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ABSTRACT: Dynamic lattice disorder in two-dimensional (2D) o
halide perovskites can play an important role in their optical
properties through carrier/exciton—lattice interactions. Previously,
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the 2D halide—pseudohalide perovskite (MA),Pb(SCN),I, (MA* % " MA‘

= methylammonium) was demonstrated to have a dynamically F%)w T -cﬁ;srigee
inhomogeneous lattice with structural evolution occurring on a Do © © O &
picosecond time scale. Here, we have investigated two purely gvso \ . ¢
inorganic 2D perovskites, Cs,Pb(SCN),X, (X = Br or I). 2D gzz 'y Cs

infrared (2D IR) and polarization-selective pump—probe (PSPP)
experiments were used to study dynamics and the effects of
changing the halide anions. The "?CN stretching mode was used as
the vibrational probe. The films were isotopically doped, ~99%
BCN, to avoid excessive IR absorption, heating, and vibrational
excitation transfer. PSPP measurements were performed on thin films using the reflection geometry to improve the signal-to-noise
ratio. The results showed that the '*CN vibrational lifetime in Cs,Pb(SCN),X, is significantly longer than that in
(MA),Pb(SCN),1,, and the lifetimes were essentially the same for Br and I analogues of Cs,Pb(SCN),X,. 2D IR spectroscopy
is carried out to measure both spectral diffusion (structural evolution) and homogeneous dephasing of the inhomogeneously
broadened CN stretch absorption line. The Cs,Pb(SCN),X, 2D perovskites displayed substantially slower structural evolution
compared to (MA),Pb(SCN),L,. The spectral diffusion is independent of the halide anion. There is also significant homogeneous
dephasing caused by the coupling of the CN stretch to lattice phonons. Our findings provide insights into lattice dynamics of
inorganic 2D perovskites and lay a foundation for studies on their complex carrier/exciton—lattice interactions, of importance for
applications in optoelectronic devices.
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1. INTRODUCTION

Layered perovskites, known since the 1900s," have re-emerged
as a versatile class of two-dimensional (2D) materials for

most important characteristics of 2D perovskites is their
enormous structural tunability,”® which can be achieved by X-
site anion substitution, careful selection of A- and B-site

optoelectronics. They are promising candidates as components
in photovoltaics,274 light-emitting diodes,>™ and other
photonic applications'’~'* due to a multitude of properties:
strong light absorption and emission, shallow defect formation,
and facile solution-state deposition methods. The larger band
gap and higher exciton binding energy of 2D perovskites in
comparison to their three-dimensional (3D) counterparts are a
result of their reduced dimensionality," whereas their increased
stability has been attributed to the organic layers.” Figure 1
shows the 3D and 2D perovskite structures. The 2D
perovskites have the general formula A,BX,. These structures
are usually composed of corner-sharing [BX4] octahedra in
layers separated by A-site cations. Here, A is typically an
organic monovalent cation, B is a divalent metal cation, and X
is a halide. In analogy to 3D pseudohalide perovskites™ (e.g.,
[(CH;),N]Mn(Nj,);), the terminal halides of 2D perovskites
can be replaced by pseudohalides (e.g, SCN™ and I;7) to
afford mixed halide—pseudohalide perovskites.'®™"* One of the
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cations, and morphology control." By tailoring the structure of
2D perovskites, they may have a wide range of applications. A
fundamental understanding of their structural dynamics is
important for realizing the potential of 2D perovskites.

The underlying mechanisms of 2D perovskites’ varied
optical properties are not fully understood. Experimental and
theoretical studies that increase our understanding can lead to
rational design principles for particular applications of 2D
perovskites. For example, the combination of moderate charge
carrier mobility and long charge carrier lifetime in 3D lead
halide perovskites has attained widespread interest, and the
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(MA),Ph(SCN), I,
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Figure 1. (A) Crystal structure of the 3D CsPbBr; perovskite. (B) Crystal structure of the 2D (MA),Pb(SCN),I, perovskite (MA—
methylammonium). (C) Crystal structure of the 2D Cs,Pb(SCN),Br, perovskite. Green, turquoise, brown, purple, yellow, gray, and blue spheres
correspond to Cs, Pb, Br, I, S, C, and N atoms, respectively. Hydrogen atoms are omitted for clarity.

dynamic flexibility of the soft perovskite lattices is believed to
facilitate stabilization of the charge carriers.”’ There has been a
good deal of work investigating the lattice structural evolutions
of lead halide perovskites, but most of the previous work has
been confined to 3D perovskites.”> >’ Quan et al. studied the
coherent phonon dynamics in various 2D perovskites by
pump—probe transient absorption spectroscopy and found that
organic cations can accelerate the dephasing rate of optical
phonons and alter the vibrational relaxation processes because
of their large anharmonicity.”® Fast rotation of the organic
cations in 2D perovskites has also been observed by Koegel et
al. through high-energy resolution neutron scattering.’’ The
dynamics of the A-site cations influence the optoelectronic
properties of the perovskites mostly through indirect
templating effects. Therefore, we sought to probe the dynamics
of purely inorganic 2D perovskites, where the motion of the
inorganic framework directly affects the optical and electronic
properties.

In this study, we employ 2D infrared (2D IR) spectroscopy
and other ultrafast nonlinear IR techniques to explore the
lattice dynamics of thiocyanate-based 2D perovskites with the
nitrile stretching mode used as the vibrational probe.
Pseudohalide-based 2D perovskites have attained increased
recent interest. Here, the longer pseudohalide ligands
coordinate to the axial positions of the metal and effectively
partition the inorganic sheets. Therefore, small cations (Cs*
and MA") can be used for the A-site, instead of the larger
organic cations more commonly employed to separate the
inorganic sheets. The resulting extremely short interlayer
distances afford various unique properties among 2D
pseudohalide perovskites, including low excitonic binding
energy (E,), decreased band gap (E,), and large pressure
response (piezochromism).'”***® Studies of (MA),Pb-
(SCN),1, thin films using 2D IR spectroscopy were performed
previously.”* The spectral diffusion, which measures structural
fluctuations of the lattice variations that give rise to the
inhomogeneously broadened CN stretch absorption band, was
observed with a time constant of 4.1 + 0.3 ps. The spectral
diffusion was ascribed to thermal fluctuations that interconvert
local and mesoscopic lattice configurations.

The organic—inorganic 2D perovskite (MA),Pb(SCN),l,
was shown to be unstable to ambient moisture and moderate
(50 °C) heat.'” Recently, the all-inorganic 2D perovskites,
Cs,Pb(SCN),Br, and Cs,Pb(SCN),l,, have been reported to
possess better stability compared to (MA),Pb(SCN),L,.* All-
inorganic perovskites typically lack suitable vibrational probes,
and the CN stretch in these pseudohalide 2D perovskites
opens up opportunities for exploring their distinct 2D
framework fluctuations, which can shed light on the role of
A- and X-site ions in the structural dynamics. The thin films of

Cs,Pb(SCN),Br, and Cs,Pb(SCN),I, will be referred to as the
Br™- and I"-containing samples, respectively. 2D IR, polar-
ization-selective pump—probe (PSPP), and Fourier-transform
infrared (FT-IR) experiments were performed on these films.
The experiments were conducted on the '*CN stretch of the
1% S'>CN™ in samples that were prepared with 99% S"*CN™ to
avoid vibrational excitation coupling between nearby SCN™
anions. The high-concentration CN stretch of S"*CN~ shows a
splitting as has been observed previously for (MA),Pb-
(SCN)ZIZ.34 The reflection geometry PSPP experiments were
used to measure the vibrational lifetimes of the CN stretch in
the Br~ and I" samples. Both lifetimes are substantially longer
when the organic A-site cation is replaced by the inorganic Cs*
cation. However, the lifetime is unchanged by the choice of the
X-site anion. The 2D IR experiments show that the spectral
diffusion is significantly slower when the A-site cation is Cs"
rather than MAT, but it does not depend on whether the X-site
anion is Br™ or I", within experimental error.

2. EXPERIMENTAL METHODS

2.1. 2D Infrared Spectroscopy with Acousto-Optic
Modulator Pulse Shaping. 800 nm pulses (~70 fs, 6 W, 3
kHz) are generated with a Ti:Sapphire oscillator/regenerative
amplifier. A home-built optical parametric amplifier pumped
by the 800 nm pulses was used to produce mid-IR pulses
centered at ~2087 cm™" with a ~90 cm™ full width at half-
maximum (FWHM) bandwidth. The 2D IR spectroscopic
measurements were performed using a germanium acousto-
optic modulator (AOM) pulse shaper.*® A pulse sequence of
three IR pulses (~160 fs), composed of two pump pulses with
a temporal delay 7, followed by a probe pulse after a waiting
time of T,, was focused into the sample. The interactions of
these three pulses with the sample induce a third-order
nonlinear polarization, which gives rise to a fourth pulse, the
vibrational echo, which is the signal. The time delay 7 was
controlled by the AOM pulse shaper, and a motorized delay
stage was used to scan the time T, between the two pump
pulses and the probe pulse. The two pump pulses are collinear,
and the probe pulse overlaps with the pump pulse at a crossing
angle of ~16°. The resulting vibrational echo pulse propagates
collinearly with the probe pulse, which is the local oscillator
(LO) for heterodyne detection of the signal. The combined
signal/LO is steered into a spectrograph and detected with a
32-pixel HgCdTe (MCT) array detector. The 2D IR spectra
were obtained by performing two Fourier transforms. Scanning
7 produces an interferogram at each frequency detected by the
array detector. Fourier transformation of these interferograms
gives the @, axis (horizontal). The spectrograph takes the time
domain echo/LO pulse into the frequency domain, which is an
experimental Fourier transform, which gives the w; axis
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(vertical). The pulse shaper was used to control the phases of
pulses 1 and 2, and a four-shot or eight-shot phase cycle was
used to reduce scattered light interference with the signal.

At early T,, the 2D line shape is elongated along the
diagonal as the initial frequencies are significantly correlated
with the final frequencies. As T,, proceeds, the frequencies
become less correlated due to structural fluctuation, making
the 2D line shape rounder. This change in shape is used to
determine the normalized frequency—frequency correlation
function (FFCF) using the center line slope (CLS)
method.””**

The normalized FFCF is the probability that the vibrational
probe with a frequency at time ¢ = 0 has the same frequency at
a later time, averaged over all the frequencies in the
inhomogeneously broadened absorption line shape. The
complete FFCF is typically described with the Kubo model***’

FECF = C,(t){80(0)*) = (8w (t)d»(0))

= D A exp[ — /7]
i (1)

where C,(t) is the FFCF and the frequency fluctuation, dw(t)
= w(t) — {(w), is the difference between the instantaneous
frequency at time t and the average frequency, ®(t) and (@),
respectively, while A; and 7; are the amplitude of the frequency
fluctuation and the time constant of the ith decay pathway,
respectively. If a pathway is in the motionally narrowed limit,
Ai7; < 1, then it contributes to the homogeneous line width, I"
= 1/7T,, which is the result of ultrafast fluctuations, that is,
pure dephasing processes, as well as the vibrational lifetime and
orientational relaxation. The homogeneous component is given

by
1 1 1 1

=—=+—+—
L T 2T 3T,

where T, is the total homogeneous dephasing time, T5 is the
pure dephasing time, T is the vibrational lifetime, and T, is
the orientational correlation time. For the perovskite crystals,
the lifetime is long and orientational diffusion does not occur.
Therefore, the homogeneous contribution to the FFCF
discussed below is all from pure dephasing.

Qualitatively, 2D IR works as follows. The first pulse labels
the vibrational probes, the CN stretch of SCN~, with their
initial frequencies. The second pulse stores the information.
During the time between the second and third pulses, T,, the
structures in the proximity of the probes evolve. The change in
structures causes the interactions of the surroundings with
probes to change, which changes the CN frequencies. The
third pulse initiates the frequency readout, and the emitted
echo pulse gives the final frequencies. As T, is increased, there
is more time for the structure and therefore the frequencies to
change. The time dependence of the 2D spectrum reports on
the time evolution of the frequencies and, thus, the time
evolution of the perovskite structures that give rise to the
inhomogeneously broadened CN absorption spectrum.

2.2. Near-Brewster’s Angle Reflection Mode. To avoid
resonant vibrational exciton coupling between adjacent CN,
the 2D IR and other experiments are conducted on 1% 2CN,
while the rest (99%) of the CNs are '*CN. In addition, the
perovskite films are very thin, with a thickness of tens of
nanometers. While necessary, these factors result in a weak IR
absorption of ~1 mOD (0.001 absorbance). To enhance the
2D IR signal-to-noise ratio, the experiments are conducted in

the near-Brewster’s angle reflection geometry.*”*' The
information is carried by the modulation of the LO by the
echo signal. When the incident angle on the sample of the
probe pulse in the 2D IR pulse sequence is close to Brewster’s
angle, the LO amplitude is greatly diminished but the signal
field is virtually unaffected. Thus, the signal modulation of the
LO is considerably enhanced by a factor of 30—50. An incident
angle of 53° was used to perform measurements on the
perovskite thin films.

2.3. PSPP Spectroscopy. PSPP experiments were also
conducted to investigate the vibrational lifetime and the
anisotropy decay of the CN stretch of the SCN™ ions in the
perovskite lattices. The temporal separation, t, between a single
pump and probe pulse was scanned by the mechanical delay
stage. The population and anisotropy decay curves can be
extracted from the time-dependent pump—probe signal. The
pump polarization is set at 45° by a half-wave plate and a
polarizer, and the probe polarizer is set at 90° (vertical
polarization), which corresponds to s-polarized light. A
computer-controlled resolving polarizer is placed after the
sample and is alternated between +45° and —45° relative to
the pump polarization on alternate delay line scans to measure
the parallel (S;) and perpendicular (S, ) signals, respectively.

Like the 2D IR experiments, the PSPP experiments were
also performed in reflection to enhance the pump—probe
signal. However, for the PSPP experiments, the incident angles
were kept relatively small (probe incident angle = 18° and
pump incident angle = 2°). A more detailed discussion of the
small incidence PSPP geometry can be found in the
Supporting Information. The disadvantage of this geometry
is that the signal enhancement is smaller (~S) for small
incidence than for the near-Brewster geometry (~30—50).
However, a factor of S represents a significant improvement
over the transmission experiment in terms of signal-to-noise
ratio, making it feasible to acquire high-quality lifetime data on
thin films.

2.4. Thin-Film Preparation. The SCN-based perovskite
films were spin-coated onto SiO,-coated (100 nm) CaF,
substrates in a nitrogen glovebox. The CsBr (30 mg) or Csl
(37 mg) and Pb(SCN), (23 mg) at a molar ratio of 2:1 were
dissolved in 450 uL of a 1:1 N,N’-dimethylformamide and
dimethyl sulfoxide solvent mixture. Mild stirring and heating
(80 °C) were necessary to dissolve CsBr completely. The
solutions were filtered before spin coating. The precursor
solution (100 uL) was dripped onto the substrate, and the
substrate was spun at 3000 rpm for 60 s. The as-casted films
were then annealed on a hot plate at 80 °C for 10 min. The
film thickness was determined to be ~70 nm by stylus
profilometry (Figure S1). The phase purity of the films was
assessed by powder X-ray diffraction (PXRD) (Figure S2).

3. RESULTS AND DISCUSSION

3.1. Absorption Spectra. As discussed above, the
experiments were conducted on the CN stretch of SCN™
anions. To eliminate vibrational coupling and excitation
transfer among SCN™ anions, the experiments were performed
on '2CN, with the sample isotopically diluted with the ratio of
BCN to 'CN ~99%:1%. Figure 2 displays the FT-IR spectra
of both the Br™- (blue) and I" (red)-containing samples. The
large peaks in the main part of the spectra are from the high-
concentration *CN stretches. Both the Br™ and I~ spectra are
split into two bands. The peaks of the Br™ bands are located at
2037 and 2046 cm ™!, Their FWHM s are the same within error,
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Figure 2. Main figure. FT-IR absorption spectra of the CN stretching
mode of Cs,Pb(SCN),Br, and Cs,Pb(SCN),I, films at room
temperature. The SCN groups in the films are ~99% '*C. The
splittings of the peaks are caused by coupling between nearby SCN™
anions. Inset: Expanded view of the 1% '>CN absorption bands
(baselined). In addition to the main peaks, there are ~30% amplitude
side peaks (marked with arrows). The side peaks are not caused by
resonant pair couplings as the concentrations are too low. The
experiments were performed on the main bands of the low-
concentration '2CN stretches.

~5.7 cm™". The peaks of the I” bands are located at 2035 and
2039 cm™!. Their FWHMs are the same within error, ~4.8
cm™

The same type of splitting was observed for (MA),Pb-
(SCN),L,.** In that study, 2D IR spectroscopy showed that the
2CN and "*CN species were coupled. The 2D IR spectrum
showed bands for both species and time-dependent oscillations
in the spectra with frequency corresponding to the splitting
between the "?CN and "*CN peaks in the linear absorption
spectrum. This experiment definitely demonstrates coupling
between CN moieties, but it does not tell which CNs are
coupled. It was proposed that a pair of CN groups that reside
in different 2D planes were coupled by transition dipole—
transition dipole coupling. This interplane pair has the smallest
separation between CNs in the lattice. The crystal structure of
(MA),Pb(SCN),L,'*'7*>* is depicted in Figure 1B.

For the two perovskites studied here, we also ascribe the
splitting in the spectra to the coupling between the stretching
modes of neighboring CN groups but not via the mechanism
proposed previously. The peak splittings are ~9 and ~4 cm™
for the Br™- and I -containing samples, respectively. We
obtained the crystal structure of Cs,Pb(SCN),Br, at 296 K
(Figure 1C) to directly explore the interactions between CNs
because most of our measurements, including the FT-IR
spectra, were performed at room temperature. The room-
temperature crystal structure has the same space group as the
reported structure at 100 K but with slightly increased unit-cell
parameters.”> As shown in Figure 1C, the Br~ perovskite
crystal has two adjacent SCN™ anions in different layers like in
(MA),Pb(SCN),L,. The two SCNs in the Br~ perovskite are
perfectly antiparallel, while in (MA),Pb(SCN),1,, they form an
angle of 162°.

Although the distance between the SCN pairs in adjacent
planes, ~4 A, would produce a splitting into two CN
vibrational states with frequency separations that are
approximately as observed here and in (MA),Pb(SCN),I,,
the coupling between the CN pairs cannot be the correct
explanation for the observed two CN spectroscopic bands for
any of these perovskites. As the CN stretches are degenerate in
the absence of coupling, the two vibrational eigenkets of the

coupled pair will be the sum and difference of the CN local
modes. Because the crystal structure of Cs,Pb(SCN),Br,
shows that the SCN7s in the adjacent planes are exactly
antiparallel, the transition dipoles of the two eigenstates will be
the sum and difference of the local mode transition dipoles.
The transition dipole of the eigenstate that is the difference of
the local mode transition dipoles will have twice the local
mode transition dipole because they are antiparallel, but the
eigenstate that is the sum of the local modes will have zero
transition dipole. Thus, one of the two eigenstates is dark and
will not produce an absorption band. In (MA),Pb(SCN),L,
the angle between the interplane pair of SCN™ is 162°. While
not exactly parallel, so both states will have nonzero transition
dipoles, the ratio of the peak intensities would be 36/1, again
producing only one observable peak in the spectrum.

There are also translationally related SCN7s in the unit cells
of the same planes. These are separated by 6 A in
Cs,Pb(SCN),Br,. The transition dipole—transition dipole
coupling falls off as 1/r%, so this coupling is quite weak. In
addition, the translational symmetry will give rise to a
vibrational exciton band (vibrational phonon, frequently called
a vibron), not a pair splitting. The band shape and position
would depend on the 2D exciton transition dipole—transition
dipole coupling dispersion relation and the vibrational
exciton—phonon coupling. The interplane pair coupling
would produce two exciton bands, one of which would be dark.

A possible explanation for the pair splitting (two vibrational
peaks) is suggested by the insets in Figure 1B,C. The crystal
structure of Cs,Pb(SCN),Br, shows that in a unit cell, there
are two SCN7s coordinated with a Pb*", which have a
substantial angle of 34° between the two CN transition
dipoles. The two CNs are separated by ~7 A. The crystal
structure of (MA),Pb(SCN),I, shows that the CNs have an
angle of 43° and are ~7.5 A apart. Although the crystal
structure of Cs,Pb(SCN),I, is not known, it is likely that the
angle and the CN separations are approximately the same as
that of Cs,Pb(SCN),Br,. In these compounds, transition
dipole—transition dipole coupling would be too weak to
account for the observed splitting. However, lead and sulfur
have similar electronegativities. It is possible that there is a
degree of covalent coupling between the two SCN~s and the
Pb**. Covalent bonding could give rise to coupling between
the two nonparallel local CN modes, resulting in two normal
modes, each with a significant transition dipole.

In addition to the possibility of splitting through covalent
coupling, there should also be the vibrational exciton band
associated with the coupling among the translationally
equivalent SCN7s. The amplitudes of the two peaks shown
in the main portion of the spectrum in Figure 2 are very
different for the Br™- and I"-containing samples. For each type
of perovskite, the relative amplitudes of the peaks vary from
sample to sample. This was also observed for (MA),Pb-
(SCN),I, studied previously.34 There may be three over-
lapping or more bands with different transition dipole
directions. These types of perovskite films grow on a substrate
with the crystallographic a-axis (layer stacking direction), on
average, normal to the plane of the substrate.'” We see strong
preferential orientation for films of the Br~ perovskite with
only (h00) reflections visible in the PXRD data; the I~
perovskite shows weaker orientation (Figure S3). In both
cases, local variations in film thickness could result in the g-axis
being tilted from the normal. The extent of the tilt could vary
from one sample to another. The relative magnitudes of the
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peaks would then vary because the projection of the E-field of
the FT-IR beam onto the multiple transitions, producing
overlapping bands, would vary because the transition dipoles
do not point in the same directions. The complexity of the
high-concentration spectrum through resonant coupling
among different CNs and possible vibrational excitation
transport is the reason that dilute ">CNs were investigated.

In the main portion of Figure 2, in addition to the large
peaks, there are low-amplitude bands in the range around 2086
cm ™. These peaks are magnified in the inset. They arise from
the 1% S'*CN~ in each type of sample. The bands are the
2CN absorptions in Br™- (blue) and I~ (red)-containing
samples. Because the S'’CN7s are in low concentration, the
CNs do not have resonant interactions with other nearby CNs.
Therefore, they do not have splittings caused by resonant
interactions. The main peaks in the inset spectrum are located
at 20872 cm™ (Br~, blue) and 2083.4 cm™ (17, red).

There are at least two possible explanations for the small red
shift of the CN stretch in the I"- versus Br™-containing sample.
In a study of the perovskites MAPb(I/Br/Cl),, shifts of the
methylammonium vibrational frequencies to lower frequency
were ascribed to higher polarizability as the size of the halide
increased.”* The red shift of the CN band in the I"-containing
sample may also be caused by the higher polarizability of the I”
film compared to the Br™ film. Alternatively, since iodide is less
electronegative than bromide, we expect less 7 donation from
the SCN ligand to the metal in the I" film and more
delocalization of the S lone pair over the SCN group, resulting
in a slight weakening of the CN bond.

The FWHM of the CN stretch in both the Br- and I™-
containing samples is 4 cm™ L. In addition, each main peak has a
small side peak shifted to lower frequency by 4.8 cm™". From
sample to sample, these side peaks have the same frequencies,
but their amplitudes relative to the corresponding main peaks
appear to vary to some extent. The other small bumps in the
spectra are baseline noise, which arise because of the very small
absorptions of the samples. The side peaks are only a few
tenths of an mOD. The baseline noise, which varies between
samples, is likely responsible for the apparent change in the
side peak amplitudes. These side peaks are obscured in the
BCN spectra shown in the main portion of Figure 2 because of
their low amplitudes, the splittings of the large peaks, and the
wide wings of the main peaks to low frequency.

To understand the origin of the side peak, it is important to
note that it is generated by the SCN~ moiety. We first
eliminated the possibilities of decomposition products, such as
Cs(SCN) and Pb(SCN),, by FT-IR (see Figures S4 and SS).
As discussed below in Section 3.2, Lifetime Measurements, we
have measured the vibrational lifetimes of the main ">*CN peaks
and the side peaks. The lifetime decay data of the side peak for
the Br™-containing sample is only ~10% different from that of
the main peak (see Figure 5). Lifetimes are sensitive to the
chemical species. If the side peak was the result of a different
moiety, it would not have a lifetime that is so similar to the
main peak. Therefore the side peak can be assigned to S'*CN™.

Figure 3 shows temperature-dependent spectra of the I™-
containing sample. The amplitudes of the main peaks have
been matched. The side peak shows significant temperature
dependence, becoming larger as the temperature is increased.
A plot of the log of the amplitude of the side peak versus 1/T is
shown in the inset, where T is the absolute temperature. As can
be seen in Figure 3, the side peak absorbance is very small,
particularly, at low temperature, and the baseline is not flat.
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Figure 3. Temperature-dependent spectra of Cs,Pb(S"?CN),L,. The
corresponding spectra for the Br™-containing perovskite look very
similar. The amplitudes of the main peaks have been matched at each
temperature. The temperature dependence of the side peak can be
clearly seen. Inset: The temperature-dependent amplitude of the
Cs,Pb(S'2CN),1, side peak plotted as the log of the absorbance vs 1/
T. The data points are fitted to a straight line, indicating an activated
process with an activation energy of ~160 cm™".
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Figure 4. Pump—probe experimental decay data for Cs,Pb-
(S™CN),Br, with the probe parallel and perpendicular polarizations
relative to the pump. The fact that the decays are essentially identical
shows that there is no orientational motion during the times of the
experiments. Therefore, the decay constants are the vibrational
lifetime.
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Figure S. CN stretch vibrational population decays (lifetimes) for
Cs,Pb(S™>CN),Br, (blue) and Cs,Pb(S>CN),I, (red) films, side
peak of Cs,Pb(S'>CN),Br, (green), data (points), and single
exponential fits (solid curves). The main peak lifetimes are identical
within the very small experimental error. The side peak lifetime is very
similar to that of the main peak, demonstrating that the side peak
arises from the S'*CN™ moiety.

Nonetheless, the data points fit well to a straight line, showing
that they arise from an activated process. The activation energy
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is ~160 cm™!, but this number should be considered

semiquantitative, given the weak absorption and the baseline
noise. Temperature-dependent spectra for the Br™-containing
sample look very similar.

Given the results presented in Figures 3 and S, a reasonable
explanation for the side peak is that there are SCN™ sites with
two distinct conformations in the lattice resulting from two
potential wells. The main peak arises from SCN~s that occupy
the lower energy well, and the side peak arises from SCN~s
that occupy the higher energy well. As the temperature
increases, the occupation shifts toward the high energy well.
Only one conformation is observed in the crystal structure.
However, if the barrier between the wells is relatively low,
rapid exchange, for example, within nanoseconds, between the
conformations would likely be seen in the X-ray data as the
average configuration. Furthermore, the perovskite films are
deposited within minutes through spin coating, whereas the
single crystals form in solution over a few days. The faster
deposition of films can kinetically trap metastable intermedi-
ates not seen in the single-crystal structure. The difference in
the conformation between the main >CN peak and the side
peak is likely responsible for the small (10%) difference in the
lifetime.

Although we assign all peaks in the IR spectrum related to
the SCN groups, it is important to note that the experiments
presented below were conducted on the main '*CN bands of
the Br™-and I"-containing samples. There are no contributions
from the side peaks, and the concentration is too low for
resonant *CN—">CN interactions.

3.2. Lifetime Measurements. To determine the vibra-
tional lifetimes of the CN stretch of the SCN™ anions in the
Br™- and I"-containing samples, we performed PSPP measure-
ments in the small-incidence-angle geometry, as described
above. The pump pulse was spectrally filtered with a Hann
window by the AOM pulse shaper to avoid exciting the *CN
stretch band. Essentially, the portion of the IR pulse spectrum
that overlaps with the strong '*CN absorptions was removed
from the pulse spectrum. The elimination of strong absorption
also eliminated the vast majority of sample heating.>
Therefore, it was possible to obtain accurate vibrational
relaxation dynamics of the '*CN bands of the two types of
films.

In a pump—probe experiment, the pump excites vibrations
from O to 1 vibration levels. The excitation to the 1 level
increases the transmission of the probe by partially bleaching
the ground state (more probe transmission) and giving rise to
stimulated emission (amplification of the probe). The initially
excited vibrations tend to have their transition dipoles aligned
with the electric field (E-field) direction of the pump. The
probability amplitude of exciting a vibration is determined by
the dot product of the E-field direction and the transition
dipole direction, which is along the CN bond. The probability
depends on the angle, 8, between the E-field and the CN bond
(transition dipole direction) as cos” 0. The initial signal will be
larger for the probe polarization parallel to the pump pulse
than perpendicular. The signal (increased probe transmission)
will decay as molecules relax from the excited vibrational state
to the ground state. Orientational relaxation, that is, rotation of
the SCN™, will also give rise to the time dependence of the
signal, with the probe parallel signal decaying faster than the
lifetime and the probe perpendicular signal decaying slower
than the vibrational lifetime. As discussed in detail in Section
3.3, there is only a small amount of orientational relaxation,

and it is so fast, ~100 fs, that it does not influence the pump—
probe parallel and perpendicular measurements on the time
scale of the experiments. Therefore, the parallel and
perpendicular signal decays should be the same except for a
multiplicative constant, and the decay time is the vibrational
lifetime (population relaxation).

Figure 4 shows the pump—probe experimental decays for
the Br™-containing samples. The perpendicular curve has been
scaled, so its amplitude matches the parallel curve. Measure-
ments were made on three samples. The results for the I™-
containing samples are analogous. The parallel and perpen-
dicular data are the same within experimental error. These
results demonstrate that the decays do not have an
orientational relaxation component and are governed strictly
by the vibrational lifetime.

Figure S shows the lifetime decays for the Br™- and I"-
containing samples, as discussed above. The data are the points
and single exponential fits are the solid curves for both types of
films. The fits yield vibrational lifetimes of 55.7 + 0.2 and 55.4
+ 0.3 ps for Br - and I"-containing samples, respectively. The
lifetimes are identical within experimental error. The long
vibrational lifetimes provide a considerable time window for
monitoring fast structural changes in the perovskite lattice with
2D IR, as discussed below. Figure S also shows the lifetime
decay of the side peak for the Br™-containing species. Its
lifetime is 50.1 = 0.3 ps.

Vibrational relaxation occurs because the excited vibration,
the 2CN stretch under study, is coupled to other modes in the
system, that is, vibrations and phonons. The majority of the
SCN~, 99%, contains *CN. The *CN stretches on different
anions will be weakly coupled via transition dipole—transition
dipole interactions and can give rise to vibrational phonon
bands (vibrons, i.e., vibrational excitons). However, the low-
concentration '*CN stretch is not resonant with the majority of
IBCN stretches. Therefore, the *CN stretch and the other
vibrational modes of the S"> CN™ are localized vibrations rather
than delocalized vibrons. Because of the very weak interactions
(narrow vibron bandwidth), even the *CN stretches are
considered to be likely localized modes because of the
inhomogeneous site energies and phonon-induced energy
fluctuations (see Section 3.4 below).

Energy must be conserved. Therefore, relaxation of the
2CN stretch must take place through a combination of
vibrations and phonons that is equal to the initial excited-state
energy.”’ In general, coupling via anharmonic terms in the
potential to intramolecular modes, for example, SCN7, is
stronger than to intermolecular modes, for example, phonons
and vibrons. The lowest order relaxation pathway, that is, the
pathway involving the fewest modes, will be favored.” Because
a combination of intramolecular modes is unlikely to exactly
match the initial excited-state energy, ~2084 cm™! for both the
Br™- and I -containing samples, relaxation will occur by
exciting several lower frequency vibrations of SCN™ and one or
more phonons. SCN™ has three internal modes in addition to
the CN stretch, the S—C stretch, and two degenerate SCN
bends, which have frequencies of ~743 and ~470 cm™.**" A
likely relaxation pathway would be through the annihilation of
the CN stretch, the creation of three S—C stretches for a total
of ~2229 cm™, and the annihilation of a phonon to conserve
energy. The CN stretch energy is ~2084 cm™'. Room
temperature is about 200 cm™. A thermally populated phonon
of ~145 cm™' would be annihilated. In addition to the
coupling strengths of the initial vibration to the other modes,
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the magnitude of the phonon density of states at 145 cm™" will
in part determine the rate of relaxation. Given the constituents
of the lattice, it is reasonable to assume that there is a
significant phonon density of states at 145 cm™. Another
possible pathway would be the relaxation of the initially excited
CN stretch by creating two S—C stretches and one bend,
which equals 1956 cm™, and the creation of a 129 cm™
phonon. Again, there is likely to be a significant phonon
density of states at 129 cm™". Both of these processes are fifth
order, and both may be involved in the relaxation. Since the
first process requires a thermally populated phonon, a
temperature-dependent study might be able to determine the
contribution of the possible pathways.

The CN stretch lifetimes in the Br~ and 1™ perovskites are
essentially identical. As discussed immediately above, the
vibrational relaxation pathway likely involves the creation of
three SCN™ low-frequency modes and either the creation or
the annihilation of a low-frequency phonon. The CN stretch
frequencies in the two types of perovskites are virtually the
same, which is a strong indication that the S—C stretch and
bend frequencies of the two perovskites are also virtually
identical. Therefore, the frequencies of the phonons involved
in the relaxation will be almost the same as well. Creation or
annihilation of a phonon depends on the coupling to the
phonon and the density of states at the phonon frequency.
Replacing Br™ with I” will change the phonon spectrum, for
example, reduce the Debye cutoff for the acoustic phonons.
The fact that the Br™ and the I" perovskites have the same
vibrational lifetimes implies that the part of the phonon
spectrum that is coupled to the CN stretch is unaffected by the
change in mass of the halide anion.

The lifetimes measured here are considerably longer than
the CN stretch lifetime in (MA),Pb(SCN),l,, which is 11.6 +
0.1 ps. The most significant difference is the high-frequency
modes of the ammonium cation. These will give rise to narrow
vibrational exciton bands that have approximately the
frequencies of the ammonium vibrational modes. To
determine if the ammonium vibrational modes contribute to
the substantially shorter lifetime in (MA),Pb(SCN),l, versus
the two inorganic perovskites studied here, the CN lifetime in
the deuterated variant (MA-d,),Pb(SCN),l, was measured in
the same manner as the other lifetimes. The CN stretch in
(MA-dy),Pb(SCN),I, has a lifetime of 7.4 + 0.1 ps, which is
considerably shorter than in (MA),Pb(SCN),I, (Figure S8).
As the deuteration will not change the lattice structure and
leaves the phonon spectrum almost unchanged, the difference
in lifetime must arise from the substantial differences in the
vibrations of (MA),Pb(SCN),l, versus (MA-d,),Pb(SCN),L,,
demonstrating the importance of the ammonium vibrational
modes in the fast CN vibrational relaxation of (MA),Pb-
(SCN),L,.

We can only speculate on why (MA),Pb(SCN),I, has faster
CN vibrational relaxation than the Br™/I” systems, but there
are some qualitative considerations that are intriguing. The N—
H stretches are ~3050 cm™!, and the C—H stretches are
~2950 cm~'. These are unlikely to participate in the
vibrational relaxation of the CN stretch at ~2084 cm™.
Annihilation of the CN mode and creation of an N—H or C—
H stretch would require the annihilation of a phonon in the
900—1000 cm™' range, which would have a very low
probability of thermal excitation and probably does not exist
in the phonon spectrum. Energy could be conserved by
annihilating several lower frequency phonons, but this would

lead to an unfavorable high-order process. However, there are
two bends at 1418 and 1536 cm™ in MA.*® Annihilation of the
CN stretch, creation of the S—C stretch (743 cm™), creation
of one of the MA bends, and annihilation of a phonon (~100
ecm™) would result in fourth-order processes. The proposed
mechanisms for relaxation of the CN stretch in the Br™/I”
systems are both fifth order. The lower order of the process in
(MA),Pb(SCN),I, would probably result in faster relaxation.*

The even faster relaxation of the CN stretch in the MA-dj
perovskite could be a result of the lower frequency vibrational
modes of the deuterated methylammonium. For example, MA-
dg has a C-D stretch at 2129 cm™".* Annihilation of the CN
stretch, excitation of this C—D stretch, and the annihilation of
a 45 cm™' phonon would be a third-order process.
Alternatively, there is an MA-d¢ N—D stretch at 2282 cm™'
requiring the creation of a 198 cm™" phonon, which would also
be a third-order process. Both of these phonons are thermally
populated at room temperature. All of the N—D and C-D
stretches have similar frequencies. Therefore, there are a large
number of third-order pathways that will be involved to an
extent determined by the coupling constant, the phonon
density of states, and the thermal phonon occupation number
for each pathway.” These third-order pathways will likely
result in faster vibrational relaxation than the fourth-order
process discussed above for the protonated MA perovskite.

3.3. Anisotropy Measurements. When a probe ion or
molecule, for example, SeCN~, is placed in a liquid,
orientational relaxation will occur as a result of orientational
diffusion.”® In a liquid, a probe molecule will sample all
orientations on some time scale. In an isotropic 3D system
(transition dipoles point randomly in all directions), the
parallel and perpendicular signals are related to the population
relaxation P(t) and the second-order Legendre polynomial
orientational correlation function C,(t) by

I = [1 + 0.8C,(t)] x P(t)
I, =[1 = 04C,(t)] X P(t) (2)

Then, the population relaxation (exponential lifetime decay)
is given by

P(t) = [I(t) + 21,()1/3 3)

and the time-dependent orientational anisotropy (orientational
relaxation) is*">?

_ I||(t) - L(t) _
r(t) = —I”(t) 0] = 0.4C,(t) @

Equation 4 relates PSPP experiments to the orientational
dynamics obtained by measuring the polarization components
of the probe pulse parallel and perpendicular to the pump
pulse. The data give r(t), the anisotropy. For an isotropic
system, multiplying r(t) by 2.5 (eq 4) yields the second
Legendre polynomial orientational correlation function, C,(t).
The polarized pump pulse excites an anisotropic distribution of
molecules into the first vibrational excited state determined by
the dot product of the E-field direction and the direction of the
vibration’s transition dipole quantity squared. The initial
distribution of excited transition dipoles is cosine-squared.
The distribution looks like a 2p orbital probability distribution.
This results in more probe signal when the probe polarization
is parallel to the pump polarization (II) than when it is
perpendicular (L). In a liquid, eventually, all molecules
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randomize their directions, and I and I, become identical if
the vibrational lifetime is sufficiently long to see the complete
orientational randomization of the probe molecules. The signal
decays to zero.

However, even for the case of molecules in a simple liquid,
r(t) is not observed to begin at 0.4, the maximum value of the
anisotropy (see eq 4). There are extremely fast (tens of
femtoseconds) inertial motions that are generally too fast to
measure their decay constant. However, the amplitude of the
inertial decay can be determined by extrapolating the measured
decay curve, which begins somewhat after t = 0, back to t = 0.

For the perovskites studied here, the CN transition dipoles
are not randomly distributed in a single crystal. Spin coating
results in thousands of crystallites within the laser beam. These
crystallites have their surface planes essentially parallel to the
plane of the substrate but have random orientations in the
plane.'” The SCN™ makes a 17° angle with the plane (CN
transition dipole direction).”® Hence, the isotropic 3D model
cannot properly describe orientational motions of SCNTs.
Instead, as shown in previous publications,””* the observed
parallel and perpendicular signals are given by

I = [1 —2(S) + C(t) + %Cmip(t)} X P(t)

L= [1 — 2(S) + C(t) — %cmip(t)] X P(t) "

where (S) is the order parameter, C°®(t) and C™P(t) are the
out-of-plane and mainly in-plane components of the orienta-
tional correlation functions, respectively. The orientational
motions of SCN7s in their lattice sites are highly restricted.
Complete orientational relaxation will not occur. However,
ultrafast librational motions can occur. The observed
anisotropy can convey information about the librational
motions of the SCNTs.

As discussed above, the experiments were conducted on
2CN at 1% concentration to eliminate vibrational excitation
transfer between identical CNs. At this concentration, nearby
SCN™ anions will contain '*CN, which is not resonant with the
2CN. Therefore, vibrational excitation transfer will not
produce orientational relaxation by transferring the excitation
between SCN™ with transition dipoles pointing in different
directions. The blue curve in Figure 6A shows anisotropy data
for the Br -containing sample at 1% '*CN concentration. As
anticipated, within the signal-to-noise ratio, the anisotropy,
r(t), is time independent, demonstrating that there is no
diffusive orientational relaxation, in contrast to a liquid. The
data show the same lack of orientational relaxation for the I"-
containing sample.

Wobbling-in-a-cone theory applies when the complete
orientational relaxation cannot occur,”>™>” and it can be
utilized to evaluate the inertial motions of the SCN~s, which
are quantified by the cone angle, in this case, the angular range
that the SCN™ samples as it undergoes librational motion. The
modified wobbling-in-a-cone theory has been developed for
uniaxial systems, which is referred to as the tilted cone
model.”*** Figure 6B shows an illustration of the tilted cone
model. Since our experimental time window begins after and is
much longer than the time scale of the inertial motions, we can
evaluate (S), C°P(¢), and C™P(t) in the infinite time limit. (The
full time-dependent equations have been presented.”") The
infinite time equations are given by
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Figure 6. (A) Anisotropy decay of the S'?)CNT anions of
Cs,Pb(S"*CN),Br,. The decay for the I" perovskite is similar. The
data are horizontal within experimental error, demonstrating that after
ultrafast librational motions, there is no further orientational
relaxation. (B) Schematic of the wobbling-in-a-tilted-cone model.
The cone axis is tilted by 6, from the planar surface normal. The
wobbling (librational) cone half angle is 6.

3cos’ 6, — 1
(8) = 208 T os 0-(1 + cos 6¢) ()
o (3cos® 6, — 1)
C%®(t) = 176t[cos O(1 + cos 6.)T )
Cm(6) = S s 0.1 + cos BT
= cos cos
4 ¢ ¢ (8)

where 6, is the tilt angle and 6 is the cone half angle, that is,
the half angle of the librational motion. 8, is the tilt angle from
the normal to the plane. From the crystal structure, 6, is 73°.
Using eqs 6—8 in eq S and substituting these into eq 4 give the
expression for r(t). The result is an equation that describes the
observed anisotropy data in Figure 6B when consideration of
the pump—probe crossing angle is included (see the
Supporting Information). There is only one adjustable
parameter, 0, which was determined to be 13 + 2° for the
Br™-containing sample. Although we do not have the single-
crystal structure of the I -containing sample, given the
similarities in measurements on the two perovskites presented
in this paper, we will assume that their SCN™ tilt angles are
very similar. If 6, is also 73° in the I"-containing sample, its O
is found to be 16 + 2°. We found that a variance of 2° in the
tilt angle only changes the cone angle by ~0.1°. Within the
error of the measurements, the librational cone angles are the
same for the two perovskites.

3.4. 2D IR Spectral Diffusion Measurements. The 2D
IR experiments measure spectral diffusion and the homoge-
neous contribution to the absorption line shape. The frequency
of a CN stretch is in part determined by its environment.
Intermolecular interactions shift the vibrational frequency. If
the vibrations of an ensemble of molecules experience different
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intermolecular interactions, there will be a range of vibrational
frequencies, that is, inhomogeneous broadening. In the
perovskites, if the environments of the SCN”s are continually
interconverting among the range of frequencies in the
inhomogeneously broadened spectrum, their frequencies will
fluctuate. This frequency evolution is spectral diffusion.
Spectral diffusion is caused by structural fluctuations. There-
fore, measuring the temporal dependence of spectral diffusion
is measuring the time-dependent perovskite lattice structural
fluctuations.

The CN moiety has a large and well-characterized first-order
Stark coupling.sg_61 Therefore, a possible source of spectral
diffusion in the perovskites is structural changes in the
environments of the SCN™ anions that give rise to changes
in the electric field along the CN bond. A component of the
structural fluctuations that is very fast compared to the range of
frequencies sampled (A7 < 1, see eq 1) results in motional
narrowing and produces a homogeneous contribution to the
absorption line shape. The homogeneous contribution is not
T,-dependent, so it does not contribute to the CLS(T,,) and is
not part of the measured spectral diffusion.

Figure 7 shows 2D IR spectra of the Br~ (top) and I~
(bottom) perovskites at two T,s, 4 and 80 ps. Given the
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Figure 7. 2D IR spectra of the CN stretch of the Cs,Pb(S'*CN),Br,
and Cs,Pb(S'*CN),, films at two times, T,, = 4 and 80 ps. The white
dots define the center line. The change in the center line slope with
T,, CLS(T,,), gives the normalized frequency—frequency correlation
function.

samples have absorbances of ~1 mOD (0.001 absorbance), the
signal quality is high because of the use of the near Brewster’s
angle reflection geometry.*”*"** The line of white dots in each
spectrum defines the center line.”” The change in slope of the
center line with T, the CLS(T,,), gives the normalized FFCF.
Although the observed changes in slope with time (T,,) are
small, they are readily measured. From CLS(T,) and the
FWHM of the absorption line, the complete FFCEF, including
the homogeneous contribution, is determined.>”*® The 2D IR
spectra were acquired only from the '*CN band by pumping
with AOM pulse shaping to avoid CLS oscillation caused by

the vibrational coupling between the ">CN and '*CN bands.**
Because the I™-containing samples scatter substantially more
than the Br™-containing samples, an eight shot phase cycling/
chopping sequence was used to remove the scatter
contribution from the 2D spectra,é3 and the >CN ratio was
increased to 2% to enhance the signal-to-noise ratio. PSPP
measurements confirmed that there was no excitation transfer
after increasing the isotope ratio.

Figure 8 displays the CLS(T,,) decays for the Br™- (top) and
I" (bottom)-containing samples. The data shown in Figure 8
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Figure 8. CLS(T,) decays of the CN stretch of the Cs,Pb-
(S™CN),Br, (blue) and Cs,Pb(S"*CN),I, (red) films. The dots are
the data, and the solid curves are fitted to a single exponential decay
with an offset. The difference between the T, = 0 and 1 gives the
homogeneous component of the line shape. CLS(T,,) decays show
that there are inhomogeneous broadening and structural fluctuations
sensed by the CN moiety. Within experimental error, the structural
fluctuation-induced spectral diffusion is the same for the two
perovskites. The offset indicates that there is also static inhomoge-
neous broadening from, for example, crystal lattice strains.

are the average of data from three independent samples. The
decay curves were fit to a single exponential plus an offset. The
offset reflects dynamics that are too slow to measure, given the
experimental time window determined by the vibrational
lifetime. Formally, the CLS(T,), which is the normalized
FFCEF, begins at 1. Extrapolating the data back to T\, = 0, it is
seen that the initial experimental values are well below 1. The
difference between 1 and the experimental initial value of the
CLS(T,,) is related to the homogeneous contribution to the
absorption line shape and is used to obtain it. Given the
experimental error in extrapolating the curves to T,, = 0, the
two values are very close at 0.31 + 0.12 and 0.27 + 0.02 for the
Br™- and I -containing samples, respectively. The CLS(T,,)
decays are also the same within experimental error, that is, 24.6
+ 3.3 and 20.4 + 1.8 ps for the Br™- and I"-containing samples,
respectively. The observed decay reflects a partial sampling of
the inhomogeneous spectrum.

https://doi.org/10.1021/acs.jpcc.2c03516
J. Phys. Chem. C 2022, 126, 10145-10158


https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03516?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03516?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03516?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03516?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03516?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03516?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03516?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03516?fig=fig8&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c03516?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

Even after 80 ps, which is the probe vibrational lifetime
limited time window of the measurement, the CLS(T,,) is
significantly above 0. This demonstrates that there is structural
inhomogeneity that is not sampled within 80 ps. One
possibility for the additional inhomogeneity is that there is a
static component to the inhomogeneous broadening. A static
component could be caused by, for example, crystal strains.
Strains slightly change the local lattice parameters, which in
turn change the CN frequencies by changing the interactions
of the CNs with the surrounding ions. As mentioned above,
CN is very sensitive to electric fields through the first-order
Stark effect.*™®" Strain-induced changes in ion positions will
change the electric field along the CN axis, shifting the
frequency. A range of strain amplitudes and directions in the
crystallites that make up the films could result in static
variations in CN frequencies, that is, static inhomogeneous
broadening. The second possibility is that at least some of the
long-time inhomogeneous broadening is dynamic, and in
addition to the observed ~20 ps decay, there is a much slower
decay. Fits with a second decay of >20 ns are indistinguishable
from the fits with a static offset. Therefore, we cannot
determine the nature of the long-time behavior of the
inhomogeneous broadening. However, the size of the offset
used in the fits varied somewhat from sample to sample. This
variation suggests that at least some of the offset is caused by
strains and possible defects that arise from differences in the
crystallites that occur in spin coating.

The absorption spectrum has homogeneous and inhomoge-
neous components. We used the CLS(T,) decays and the
FWHM of the absorption spectra to obtain the full FFCFs
using a recently developed extension of the CLS method®”*®
that employs artificial neural networks.”* Within experimental
error, the results for the Br™ and I” perovskites are the same.
The homogeneous line width of both perovskites was found to
be ~2.8 cm™'. The inhomogeneous width is 2 cm™, and the
total line width is 4 cm™. Therefore, the homogeneous
broadening is somewhat larger than the inhomogeneous
broadening.

Homogeneous broadening comes from the direct coupling
of the CN stretch frequency to phonons. Skinner and co-
workers utilized a nonperturbative theoretical method to
analyze vibrational line shapes from experimental data for both
ionic crystals and molecular crystals.” ™" The detailed results
showed that the homogeneous broadening in crystals is
through phonon modulation of the vibrational transition
frequency. A single coherent phonon is a wave that can, for
example, modulate the density of the crystal at the site of a
vibration. A great number of thermally populated phonons will
have a wide range of frequencies and relative phases. In the
perovskites studied here, the samples are at room temperature,
that is, kyT = ~200 cm™'. Phonons from low frequency to
frequencies greater than 200 cm™" will be thermally populated.
Without knowing the phonon dispersions and the phonon—
vibration (vibron) coupling, we cannot say which types and
frequencies of phonons are responsible for homogeneous
dephasing. However, it seems clear that there will be very rapid
modulations of the ensemble of CN vibrational frequencies,
which will result in motional narrowing and, therefore,
homogeneous dephasing. Temperature-dependent 2D IR
measurements of the homogeneous line widths could shed
light on the mechanism that gives the homogeneous line width.

While homogeneous dephasing arises from the direct
coupling of phonons to the CN stretch, spectral diffusion is

different. The phonon motions cause the vibrational
frequencies to fluctuate. Spectral diffusion is caused by time-
dependent structural changes in the surrounding Ilattice
environment of SCN7s. At a given time, different CNs are
experiencing different lattice environments producing different
CN frequencies. As discussed above, some of the distinct
lattice environments are static or very long-lived. Others are
dynamic on a relatively short time scale and can be driven to
change through coupling to the thermal bath (phonons).
Figure 9 shows a heuristic illustration of the spectral diffusion.

absorption spectrum Combined linewidths
8 ) homogeneous
§ L slow or static inhomogeneous
f [ fast dynamic inhomogeneous
=
7]
2t
«<
frequency
slow or static inhomogeneous
- broadening distribution
. A
o0 L
s fast dynamic inhomogeneity
g - spectral diffusion
i I kyT

frequency

Figure 9. Schematic illustration of the inhomogeneous contributions
to the lineshape. Structural dynamics that give rise to spectral
diffusion are indicated by the blue curved arrows representing
transitions among transitory structural configurations on the energy
landscape. Changes in the CN’s environment cause changes in
intermolecular interactions that result in the frequency of the CN
stretch to fluctuate. The convolution of the dynamic and static
inhomogeneous broadening comprises the inhomogeneous portion of
the CN absorption spectrum. The homogeneous broadening is an
additional contribution to the line shape.

The CNs experience a range of environments, which result in
different intermolecular interactions and, therefore, different
vibrational frequencies. Then, for a short time, the CNs reside
in environments that are at local energy minima, illustrated in
Figure 9. Thermal fluctuations can cause an environmental
change, resulting in transitions from one local minimum to
another on the energy landscape (curved arrows in Figure 9).
In the diagram, the minima are all of the same depth. In the
lattices, there will be a range of depths. The structural
evolution results in the CN frequency evolution, which is
spectral diffusion. The 2D IR experiment is carried out to
measure the time dependence of the spectral diffusion and,
therefore, the time dependence of the structural changes that
cause the CN frequency to change.

The fact that the Br™ and I perovskites have the same
spectral diffusion dynamics within experimental error means
that their energy landscapes are the same or very similar. The
absorption line shapes are essentially identical (see Figure 2
inset). The absorption line shape is determined by
homogeneous and inhomogeneous contributions. The 2D IR
experiments show that both of these contributions are the
same for the Br~ and I” perovskites. In addition, the CN
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vibrational lifetimes are the same in the two types of
perovskites. Therefore, the change from one halide to the
other in these two perovskites does not change the lattice
structural dynamics or the range of inhomogeneous energies
reported by the CN vibration. It is important to emphasize that
lattice structural dynamics, manifested as spectral diffusion,
homogeneous broadening, or static inhomogeneous broad-
ening that do not couple to the CN frequency will not be
observed in these experiments.

It is not known what is responsible for the observed dynamic
spectral diffusion, that is, dynamic inhomogeneity. The
following speculations on possible mechanisms for spectral
diffusion are only intended to indicate why the 2D crystal
lattice can be dynamic. One possibility is that there are
dislocations in the lattice. The lattice structure is the same on
either side of a dislocation, but the lattice structure is displaced
by some amount. Movement of dislocations, known as glide or
slip, occurs in lattices.”® The 2D layered nature of the
perovskites studied here and previously’* may be amenable to
dislocations and slip driven by phonons. The SCN™ environ-
ment, for example, electric fields, would be expected to be
different near a dislocation than in other locations in a crystal.
Dislocations could cause inhomogeneous broadening, and slip
could result in time-dependent CN frequencies, that is, spectral
diffusion.

Another possibility is a mechanism in which phonons drive
the formation of shallow short-lived potential wells associated
with a distorted structure. The perovskite is composed of 2D
planes. Phonons will distort the planes both in plane and out of
plane. At room temperature, the phonons are relatively
localized propagating wave packets rather than fully delocalized
waves. These wave packets will cause relatively local distortions
of the lattice planes. It may be possible that phonon
modulations of a 2D plane result in local distortions that
lower the cohesive energy. The result would be relatively
shallow potential wells that maintain the distortions for a short
time after the phonons are no longer present. In some sense,
this is like a molecular Jahn—Teller distortion, but here,
thermal energy is required to drive a lattice distortion rather
than having the intrinsic nature of the molecular orbitals drive
the distortion. Distortion of the high-symmetry 2D plane
results in lowering the energy. Shallow potential wells are
created. There is enough thermal energy to activate the
distorted structures out of the wells. A wide range of such
distortions of the planes with a wide range of well depths might
exist. These local transitory distortions change the environ-
ments of the SCN™ and therefore the CN frequencies. The
shallow wells lead to fast spectral diffusion. Such distortions,
although longer lived than phonon distortions, are transitory
with short lifetimes. Therefore, like direct phonon-induced
distortion, they would not show up in the X-ray structure. Such
distortions have been observed in the photoexcited states of
2D lead-bromide perovskites through transient absorbance
measurements and are associated with exciton self-trapping.®”
Here, it is suggested that the distortions occur in the absence
of electronic excitation.

It is interesting to note that the spectral diffusion of the CN
stretch of SCN™ in (MA),Pb(SCN),I, is ~4 ps compared to
the ~20 ps for the two perovskites studied here.”* As discussed
in connection with the differences in the lifetimes of the CN
stretch in (MA),Pb(SCN),I, compared to the Br~ and I~
perovskites, the presence of the MA group adds degrees of
freedom, and orientational motions of the MA may contribute

to the faster structural fluctuations. The absorption line width
of the (MA),Pb(SCN),I, "*CN stretch is ~7.5 cm™" compared
to ~4 cm™' for the Cs perovskites. As the CN-reporting
species are identical in the two types of perovskites, the
broader line width in the MA perovskite indicates a wider
range of structures. It is possible that these differences arise
from the rotational freedom of the methyl and ammonium
groups of (MA),Pb(SCN),1L,.

4. CONCLUDING REMARKS

Here, we have presented a detailed study of the lattice
dynamics of two inorganic pseudohalide 2D perovskites,
Cs,Pb(SCN),Br, and Cs,Pb(SCN),I,. The 2D IR experiments
(see Figures 7—9) showed that the absorption spectra are
inhomogeneously broadened, and both perovskites undergo
spectral diffusion of the CN stretch frequency. The observation
of spectral diffusion demonstrates that not only there are
distinct structural environments for different SCN™ anions but
also these structures interconvert on a 20 ps time scale.
Previously, 2D IR experiments showed that the 2D perovskite,
(MA),Pb(SCN),I,, also underwent spectral diffusion.”* The
perovskites studied here do not have an organic cation.
Perhaps, the most important result from the current study is
the direct observation of fast structural evolution (spectral
diffusion) in all-inorganic 2D perovskites, which shows that
structural dynamics do not require organic cations. A time-
independent low-frequency Raman scattering study of the 3D
CsPbBr; perovskite using line shape analysis indicated that
intrinsic local polar fluctuations of the lead halide perovskite
structure did not require dipolar organic cations.”® The 2D
perovskite study presented here allowed us to use a vibrational
probe (SCN™), which would disrupt the structure of a 3D
perovskite. However, we can reasonably extend our con-
clusions about picosecond timescale lattice dynamics to 3D
perovskites regardless of the A-site cation (organic or
inorganic). The local and/or mesoscopic lattice structure
varies with location, and the structural variations fluctuate on a
picosecond timescale (see the schematic illustration in Figure
9). The observation of these structural fluctuations can have
profound implications for the properties of the electronic
excited states. The structural fluctuations can influence exciton
transport and exciton self-trapping and may play an important
role in the mechanism of “white” light emission from certain
2D perovskites.”” An exciton or charged particle is not moving
in a perfect lattice subject only to phonon scattering. These
species are moving in imperfect inhomogeneous lattices and
can be scattered, trapped, and detrapped by the time evolution
of the environments they are moving through.

In addition to 2D IR experiments, the reflection geometry
PSPP experiments were performed to determine the CN
stretch vibrational lifetimes and the anisotropy dynamics
(orientational dynamics) of the 2D perovskite thin films. The
lifetimes of the Br™ and I” perovskites were the same within
experimental error (55 ps; see Figure S). The fact that the
lifetimes are the same shows that the CN vibration couples to
the phonon bath independent of whether the halide anion is
Br~ or I". Changing the halide will change the phonon
dispersion to some extent but not in a manner that affects the
CN stretch vibrational energy deposition into the phonon
bath. Thus, from the perspective of the CN, the phonon
density of states and the coupling of the high-frequency CN
stretch to the phonon bath are unchanged.
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Anisotropy measurements on the low-concentration (1%)
S'CN~ anions’ CN stretch showed an initial decay of the
orientation of the SCN7s caused by ultrafast librational
motions. Within error, the extent of the decays for the two
types of perovskites was the same. At a longer time, the
anisotropy did not decay, which is expected as the SCN~
anions’ orientations are fixed by the lattice except for the
librational motions.

Future experiments will include detailed studies of the
anisotropy of these and other 2D perovskites and measure-
ments with a visible pump (~400 nm) to produce excitons
followed by nonlinear IR experiments. Of particular
importance will be 2D IR spectroscopy after visible pumping,
By chopping the visible pump, we can obtain 2D IR data for
the electronically excited states. These experiments have the
potential to measure lattice structural dynamics and spectral
diffusion in the electronic excited states, that is, in the presence
of excitons.
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