the elementary photophysical
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processes in LHPs.">™ One of the important unresolved
questions pertaining to perovskite photophysics is the origin of
long charge carrier lifetimes using processing methods that
generally lead to midgap states. Those act as efficient
recombination centers, although the charge carrier mobilities
in LHPs have been reported to be modest, i.e., only ~50—100
cm? V7' s71%%%*° This puzzling observation has attracted
enormous attention by various research groups. To understand
the underlying reasons for the long charge carrier lifetime in
CH;NH;Pbl;, Zhu and co-workers used a combination of the
time-resolved optical Kerr effect and photoluminescence
spectroscopy to compare the ultrafast hot-electron cooling
dynamics in perovskites with different organic cations.”® There
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Figure 1. (a) Ground-state structure of tetragonal MAPbI;. (b) Steady-state absorption spectrum (red circle) of perovskite at room temperature
and laser spectrum (light blue area). (c) Time evolution of 2D electronic spectra (real part) at selected waiting times. Magnitude of the spectra
decays with growing waiting time. Interestingly, in 2D spectra, the oscillation of the amplitude from 200 to 560 fs can be clearly observed. Positive
and negative amplitudes indicate the ground-state bleach and excited-state absorption, respectively.

the reorientational motion of the MA cation has been
identified to form the charge-screening effect which protects
the energetic carriers via formation of a large polaron on time
scales competitive with that of ultrafast thermalization and
recombination. In addition, based on the resonant and off-
resonant excitations, the existence of a large polaron formation
has been further supported in order to explain the modest
charge mobilities of electrons in perovskite."”*” However, their
latest observations confirmed the Kerr effect, and the coherent
oscillations can be well explained by a complex artifact arising
from the static birefringence of the material. Combination of
the experiments and calculations has proposed that the
deformation of the PbBry~ sublattice is mainly responsible
for the polaron formation. The intrinsic effects of organic
cations on the band-edge charge carrier lifetime were studied
by time-resolved photoluminescence of LHPs as a function of
temperature,”® which also supports the hypothesis of formation
of a large polaron. To capture the lattice displacement induced
by photocarrier generation in LHPs, recently LHPs have also
been studied using impulsive vibrational spectroscopy”” and
electron diffraction.”” Due to the proposed role of the organic
cation in perovskite photophysics, its vibrational dynamics has
been extensively studied by various spectroscopic ap-
proaches.**™** Raman and photoluminescence spectroscopy
have been used to investigate the structure—function relation-
ships in MAPbI;. The librational motion of the MA cation is
found to be strongly coupled to the Pbl4 perovskite octahedra
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by a hydrogen bond.”” Moreover, the vibrational dynamics of
the inorganic sublattice have been studied during the process
of polaron formation.*” The observed low-frequency modes of
the Pb—I bending and stretching vibrations result in the charge
separation in the LHPs. Interestingly, resonant THz phonon
excitation shows direct evidence of the mode-driving band gap
in the LHPs,*' which demonstrates the correlation of the band
gap and the Pb—I-Pb angle bending vibrations. Advanced
theoretical calculations have uncovered that polaron formation
is induced by the structural disorder resulting mainly from
thermal distortions of the inorganic sublattice. They reduce the
overlap between the electron and the hole wave functions, and
the probability of bimolecular recombination is then lowered
by 2 orders of magnitude.’’ In addition to polaron formation,
Rashba spin—orbit interaction has been considered to enhance
the carrier lifetime in LHPs.”> On the basis of first-principles
calculations and a Rashba spin—orbital model, Zheng and co-
workers suggested that the recombination rate is reduced due
to spin-forbidden transitions. The subsequent transient
absorption measurement is consistent with the existence of a
giant Rashba splitting in 2D LHPs.””> This Rashba effect has
also been reported in LHPs thin films.** In addition, the
vibrational coherence of the librational motion of the MA
cation has been calculated in a multiunit-cell model of
perovskite,” showing that a ferroelectric domain wall is
constructed to reduce the electron—hole recombination.
Despite these enormous efforts, there has been no conclusive

https://dx.doi.org/10.1021/jacs.0c03970
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Figure 2. (a) Two-dimensional correlation spectrum after analyzing correlated cross peaks along the diagonal. Two-dimensional electronic

spectrum at T = 200 fs is shown as contours for comparison. (b, ¢, and d) Two-dimensional power spectra at frequencies of 157, 65, and 81 cm™,

1

respectively. For comparison, 2D spectrum at T = 200 fs is plotted as a black contour. For data analysis, we extract the kinetics of the selected peaks
at G and E in b to examine their coherent dynamics in GSB and ESA, respectively.

experimental report capturing the dynamics of the organic
cation and its interaction with the inorganic sublattice during
formation of the large polaron. Such an analysis can reveal the
degree to which the cation is involved and whether this
potential microscopic mechanism for the long carrier lifetime is
sufficiently strong.

To resolve the ultrafast structural dynamics of the polaron
formation in CH;NH,Pbl;, we studied the coherent vibrational
dynamics of the inorganic sublattice and its correlation with
the librational motion of the organic cation using ultrafast two-
dimensional electronic photoecho spectroscopy (2DES). 2DES
measures the third-order nonlinear response originating from
the interaction of the sample with three resonant electric fields.
The response is commonly plotted as a function of both the
excitation and the probe frequencies. In contrast to conven-
tional pump—probe schemes, 2DES spectrally decomposes the
optical signal into the excitation and detection windows. In this
way 2DES is able to disentangle the underlying transitions to
provide the distinct selectivity of transient optical signatures
and the transfer pathways. Due to these advantages, 2DES has
recently been used to study the exciton dynamics and the
carrier thermalization processes in LHPs."”*** Here, we
judiciously tuned our laser spectrum to capture the motion of
the nuclear wave packet in the electronically excited state by
the spectrally disentangled excited-state absorption peak.
Subsequent data analysis shows clear evidence of the coherent
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generation of the librational motion of the MA cation and the
skeletal motion of the inorganic sublattice. The subsequent
wavelet analysis enables us to directly monitor the formation
and the coherence of the librational motion, resolved on an
ultrafast time scale of 300 fs. In addition, it also reveals that the
coherent generation of the librational motion of the MA cation
is complemented by the motion of the inorganic sublattice in
perovskite. Furthermore, we report advanced theoretical
calculations to capture the coherent evolution of the librational
modes of the MA cation. Our theory reveals a strong
anharmonic interaction between the MA cation and the
skeletal motion of the inorganic sublattice in pervoskite. This
plays a significant role to drive the excited-state wave packet to
form a polaron state. On the basis of this combination of
experimental and theoretical efforts, we conclude that the
interaction of the librational motion of the organic cation with
the inorganic sublattice is responsible for the formation of the
polaronic state.

B RESULTS

The solution-processed CH;NH,PbI, is prepared (details are
described in the Methods) and grown on a quartz substrate
with 1 mm thickness. For the optical measurement, the sample
film is mounted in the cryostat (Oxford Instrument) with
vacuum conditions to avoid degradation by moisture. Figure 1a
shows the molecular structure of tetragonal CH;NH;PbI; with

https://dx.doi.org/10.1021/jacs.0c03970
J. Am. Chem. Soc. 2020, 142, 16569—16578
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Figure 3. (al) Traces at GSB (red solid line) and ESA (blue solid line). Their coordinates are marked as G and E separately in Figure 2b. These
traces are fitted by the global fitting approach in al, and residuals are obtained after removing kinetics. (a2) Polished residuals are shown as red (G)
and blue (E) solid lines after removing the high-frequency noise. (b) Identified vibrational frequencies in the power spectrum. Red (G) and blue
(E) solid lines show the vibrational modes at 65, 81, and 157 cm™". (c) Wavelet analysis of residuals on GSB and ESA. (d) Coherent dynamics of
the 65, 81, and 157 cm™' modes from GSB (upper panel) and ESA (lower panel) are presented at the left and right part. In GSB (left), coherent
generation of 65 and 157 cm™ shows an increase in amplitude on the time scale of 680 and 300 fs, respectively. Coherent dynamics of modes at 81
and 157 cm™' show the amplitude increase on time scales of 800 and 150 fs in the ESA contribution (right), respectively.

the MA cation. In addition, the steady-state absorption
spectrum of CH;NH;Pbl; is shown in Figure 1b. The laser
spectrum used in the present measurements is marked by the
light-blue shaded area.

Two-Dimensional Electronic Photon Echo Spectros-
copy. To study the exciton and free carrier dynamics after
photoexcitation, we measure the 2D electronic spectra of
CH;NH,Pbl, at room temperature (296 K). The details of our
home-built 2D spectrometer and the acquisition procedures
are described in the Methods. The real part of the 2D spectra
at selected waiting times is shown in Figure lc. At T = 0 fs, the
peak in the 2D spectrum shows clear evidence of elongation
along its diagonal, which indicates the presence of strong
inhomogeneous broadening. Moreover, the strong absorption
features at zero waiting time (T = 0 fs) overlap with the central
(positive) peak, which induces a dramatic shift of the central
peak to the upper left. At T = S0 fs, the magnitude of the 2D
spectrum is strongly reduced and the peaks show less
elongation along the diagonal, which indicates a rapid
reduction of the strong inhomogeneous broadening within
this initial time range. The inhomogeneity of the peaks is hard
observe at T = 200 fs, and the amplitude of the peaks is further
reduced compared that at T = 50 fs. The initial dynamics of the
photoexcited perovskite within 200—300 fs have been
attributed to lattice reorganization and carrier thermalization

processes (electron cooling dynamics).*”** The shape of the
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peaks does not significantly change in the 2D spectra with
increasing waiting time after 200 fs. Interestingly, the
magnitude of the peaks in the 2D spectra at 320 fs is larger
than that at 200 fs, and the same behavior is observed from 410
to 560 fs, which clearly illustrates the presence of oscillations
with large amplitude in the 2D electronic spectra.

Coherent Vibrational Dynamics. To examine the
oscillations observed in 2DES, we first collect a three-
dimensional (3D) set of data consisting of 2D spectra with
varying waiting times T. To retrieve the oscillatory signal of the
2D spectra, we perform a global fitting by exponential
functions on the 3D data and analyze the oscillations along
the excitation and detection frequencies of the residuals
obtained after removing the global kinetics. To assign the
origin of the observed oscillations, we perform a 2D correlation
analysis of the 2D residual maps in which the oscillations of the
correlated two peaks are analyzed along the diagonal direction
in the 2DES. The resulting 2D correlation map is shown in
Figure 2a, and the details of this analysis are given in the SL
We observe negative peaks with a strong amplitude which are
present along the diagonal in the 2D correlation spectrum.
These negative peaks provide strong evidence of anticorrelated
oscillations at the presented coordinates in the 2DES. It has
been demonstrated that anticorrelated oscillations in 2D
spectra originate from underlying vibrational coherences.****

https://dx.doi.org/10.1021/jacs.0c03970
J. Am. Chem. Soc. 2020, 142, 16569—16578
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Thus, this correlation analysis uncovers the vibrational origin
of the coherence in the observed oscillations in the 2DES data.

Next, we analyzed the frequencies of these vibrational
oscillations by employing a Fourier transform of the 2D
residuals obtained after removing the kinetics by the global
fitting approach. We identified a few key modes with the
largest amplitudes and plotted the absolute values of the
observed distinct frequencies along @, and w, in 2D power
spectra. We show selected 2D power spectra for the
frequencies of 157, 65, and 81 cm™ in Figure 2b, 2c, and
2d. In addition, two retrieved 2D power spectra with modes at
33 and 48 cm™" are shown in the SI. The black contour of the
2D spectrum at 200 fs is overlaid with the 2D power maps in
order to identify the location of the oscillations. This
comparison reveals that the amplitude of the 2D power map
at 157 cm™" overlays with the ground-state bleach (GSB) and
the excited-state absorption (ESA) features in the 2D
electronic spectrum. The vibrational mode of 157 cm™
shows the strongest magnitude in the 2D power spectra with
the time period of 208 fs, which perfectly agrees with the
amplitude fluctuation observed in Figure lc. The strong
amplitude in Figure 2b shows clear evidence of strong vibronic
coupling of this key mode to the electronic transitions in our
2DES. Moreover, in this 2D power spectrum, we observe two
separated peaks, marked by G and E, which are connected by a
node. It implies that the dynamical oscillations at these two
peaks have anticorrelated phases, which agrees with the
observations of the 2D correlation analysis in Figure 2a. In
Figure 2¢ and 2d, we clearly observe that the magnitudes of
vibrations are mainly distributed in the GSB and ESA regions
with the separation of a node. To further explore the origin of
this coherence, we extract the kinetic traces at the maximum
amplitude of the G and E peaks in Figure 2b and plot them as
red (G) and blue (E) solid lines in Figure 3al. To retrieve
residuals we use the global fitting approach to fit their kinetics
and show the result of the fit as black dashed lines. The
residuals of the raw data are shown as red and blue dashed
lines in the lower part of Figure S6 in the SI. Moreover, the
high-frequency noise is removed by a tukey-window Fourier
transform, and the polished residuals are presented as red and
blue solid lines for GSB and ESA in Figure 3a2, respectively.
We observe that the phases of the oscillations shown by the red
and blue lines are anticorrelated, which demonstrates the
validity of our analysis reported in the 2D correlation spectrum
in Figure 2a. The details of the tukey-window Fourier
transform are described in the SL

To distinguish the vibrations of the electronic ground or
excited states, we construct a theoretical model with three
electronic states and identify the optical signals of the GSB and
ESA by assigning the optical transitions from the ground to the
first excited state and the transition from the first to the second
excited state, respectively. The 2D electronic spectra are
calculated for different waiting times, and the retrieved
vibrational coherences from the GSB and ESA peaks are
further analyzed to extract the phase relation. More details on
the calculations of the 2D spectra are described in the SI. On
the basis of our theoretical calculations, the anticorrelated
oscillations from the GSB and ESA demonstrate the validity of
our model and show the separation of vibrations from the
electronic ground and excited states (see Figure S3 in the SI).
By this we are able to monitor the electronic and vibrational
dynamics from the ground and excited states by tracking the
kinetics of the GSB and ESA peaks. To retrieve their oscillation

frequencies, we perform the Fourier transform of the two
residuals and plot the power spectra in Figure 3b. We clearly
identify three key modes at frequencies of 65, 81, and 157
cm™!, which are marked by the magenta, green, and black
dashed lines, respectively. Due to the lifetime broadening of
modes at frequencies of 65 and 81 cm™', the low-frequency
modes at 33 and 48 cm ™" are not well resolved in Figure 3b. It
shows a strong mode at 157 cm™" both in the GSB and in the
ESA. However, in the region of low frequency (<100 cm™"),
slightly different frequencies in the GSB and ESA are found.
To obtain the lifetime of this coherent generation, we analyze
the data from the GSB and ESA regions using the wavelet
analysis. The spectra obtained are shown in Figure 3c (details
of the analysis are described in the SI). We extract the kinetics
of the oscillations at 65 and 157 cm™ and obtain the time
evolution of the amplitude by fitting the sine function with
exponential decay. The time-evolved amplitudes are shown in
the left part of Figure 3d. The amplitudes for the cases at 65
and 157 cm™ are extracted from GSB and plotted as blue and
red solid lines, respectively. The exponential fit of the data
reveals a coherent generation of vibrations at 157 cm™" within
300 fs. Using a similar analysis, we observe the enhancement of
the vibrational coherence of 65 cm™" with a time scale of 680
fs. In addition, we perform the same data analysis for the traces
of 81 and 157 cm™" in the ESA part and plot the results in the
right panel of Figure 3d. We find a coherent generation of
vibrations at 81 and 157 cm™' within 800 and 150 fs,
respectively.

Computational Analysis. To identify the origin of the
experimentally observed vibrational coherences and to simulate
their dynamics, we performed theoretical calculations of the
photoexcitation process in CH;NH;Pbl, (details of the
computations are provided in the Methods). First, we perform
DFT calculations in the tetragonal phase of perovskite. Figure
4a shows the difference of the electron localization functions
for the ground and excited states. The excited state has been
simulated by adding 10" cm™ excess electrons, which is close
to the charge density under experimental conditions. Detailed
calculations of carrier densities with varying excitation energies
were discussed in our pervious work.'” As we show in Figure
4a, the electrons are mainly localized on the Pb atom and this
excess charge strongly interacts with the positively charged
NH;* group. It forces the dipole of the MA cation to rotate
toward the Pb atom (this is supported by the argument
elaborated in the Discussion). To capture the subsequent
structural dynamics, we carry out the excited-state molecular-
dynamics calculation for a model system with the MA,¢Pb,,1,
cluster for the time evolution of 2 ps. We show the dominant
principal axis as the representative motion of the model system
in Figure 4b—e, in which librational motions of the MA cation
at 158 cm ™" and the Pb—TI lattice distortion appear as the major
components of the dynamical processes. Specified config-
urations of the skeletal vibrations are shown in Figure 4c and
4d with frequencies of 61 and 87 cm™, respectively. In
addition, our simulations show two low-frequency modes at 37
and 47 cm™'; they are described in the SI. Moreover, our
dynamical calculations reveal the coherent generation of the
librational motion of the MA cation at 158 cm ™. In Figure 4e,
we observe that the magnitude of the vibration at 158 cm™
(marked by the black dashed line) gradually increases with
evolving time and reaches its maximum at 300 fs. This time
scale of the coherent generation perfectly agrees with the time
scale revealed by the experimental observations reported
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Figure 4. (a) Difference of the electron localization function with 10"
cm™? excess electrons compared to its ground state. Magnitude of its
isosurface is 0.03. (b) Molecular configuration of perovskite with the
librational motions of the MA cation at 158 cm™. (c and d)
Vibrational coherence of the inorganic sublattice is present in the low-
frequency region, 61 and 87 cm™, respectively. (e) Time evolution of
the vibrational coherence after photoexcitation. Librational motion of
the MA cation (158 cm™) is generated on a time scale of 300 fs.
Moreover, the low-frequency (<100 cm™) shift is presented within
~700 fs after photoexcitation. (f) On the basis of the ground-state
equilibrium structure, the initial electron density is strongly
delocalized after photoexcitation. Electron density is localized after
reaching equilibrium at 700 fs. MA cation rotates its molecular axis to
align to the localized charge on the Pb atom. In addition, the
sublattice is slightly distorted compared to the equilibrium
configuration of the ground state.

above. In addition, our theoretical calculations uncover an
anharmonic interaction between the strong coherent oscil-
lations of the MA cation and the skeletal motion of the
inorganic sublattice in perovskite. Induced by this interaction,
the vibrational coherences of the skeletal motion are strongly
modulated during the coherent generation of the librational
motion of the MA cation, which is clearly shown in Figure 4e.
These structure-based calculations allow us to identify the
atomic motions of the MA cation, which strongly interact with
the adjacent skeletal (I-Pb—I) motions after being subject to
the optical transition from the valence to the conduction band.
Thus, along with the librational motion of the MA cation, the
calculated vibrational motions corresponding to the inorganic
sublattice observed at 37, 47, 61, and 87 cm™! actively
participate in the process of polaron formation.

Discussion. On the basis of the experimental and
computational approaches described above, we conclude that
the electron—sublattice interaction in the photoexcited

tetragonal CH;NH,PbI; leads to formation of a large polaron
and involves the interplay of different vibrational frequencies
representing organic and inorganic sublattices’ motion.
Specifically, the intense vibrational coherences of the methyl
librational mode at 158 cm™ dominate the initial dynamics at
early times of 200—300 fs. In order to clarify the underlying
mechanism for the buildup of the librational amplitude of the
MA cation, we analyzed the temporal evolution of the
difference of the electronic density between the excited and
the ground states, Ap(t) = pgs(t) pas(t), for the
MA,sPb,I5, model system subject to the same excited-state
structures in the MD trajectory. As shown in Figure 4f, both
the initially created electron and the hole are delocalized
subject to the perovskite structure close to the tetragonal
symmetric equilibrium ground state. The localization of the
excess electron on the Pb atom aligns the MA cation by
rotating its molecular axis. This generates the strong signal of
the vibrational coherence of the MA cation on an ultrafast time
scale of 300 fs. The strong interaction transfers the coherence
from the librational motion of the organic cation to the motion
of the sublattice of the I-Pb—1I skeleton. On the basis of our
simulations, we find that this transfer of coherence is finished
within a time span of 1 ps, which can be observed in Figure 4f
at 700 fs. We show the detailed time evolution of electronic
charge on the skeleton of perovskite in the SI (Figure S7). The
localization of the charge density, in turn, enhances the MA
librational amplitude. With this redistributed charge, the
skeletal motion of CH;NH;PbI; slightly changes its
frequencies to reach the (metastable) local potential minimum
of the stabilized polaron.

It is important to mention that recent studies on the excited
state of LHP focus only on the skeletal modes that are
comprised of the motion of the inorganic sublattice,””** but
the information on the dynamics of the organic cation has not
been given its due importance. Nevertheless, it could be that in
the ground state the organic cation is electronically decoupled
from the inorganic sublattice, as shown by a study using an
infrared-pump electronic-probe measurement.*® However,
after photoexcitation, the reorganization of the lattice due to
polaron formation leads to a significant interaction between
the organic cation and the PblI;~ sublattice. In fact, this
interaction provides the necessary stabilization for the
polaronic state that effectively localizes the carrier by reducing
the electron—hole carrier overlap which blocks carrier
recombination. The resulting electrostatic screening, unique
to the strong ionic character of LHPs, greatly distinguishes this
class of materials from other semiconductors. It is this ultrafast
intense polaron formation that is responsible for the observed
long carrier lifetime in these materials. This holds even for
simple methods of sample preparation that are normally
associated with high defect densities and rapid recombination
losses. This class of materials is distinct from other polar and
ionic semiconductors in that the structure comprised of an
inorganic and a labile organic ionic sublattice leads to a
localized charge density, an exceptionally strong coupling to
the lattice, and the noted ultrafast large polaron formation.
Moreover, this polaron formation has been even reported
without the role of organic cation in CstBr3;47 however, the
underlying mechanism is different from this study, and it
should be further explored in the subsequent studies.
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B CONCLUSIONS

We studied the coherent dynamics of photoexcitations in
tetragonal CH3;NH;Pbl; at room temperature. On the basis of
the high sensitivity of heterodyne-detected 2D electronic
spectroscopy, we provide evidence of quantum coherences,
which emerge after photoexcitation of an electron from the
valence band to the hot free-carrier band. A 2D correlation
analysis reveals the origin of the vibrational coherences in
2DES. On the basis of the phase analysis on the GSB and ESA
peaks, the dominating modes with frequencies of 65, 81, and
157 cm™, which are coupled to the electronic states, are
identified. Moreover, the strong magnitude of the oscillations
manifests a strong vibronic coupling of these key modes to the
electronic transitions during photoexcitation. On the basis of a
wavelet analysis, we further reveal that the key mode of 157
cm™ is gradually generated on an ultrafast time scale of 300 fs.
The amplitude of the low-frequency modes at 65 and 81 cm™
are enhanced during the process of the coherent generation of
the 157 cm™' mode. Supported by our advanced theoretical
calculations, we are able to assign the key mode of 157 cm™" to
the librational motion of the MA cation and our theoretical
prediction of the coherent generation and increasing amplitude
of the cation motion occurring within the time scale of 300 fs.
This perfectly agrees with our experimental observation.
Moreover, we identified the modes at 33, 48, 65, and 81
cm™! as the key modes related to vibrational coherence of the
skeletal motion of Pbl;™. A structure-based approach allows us
to capture evidence of a strong interaction between the MA
cation and the inorganic sublattice. This interaction induces a
coherent transfer of excitation from the librational motion of
the MA cation to the skeletal motion of Pbl;~ in which the
sublattice motion of Pbl;~ strongly modulates the photo-
generated wave packet dynamics on the surface of the
electronic excited states. Moreover, we theoretically captured
the wave packet dynamics which assists polaron formation by
localizing the electron density on the skeletal structure of the
Pb atom. Thus, our study provides a new comprehensive
understanding of the wave packet motion, which induces the
vibrationally coherent polaron formation process, and hence
unravels the underlying mechanism of the charge generation
and protection in CH;NH;Pbl;. On the basis of this finding,
one may anticipate rational design principles for future
improvement of perovskite materials.

B METHODS

Experimental Setup. Ultrashort coherent pulses were generated
by a home-built nonlinear optical parametric amplifier pumped by a
commercial femtosecond laser Pharos (Light Conversion). A broad-
band spectrum with a line width of 100 nm (fwhm) was centered at
13800 cm™ such that an overlap with the near-infrared region of the
absorption spectrum of perovskites is achieved. The excitation pulse
was further compressed to the Fourier transform limit with a duration
of 16 fs by the combination of a prism pair (F2) and a deformable
mirror (OKO Technologies). Their temporal profiles were charac-
terized by means of a frequency-resolved optical grating (FROG).
The measured FROG traces were analyzed using a commercial
program FROG3 (Femtosecond Technologies). The 2D spectra were
collected in an all-reflective 2D spectrometer based on a diffractive
optic (Holoeye) with a phase stability of 1/160 whose configuration is
described elsewhere.’® Further components were the Sciencetech
spectrometer model 9055 and a highly sensitive CCD linear array
camera (Entwicklungsbiiro Stresing). The 2D spectra were collected
at each fixed waiting time T by scanning the delay time 7 = t, — ¢, in
the range of [—128 fs, 128 fs] with a delay step of 1 fs. At each delay

point, 200 spectra were averaged to reduce the noise ratio. The
waiting time T = t; — t, was linearly scanned in the range of 0—2 psin
steps of 10 fs. The energy of the excitation pulse is limited to 5 nJ with
1 kHz repetition rates for room-temperature measurements. To check
the pump dependence, we also carried out measurements with
different pump energies (S and 10 nJ). We observed that the basic
features of the 2D electronic spectra do not change at different energy
fluence. However, the cooling dynamics of hot electrons are more
significant at the higher energy flux. Three pulses are focused on the
sample with the spot size 100 pm, and the photon echo signal was
generated at the phase-matching direction. To avoid oxidation, the
sample was kept in the cryostat under vacuum conditions (1.7 X 1077
mPa) at room temperature. To verify the reproducibility of the
results, measurements were performed on different spots on the
perovskite films as well as with films prepared from three different
batches. All showed similar spectral features.

Sample Preparation and Measuring Condition. Acetonitrile
(ACN), gamma butyrolactone (GBL), methylammonium solution,
chloroform, and Pbl, were procured from Sigma-Aldrich and used as
received. MAI was procured from Dyesol. Tetragonal single crystals of
MAPDI3 were prepared by a method described in ref 59 and used as a
precursor material. The precursor solution was prepared by dissolving
single créystals of MAPDBI3 in an acetonitrile and methyl amine
solution.’” The final concentration of the solution was 0.5 M. The
perovskite films were prepared by spin coating the precursor solution
at 2000 rpm on quartz substrates for 45 s in a N,-purged drybox. The
UV—vis spectrum of the thin film was taken on a Carry 300 UV—vis
spectrometer.

Theoretical Model. The density functional theory calculations
with periodic boundary conditions were performed using Quantu-
mATK. To mimic the charge localization on the Pb atom, electrons
with a density of 10" cm™ have been injected into the system. By this
we can study the motion of electrons in the electronically excited state
of perovskite.*® Characterization of the localized charge in Figure 4a is
done by the electron localization function,” which quantifies the
probability of finding a second like-spin electron in the vicinity of an
electron at a given space point.

The Born—Oppenheimer excited-state molecular dynamics was
computed for a model system with MA,¢Pb,,Is, cluster for 2 ps on the
configuration interaction singles (CIS) level with the SBKJC effective
core potential®® using the Chemical Dynamics Toolkit (CDTK)>* and
GAMESS.*® The MD trajectories were initiated from the structures in
the ground-state tetragonal (I4/mcm) geometry after equilibration at
room temperature. Its lowest unoccupied orbital is highly localized on
a specific Pb atom, which agrees with the results from PBC-DFT. We
analyzed the excited-state MD trajectories by their principal
component,”” which was obtained by diagonalizing the covariance
matrix C = (xx”). Here, x = r — (r) are the atomic displacement
vectors in the 3N dimensional configuration space for structures in the
MD trajectories. To obtain the dynamics of the dominant principal
motions, we project the vibrations onto the principal axes to show the
substantial structural transition from the initial geometry to the
excited-state polaronic geometry within a time of 1 ps. Because the
skeletal modes of the Pb—I lattice (<100 cm™') are similar in the
ground and excited states,*® we decompose this principal axis vector
of the atomic displacements with vibrational eigenvectors of the
ground-state perovskite by taking their inner products. We obtain the
vibrational spectrum from the time evolution of the atomic velocities
V() in the excited state with consideration of the large amplitude
motion®' %

I(z, w) = FlI(z, t))(w)
= ﬁ{NL 2 (w(7) w7 + f)eXP(—(ltz»}(w)
at  k (1)

where #, denotes the Fourier transform, N, is the number of atoms,
and the parameter a is chosen to suppress the autocorrelation
function to effectively select the vibrational modes that are present
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around 7. In this way, the temporal evolution of vibrational modes can
be revealed by both their frequencies and amplitudes.®*>*
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