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ABSTRACT: Layered halide perovskites are candidates for
applications, including solar cells, light-emitting diodes, and
photodetectors, because of their diverse photophysical properties.
Interplay between charge carriers and structural dynamics underlies
the properties of perovskites. Here we report the first
selenocyanate-based two-dimensional (2D) perovskite, Cs,Pb-
(SeCN),Br,. We investigate the lattice dynamics of this novel
perovskite using ultrafast nonlinear infrared experiments. The CN
stretching mode is used as the vibrational probe. It has a long
vibrational lifetime, providing an extensive observational time
window. The CN stretch of Cs,Pb(SeCN),Br, has a much longer
lifetime than the structurally analogous Cs,Pb(SCN),Br,, as a
result of differences in vibrational energy relaxation pathways. Two-dimensional infrared spectroscopy was used to measure the
homogeneous and inhomogeneous broadening of the CN absorption line. The results demonstrate that there is inhomogeneous
broadening and spectral diffusion, i.e., inhomogeneous lattice structures undergo structural fluctuations. It is shown that the spectral
diffusion has a constant component, which likely arises from permanent inhomogeneity of crystallites that compose the spin-coated
thin films, e.g., from lattice strains. In comparison to Cs,Pb(SCN),Br,, Cs,Pb(SeCN),Br, displays more inhomogeneous broadening
and less homogeneous broadening, which is caused by coupling to phonons, and the spectral diffusion is approximately a factor of
two slower. Analysis of the angular range of librational motions of the SeCN™, measured with polarization-selective pump—probe
spectroscopy, provides the librational angular well potential energy, which is lower than that of the Cs,Pb(SCN),Br,. Comparison of
the SeCN- and SCN-containing 2D perovskites provides information on the effects of chalcogen substitution on lattice dynamics.
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1. INTRODUCTION

Two-dimensional (2D) layered perovskites have been

(SCN),Br,, which has excellent performance in photodetector
applications.'”

employed for various optoelectronic technologies owing to
their photophysical properties and inexpensive syntheses.'’
The general formula of 2D perovskites is A,BX,, where A is
frequently a monovalent organoammonium cation, B is a
divalent metal ion, and X is a halide anion. They adopt a
layered structure, with corner-sharing [BX,] octahedra sheets
sandwiched between layers of A-site cations, which can result
in higher stability in devices compared to their 3D analogs.”*’
The structure of 2D perovskites is highly tunable. For example,
the terminal axial halide can be replaced by a linear
pseudohalide, SCN7, resulting in a 2D mixed halide-
pseudohalide perovskite. Here, the longer SCN™ effectively
separates the inorganic layers such that smaller A site cations
(e.g, Cs*, CH3NH;*) can be used. This results in several
halide-pseudohalide 2D perovskites featuring shorter interlayer
distances compared to the typical all-halide layered perovskites,
which have been proposed to result in smaller exciton binding
energies.'”~'> Among these pseudohalide 2D perovskites, the
all-inorganic materials are particularly interesting due to their
enhanced stability.''~"* The first purely inorganic pseudoha-
lide 2D perovskite single-crystal reported was Cs,Pb-
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There have been extensive efforts to investigate the
dynamical properties of 2D perovskites. Their deformable
and highly polar lattices play a central role in the excited-state
dynamics by exciton- or charge-lattice interactions.'™" Tt is
desirable to understand how the dynamic structural disorder
facilitates charge localization, potentially influencing device
performance. The structural tunability of 2D perovskites makes
them useful for elucidating their complex structural properties,
which can aid in tailoring photophysical properties.'*™"® The
nitrile stretch in 2D pseudohalide perovskites provides a very
useful vibrational probe of lattice dynamics. In addition, the all-
inorganic 2D perovskites remove the internal degrees of
freedom of organic cations, which leaves only the dynamics of
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the inorganic octahedral layers. Recently, the dynamic lattice
disorder in 2D pseudohalide perovskites was observed by two-
dimensional infrared (2D IR) spectroscopy using the nitrile
stretch as the vibrational probe. The first experiments were
performed on an organic—inorganic perovskite:
(CH3;NH;),Pb(SCN),I,. The absorption spectrum was
shown to be inhomogeneously broadened, and spectral
diffusion was determined to occur with a time constant of
4.1 + 0.3 ps, which is a measure of the rapid interconversion
between local structures.'” We extended the studies of
structural dynamics to the purely inorganic perovskites
Cs,Pb(SCN),Br, and Cs,Pb(SCN),I,, which revealed that
the spectral diffusion is slower in these perovskites with time
constants of 25 and 20 ps, respectively.”” The CH;NH," cation
has orientational degrees of freedom, which Cs* does not have.
The loss of these orientational degrees of freedom in the Cs*
perovskite may result in less dynamic inhomogeneity. This
reduction will occur if CH;NH;" assumes different orientations
that are not librational motions but rather quasi-stable
orientations that exist for a non-negligible length of time,
e.g, picoseconds. Upon replacing CH;NH;" with Cs’, the
remaining dynamic disorder observed likely stems from
fluctuations in the lead halide-pseudohalide sheets. The local
dynamics of 2D octahedra distortions that occur on the
timescale of several picoseconds have been suggested to be the
origin of the dynamic local disorder of 3D lead halide
perovskites.”' Therefore, tracking the local structural dynamics
of 2D octahedra layers is fundamental to a full understanding
of the optoelectronic properties of lead halide perovskites
regardless of their dimensionality.

Motivated by the previous work, we have expanded the
family of all-inorganic X-site substituted 2D perovskites, and
characterized the change in dynamic lattice disorder when the
structure is modified. We synthesized the first example of an
SeCN-containing 2D perovskite Cs,Pb(SeCN),Br, through a
solution-state crystallization method. The selenocyanate-based
perovskite permits further investigations of the inorganic cage
motion. The considerably longer vibrational lifetime of the CN
stretch of selenocyanate provides a substantially increased 2D
IR experimental time window, which facilitates a more
complete observation of the dynamical lattice disorder. We
also performed an investigation of the SeCN™ librations in the
Cs,Pb(SeCN),Br, lattice and compare them to the librations
of SCN™ in Cs,Pb(SCN),Br, via the polarization-selective
pump—probe (PSPP) spectroscopy. The vibrational lifetime of
the "*C'N stretch of the SeCN-perovskite was found to be
very long, 213.4 + 0.8 ps. The long lifetime is discussed in
terms of the internal modes of the anions and coupling to
lattice phonons.

2. EXPERIMENTAL METHODS

2.1. Synthesis of Isotopically Doped Pb(SeCN),. Solid
Pb(NO;), (40.0 mg) and KSe’C"N (35.1 mg) were
separately dissolved in 0.4 mL of water. The Pb(NO;),
solution was cooled in an ice bath while stirring, then mixed
with the KSeCN solution. The solution was stirred for 10 min,
yielding a colorless powder of Pb(SeCN), with
Se*CSN:Se'?C'*N:Se'?CMN = 97.4:0.6:2%. The concentra-
tion of Se'>C**N is too low to be measured. The KSe'*C"*N as
purchased had isotope concentrations of ~99% '3C and ~98%
I5N. The Pb(SeCN), was filtered and dried under reduced
pressure overnight. The product was stored in a nitrogen

glovebox, avoiding light. The same procedure was used to
synthesize isotopically undoped Pb(SeCN), using KSeCN.

2.2. Preparation of Cs,Pb(SeCN),Br, Samples.
2.2.1. Single Crystals. Solid Pb(SeCN), (68.0 mg) and CsBr
(20.0 mg) were combined with 170 uL of tetrahydrofuran and
170 uL of dimethyl sulfoxide in a 4 mL scintillation vial in a
nitrogen glovebox. The mixture was heated at 60 °C for 10
min. Then, the mixture was filtered through glass microfiber
filter paper to yield a light-yellow solution. Dichloromethane
was allowed to diffuse into the solution to afford yellow plate-
like crystals, among many other side phases.

2.2.2. Powders. Solid CsBr (90.0 mg) and Pb(SeCN), (88.2
mg) were loaded into a milling bowl with Zirconia balls (ca. 4
g) in a nitrogen glovebox. The lid was sealed with electrical
tape to avoid oxidation from the air. After milling at 800 rpm
for 3.5 h, the bowl was transferred into the glovebox and
opened. The phase-pure yellow powder product was separated
using toluene and dried under reduced pressure overnight.

2.2.3. Thin-Film Preparation. The Cs,Pb(SeCN),Br, films
were spin-coated onto SiO,-coated (100 nm) CaF, substrates
in a nitrogen glovebox. Solid CsBr (30.0 mg) and isotopically
doped Pb(SeCN), (29.4 mg) at a molar ratio of 2:1 were
dissolved in 400 uL of a 1:1 N,N’-dimethylformamide and
dimethyl sulfoxide solvent mixture. Mild stirring with heating
was applied to fully dissolve the CsBr. The colorless solutions
were filtered before spin coating. The precursor solution (100
uL) was loaded 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, resulting in a color change
from colorless to yellow. The films were ~100 nm thick. The
phase purity of the films was assessed by powder X-ray
diffraction (PXRD) and compared with the simulated pattern
(Figure S2).

2.3. Nonlinear Infrared Spectroscopy. 2.3.1. 2D IR
Experiments. The ultrafast IR experiments were conducted
with a Ti:Sapphire oscillator/regenerative amplifier producing
800 nm pulses (~70 fs, 6 W, 3 kHz). Mid-IR pulses are
generated by a home-built optical parametric amplifier pumped
by the 800 nm pulses. The pulses were centered at 2090 cm™
with a ~90 cm™ full width at half maximum (FWHM)
bandwidth. The 2D IR and PSPP experiments employed a
germanium acousto-optic modulator (AOM) pulse shaper.””
The 2D IR experiments used a pulse sequence of three IR
pulses (~160 fs). The two pump pulses have controlled phases
and delay time 7, and the third probe pulse arrives after a
waiting time of T,,. The first two pulses and phase cycling to
reduce scattered light were generated by the pulse shaper, and
a beam split off prior to the pulse shaper by a ZnSe beam
splitter produced the third pulse. The T,, delay was set by a
mechanical delay line. These three pulses were focused into the
sample, and the third pulse stimulated the collinear emission of
the vibrational echo pulse. The crossing angle between the
pump and probe pulses was 16°. The vibrational echo pulse,
which is the signal, was self-heterodyned by the collinear probe
pulse, which acted as the local oscillator (LO). The combined
signal/LO was steered into a spectrograph and different
frequencies were detected with a 32-pixel HgCdTe (MCT)
array detector. The 2D IR spectra were obtained by
performing two Fourier transforms. The @, axis (horizontal)
is given by numerically Fourier-transforming the interfero-
grams that were produced by scanning 7 and detected by the
array detector at each frequency. The spectrograph takes the
time domain echo/LO pulse into the frequency domain, which
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is an experimental Fourier transform, which gives the w; axis
(vertical).

At short T,, the initial and final frequencies are highly
correlated because there has been little time for the structural
evolution of the lattice. Therefore, the 2D spectrum along the
diagonal exhibits an elongated shape. For later T,s, the 2D
spectrum line shape becomes rounder as the initial frequencies
become decorrelated with the final frequencies, resulting from
the lattice structural fluctuations. This change in shape is used
to determine the normalized frequency—frequency correlation
function (FFCF) using the Center Line Slope (CLS)
method.” >

The CLS method involves determining the center lines for
the 2D spectrum at each T,. Cuts through the 2D spectrum
are made parallel to the vertical axis (@;) around the peak of
the 2D spectrum. Each cut is a 1D spectrum. The peak
frequencies of these 1D spectra are plotted. This plot is the
center line. The slopes of the center lines are determined,
which are then plotted for each T,. This plot of the center line
slopes corresponds to the normalized FFCF. As discussed
below in Section 3.2, there is a small side peak on the red side
of the main peak that is studied in the experiments. This side
peak distorts the center line on the red side of the 2D
spectrum, resulting in a curvature of the center line. Therefore,
the center line starting at the peak and going only to the blue
side of the 2D spectrum is used to determine the CLS. The
small side peak seems to have a vibrational lifetime that is
shorter than the main peak, although the peak is too small to
measure its lifetime. Its effect on the center line becomes
negligible after the first few tens of picoseconds, and the entire
line can be used. At these longer times, using the full center
line or only the blue side does not change the results. These
features, i.e., the side peak and the center lines, can be seen in
the figures when they are presented below.

2.3.2. Near-Brewster’'s Angle Reflection Geometry. The
experiments were performed on 2% '*C'*N to reduce possible
excitation transfer and heating effects. Given that the films are
very thin and thus have very weak IR absorption, the
measurements were conducted in the near-Brewster’s angle
reflection geometry to enhance the signal-to-noise ratio.””*” In
this geometry, the probe pulse has an incident angle of 53° on
the sample, which is close to Brewster’s angle. The near-
Brewster’s angle reflection amplitude of the probe pulse (pulse
3 in the sequence) is greatly diminished, while the signal field,
which is emitted in the same reflection direction for very thin
films, is virtually unchanged. The desired information is the
modulation of the intensity of the probe pulse by the
heterodyned (Signal X LO). Reducing probe reflection
intensity reduces ILOI*. However, the signal X LO is reduced
linearly, so the percent modulation was enhanced by ~30 in
the reflection geometry, which is essential for acquiring high-
quality 2D IR data from the thin films.

2.3.3. PSPP Spectroscopy. In the PSPP experiments, the
mechanical delay stage is utilized to scan the temporal
separation, t, between the single pump pulse and probe
pulse. From the time-dependent pump—probe signal, we can
obtain population relaxation and anisotropy. A half-wave plate
and polarizer are used to set the pump polarization to 45°, and
the probe pulse is set to be s-polarized (90°, vertical
polarization). After the sample, a computer-controlled polar-
izer is alternated between parallel (+45°) and perpendicular
(—45°) relative to the pump polarization to resolve signals
with polarizations parallel (I;(t)) and perpendicular (I,(t))

relative to the pump pulse. The PSPP experiments were
conducted in the small incidence angle reflection geometry,
which preserves the relative polarizations of the pulse when
they enter the sample.”® In this near-normal reflection
geometry, the signal is enhanced ~S compared to the usual
transmission detection.

3. RESULTS AND DISCUSSION

3.1. Structure of Cs,Pb(SeCN),Br,. The single-crystal X-
ray diffraction (SC-XRD) structure for Cs,Pb(SeCN),Br, was
solved in the Pmmn space group at 100 K and room
temperature (see Supporting Information for the crystallo-
graphic data summary). As illustrated in Figure 1, this material

Cs,Pb(SCN),Br,

Figure 1. (A) Crystal structure of the Cs,Pb(SeCN),Br, perovskite.
(B) Crystal structure of the Cs,Pb(SCN),Br, perovskite. Green,
turquoise, brown, yellow, pink, gray, and blue spheres correspond to
Cs, Pb, Br, S, Se, C, and N atoms, respectively.

closely resembles the SCN-analog Cs,Pb(SCN),Br, in
structure, with corning-sharing [PbX,Br,]*” (X = SeCN~,
SCN™) octahedra forming layers. (A figure with the two
structures overlaid is given in the SI, Figure S3.) The SeCN~
ions occupy the axial positions in the octahedral unit and are
perfectly antiparallel to each other between the layers. The
room-temperature unit-cell volume increases by 2.87%
compared to that of Cs,Pb(SCN),Br,. The b and ¢ axes
(along the inorganic sheets) of Cs,Pb(SeCN),Br, increase by
0.84 and 1.3%, respectively, compared to those in Cs,Pb-
(SCN),Br,, whereas the a axis (perpendicular to the inorganic
sheets) only expands by 0.48%. These somewhat counter-
intuitive lattice changes can be explained by the orientation of
the pseudohalides in the structure (bond angles: Pb—Se—C:
91.3%; Pb—S—C: 96.4°) and the larger size of SeCN~ (Pb—Se
bond length: 3.07 A; Pb—S bond length: 2.94 A). In the rest of
this paper, Cs,Pb(SCN),Br, and Cs,Pb(SeCN),Br, will be
referred to as the SCN- and SeCN-perovskite, respectively.
3.2. Absorption Spectra. The linear absorption spectrum
of the CN stretch of the SeCN-perovskite is presented in
Figure 2. Since the isotope we utilized was Se’>C'*N~, peaks
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Figure 2. FT-IR absorption spectra of the CN stretching region of the
Cs,Pb(SeCN),Br, film. Inset: expanded view of *C"N and *C"*N
modes. Both modes have asymmetric shapes.

corresponding to the BCBN, 2CN, and »C"N can be
observed in the spectrum. Because of the negligible
concentration of *CN species, the intensity of its peak is
too low to observe.

The most intense absorption is assigned to the *C"N
stretch, which is split into two bands at 2013 and 2019 cm™.
The vibrational splitting of high-concentration species has
been observed in all of the pseudohalide perovskites we studied
before."”*® It was initially ascribed to the transition dipole-
transition dipole coupling between the two adjacent CN
stretches in different layers that are close together.'” The
coupling of this CN pair should lead to two vibrational
eigenstates that are the sum and difference of the CN stretches
of the two anions. The transition dipoles of the two eigenstates
are the sum and difference of the individual transition dipoles,
one for the anion in each layer. Because the two anions are
antiparallel, the transition dipole of one of the eigenstates is
identically zero. Therefore, the coupling between the anions in
adjacent layers will not result in two peaks in the spectrum.
Instead, it was later proposed that the splitting arises from the
two anions that are coordinated to the same Pb**. These
anions are not parallel. The interaction of the SeCN™ and the
Pb?* should have a substantial covalent character. Therefore,
the CN stretches of the two anions bound to the Pb** can be
coupled by through-bond interactions. The result is two
normal modes, i.e., the sum and difference of the two CN local
modes. Because the local mode transition dipoles are not
parallel, both normal modes will have non-zero transition
dipoles.

The "C"N peak is centered at 2090 cm™, and it is
asymmetric with a shoulder on the lower frequency side. The
concentration of '*C'*N species is sufficiently low not to result
in peak splitting. Most of the SeCN~s are '*C'*N. Only 1—2%
are 'C'"N, which gives rise to the band at 2090 cm™, on
which we do the experiments. Therefore, the vast majority of
the?C'*Ns we study will have *C*N as the other SeCN~
bound to a Pb**. The separation between the *C'*N and
BC'*N peaks is ~74 cm™. The coupling is ~2.5 cm™" (half of
the splitting of the "*C*N band). The coupling is small
compared to the "C"N and "C'N peaks’ separation.
Therefore, the '*C'*N peak studied in the experiments is
composed of CN stretch local modes, and the peak will not be
split through interaction with the other SeCN™ bound to a
Pb**.

The "C"N peak centered at 2090 cm™" is asymmetric and
cannot be fit with a single Voigt function. While it is not as
evident in the spectrum of the SeCN-perovskite, it was found

for the SCN-perovskite, that the low frequency shoulder is
caused by a small side peak.”” The side peak is shifted from the
main peak by ~S cm™' with a slightly larger FWHM.
Temperature dependent FT-IR spectra on the SCN-perovskite
explicated the nature of the side peak and provided
information on its nature.”” At low temperature (120 K), the
side peak was too small to detect. As the temperature was
increased, the side peak grew in. The temperature dependent
amplitude of the side peak was plotted as the log of the
absorbance versus the inverse of temperature. The data points
fit to a straight line, indicating an activated process with an
activation energy of ~160 cm™'. A reasonable explanation for
the SCN™ side peak is that there are sites with two distinct
conformations in the lattice resulting from two potential wells.
The main peak arises from SCN7s that occupy the lower
energy well, and the side peak arises from SCN~s that occupy
the higher energy well. Because of the similarities of the room
temperature spectra, we assume that the SeCN-perovskite side
peak arises for the same reason.

The small feature at 2061 cm™' arises from the *C*N
stretch, and it also has an asymmetric shape. The similarity
between the '*C'*N and '>C'*N peak shapes further indicates
that the shoulder is caused by a side peak as in their SCN-
analogs. The peak of the >C'*N stretch has an FWHM of ~5
cm™" like the ">CN stretch.

3.3. Lifetime Measurement. As discussed above, there
are three bands in the spectrum associated with the different
isotopes. When measuring the PSPP signal reported by a
certain isotope mode, two spectral holes were created in the
frequency domain by the AOM pulse shaper with a Hann
window to avoid exciting the other two isotope bands. The
data before 7 ps were removed to avoid time domain artifacts
created by spectral filtering in the early times. The same
procedures were used for the 2D IR measurements presented
in the following section. Because the dynamics are relatively
slow, eliminating the first 7 ps does not interfere with the data
analysis.

The population decay, P(t) (lifetime) was obtained using
the equation”®*’

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

Figure 3 displays the lifetime decay of the *C'*N stretch of the
SeCN-perovskite. The lifetime is 213.4 + 0.8 ps, which is
much longer than that of the SCN-perovskites (~56 ps). The
vibrational lifetime of a probe is very sensitive to its chemical
composition. A heavy atom can separate the CN stretch from
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Figure 3. Vibrational population decays of >C'*N (red) and '*C"*N
(blue) stretching modes. The lifetimes are determined to be 213.4 +
0.8 and 95.6 + 0.8 ps for the >*C'*N and *C'*N modes, respectively.
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coupling to intramolecular modes that can serve as vibrational
population relaxation pathways. Due to its heavier mass, the
selenium atom more effectively suppresses intramolecular
relaxation of the CN stretch to the energy-accepting modes
than the sulfur atom. In addition, we measured the lifetime
reported by the >CN stretch and the decay is also a single
exponential with a lifetime of 95.6 + 0.8 ps, significantly
shorter than the '>C™N stretch. The isotopic effect on
vibrational lifetime has been observed in many systems,””*"*'
and it is attributed to the change in intramolecular vibrational
relaxation by the isotope substitution.

Coupling of the CN stretch with other intramolecular
vibrations and lattice phonons gives rise to vibrational
relaxation.”” There are many possible relaxation pathways.
Here we will consider several possibilities to provide insight
into the relaxation process. Generally, the lower the order of
the relaxation pathway (fewer modes involved) is, the faster
the relaxation will be.** SeCN™ has three normal modes; other
than one CN stretch, there is one Se—C stretch and two
degenerate SeCN bends. Their vibrational frequencies are 560
and 420 cm™!, respectively.””** Consider the following
possible relaxation pathways. The initial '>C'*N stretch
(2090 cm™') is annihilated, five quanta of the 420 cm™
bend are created (2100 cm™), and a 10 cm™' phonon is
annihilated (in this qualitative discussion the unknown
anharmonicities are not considered). This is a 7th order
process that conserves energy. However, there are two 6th
order processes. The CN stretch is annihilated, 4 quanta of the
bend are created (2240 cm™), and a 150 cm™' phonon is
annihilated. While the phonon dispersion is not known for the
SeCN-perovskite under study here or the previously
investigated SCN-perovskite, typical maximum phonon en-
ergies for a variety of lead halide perovskites are in the range of
~30 to ~60 cm~'.***® So, the requirement of a 150 cm™!
phonon would not make the 6th order process possible.
Another candidate is that the CN stretch is annihilated, three
quanta of the stretch and one quanta of bend are created (2100
cm™!), and a 10 cm™ phonon is annihilated. This 6th order
mechanism is possible, which can give rise to the long
vibrational lifetime. For Se!?C'N~, the CN stretch band is at
2061 cm™'. The Se'> C'*N~ bend and stretch frequencies will
be almost the same as those of Se'*C'*N~. Everything will be
the same except a 38 cm™ phonon will be annihilated. The
higher frequency phonon may have a larger density of states,
and its shorter wavelength should couple better to the CN
stretch. These considerations may be responsible for the factor
of ~2 shorter lifetime for the '*C'*N stretch.

3.4. Anisotropy. In isotropic three-dimensional systems,
the anisotropy is proportional to the second Legendre
polynomial orientational correlation function by”**’

_ I(t) = 1,(¢) _
) = (1) +20,(t) 0461 @)

A probe molecule in a liquid will undergo complete diffusive
orientational relaxation, which will cause the anisotropy to
decay to zero. However, in the small crystals that make up the
SeCN-perovskite thin films, the anions occupy fixed lattice
sites. They will not undergo diffusive orientational relaxation.
However, very fast librational motions will cause the SeCN™ to
sample a cone of angles. This sampling is too fast (<100 fs) for
our instrument to measure. The limited range of sampling
causes the anisotropy to be less than 0.4 when the measured

anisotropy curve is extrapolated to t = 0. Using this value, the
cone of angles that have been sampled can be determined.
Then from the cone of angles, the harmonic cone model can
be used to determine the librational potential energy.

In determining the lifetime (eq 1), the sum of signals, I; (f) +
2I,(t) is used. For the anisotropy, it is necessary to take the
difference, I;(t) — I,(t). Taking the difference of weak signals
results in a degraded signal-to-noise ratio. To obtain
reasonable data, we increased the concentration to ~2%
2C1N. This results in a small amount of vibrational excitation
transfer between CNs with transition dipoles pointing in
different directions. The excitation transfer causes the
anisotropy to have a slight decay (see Figure 4). However,
we extrapolated the decay to t = 0 to obtain information about
the inertial motions.

035 %
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Figure 4. Anisotropy decay reported by the '>C'*N stretch. The slight
decay possibly arises from the excitation transfer between different
orientations of 2C'*N. Of interest here is the difference between the
intercept at t = 0 (see red line) and the maximum value of 0.4. This
difference is related to the range of angles sampled by libration of the
SeCN~ (see text).

Because the CN dipoles are not randomly distributed in the
perovskite lattice, the three-dimensional anisotropy model is
insufficient to describe the orientational dynamics of SeCNTs.
The transition dipoles (CN bond axis) wobble in cones that
are tilted out of the planes of the plate-like crystals that lie with
the inorganic sheets parallel to the spin-coated substrate. The
method of addressing this issue has been developed in previous
publications,””*”*" and applied to the SCN-perovskite.”” The
observed parallel and perpendicular signals for the ensemble of
tilted cones are

= |1 2050 + Gyl0) + 2,0 x 20

L=[1 = 205) + G0 = 26 0)] x PO
8 (3)
where (S) is the order parameter, C,,(t) and C,;,(t) are the
out-of-plane and mainly in-plane components of the orienta-
tional correlation functions, respectively.

We first utilized the well-known wobbling-in-a-cone
model®~*" to analyze the inertial motions of SeCN~s. Because
their distribution is non-isotropic in space, the wobbling-in-a-
cone theory has to be adapted for the uniaxial systems.”””* In
this case, given that only the ultrafast librational motions
contribute to the initial anisotropy drop, (S), C,(t), and
Cyuip(t) can be evaluated in the infinite time limit to obtain the
cone angle. In the infinite time limit the equations simplify to’
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3cos? — 1
§y=—"-"= " a(1 + a
(s) A cos 1+ cos0) "
3cos’ 6, — 1)
Cop(t) = %[COS 6.(1 + cos )T )
Con® = S P lcos 01 + cos )P
mip(t) = cos 6 cos ©

where 6, is the cone tilt angle and 6 is the cone half angle. 8, is
the tilt angle from the normal to the plane, which was
determined to be 79° from the single-crystal X-ray structure.
r(t) is derived from combining the equations. Then 6 can be
numerically obtained from r(t), which was determined to be
= 14 =+ 2° for the SeCN-perovskite. The half-cone angle is the
same within experimental error as the reported value for the
SCN-perovskite.”” The two crystal structures are very similar,
and the cone of angles sampled by the pseudohalides are the
same within error.

It is possible to obtain useful information about the
librational potential from the cone angle using the harmonic
cone theory.*”* The standard wobbling-in-a-cone theory
provides information on the cone angles and dynamics from
the experimental anisotropy measurements of motion in a cone
with hard walls. The librational motions of the pseudohalides
in a crystal are not diffusive and the motions are not controlled
by collisions with surrounding molecules in a liquid. Rather,
these anions are in a crystal lattice, and the extent of their
librational motions at a given temperature is determined by the
angular potential. In the harmonic cone theory, the librational
potential is modeled as a 2D parabola.*” Taking the librational
dynamics to occur on a 2D harmonic potential energy surface,
we can obtain the characteristic harmonic oscillator frequency
for the surface. For cone half angles less than 30°, there is a
simple relation between the hard cone half angle and the
harmonic cone angle.43 For angles greater than 30°, there is a
full relation, which requires numerical integration.“z’43 Here,
we are in the small angle limit. The oscillator frequency is
obtained from the harmonic cone’s half-angle from™*"**

, kT
=
165 (7)

where I is the moment of inertia calculated from the bond
lengths obtained from the single-crystal structure (Igcy~ = 1.36
X 107%, Igen = 2.06 X 107 kg m?), k is Boltzmann’s
constant, and T is the absolute temperature. 0y is the harmonic
cone half angle that contains 95% of librational angular
excursions. It has been shown that the half-cone angle
extracted from the hard cone model (6c) is related to the
half angle from the harmonic cone model by 26y = 6, in the
small angle limit.*> The oscillator frequencies were determined
to be 81 and 61 cm™' for the SCN- and SeCN-perovskites,
respectively. The extents of angular sampling are basically the
same in the two crystals. kT at room temperature is ~200
cm™ L. Therefore, there is a significant thermal excitation of the
pseudohalides in both crystals. The SCN™ libration has an
occupation number of ~2, while SeCN™ has an occupation
number of ~2.8. Therefore, thermal excitation contributes to
the range of angles sampled.

The frequencies and thermal populations of the librations
may play a role in the dynamics of electronic excited states, i.e.,
excitons and charge carriers. As mentioned above, the phonon
dispersions are not known for the SeCN or SCN-perovskites,

but the typical maximum phonon energies of lead halide
perovskites (Debye cutoff), in general, range from ~30 to ~60
m~1*>%° These are very low energies. In the 2D purely
inorganic pseudohalide perovskites, there are no small organic
cations that have intramolecular and intermolecular high
frequency modes. Depending on the energy of the Debye
cutoff, excitation of the librations could require two or more
phonons. The room temperature excited librations may be able
to transfer energy to an electronic excited state. These modes
could play a role by scattering excitons and charge carriers.

3.5. Spectral Diffusion. As shown by the data presented
below, the CN stretch absorption spectrum is inhomoge-
neously broadened. Inhomogeneous broadening is caused by a
distribution of environments of the SeCN™ that have distinct
couplings to the CN, which shift its frequency. A portion of the
inhomogeneous broadening is dynamic, which is caused by the
structural dynamics of the lattice. Therefore, the CN
frequencies evolve over time. The time-dependent sampling
of a range of frequencies is referred to as spectral diffusion.

When the structure of the lattice in the vicinity of an SCN~
changes, the interactions with the anion will change. The CN
stretch has substantial Stark coupling that contributes to the
inhomogeneous linewidth.”> Small changes in the lattice
configuration can produce changes in the electric field along
the CN bond vector. Such changes will cause the vibrational
frequency to change, giving rise to spectral diffusion, that is,
sampling of different frequencies within the absorption
spectrum. Contributions of the inhomogeneous and homoge-
neous absorption line broadening can be distinguished by 2D
IR spectroscopy. The homogeneous contribution to the
absorption line is caused by the coupling of the SCN™ to
phonons™®™** as opposed to relatively long-lived lattice
distortions that give rise to inhomogeneous broadening. The
phonons may be acoustic or optical including librations. The
phonon lattice motions must modulate the CN stretch
frequency to cause homogeneous dephasing.**~*

Figure § displays the 2D IR spectra acquired at T,, = 7 and
300 ps. The long vibrational lifetime of SeCN™ enables us to
extend our observation window to a much longer time
compared to the SCN-perovskite. The information on the
dynamics is contained in the change in the shape of the 2D
spectrum with increasing T,,. The center lines are shown as the
white dots in the plots.”>~>> The change in the central line
slope with T,, CLS(T,,), is the normalized FFCF.

Figure 6 shows the CLS(T,,) decay obtained by averaging
the data from several separately prepared samples. The
CLS(T,) is the normalized FFCF. The time constants are
correct, but the amplitudes are relative, they are a fraction of 1
for a particular component. The decay of the CLS(T,)
demonstrates the existence of dynamic inhomogeneity. The
decay is a single exponential with a time constant of 48 + 4 ps.
The time constant for the SCN-perovskite is 24.6 + 3.3 ps.
Therefore, the spectral diffusion, reflecting structural fluctua-
tions originating from dynamic lattice disorder, is a factor of
~2 slower in the SeCN-perovskite.

The CLS(T,,) decays to a constant value rather than zero.
There are two possible reasons for a decay to a non-zero value.
The first is that there may be one or more components of
spectral diffusion that are much slower than the experimental
time window. Then over the observation period, the slow
component does not decay, appearing constant in the
experiment. The other possibility is that there is static
inhomogeneity in the sample that will not randomize on any
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Figure 5. 2D IR spectra of the "?C'*N stretch at T,, = 7 (top) and 300
ps (bottom) acquired by the spectrally filtered pump pulse that only
pumps the >C"N stretch. The center lines, which are used to
quantitatively analyze the spectral diffusion dynamics using the CLS
method, are shown as the white dots. The orange dots along with the
white dots in the bottom figure show that at later T.s, the center line
has become essentially straight. Only the blue side of the main
absorption peak was analyzed for extracting the CLS decay.
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Figure 6. CLS(T,,) (normalized frequency—frequency correlation
function) decay obtained from the average of data taken on several
separately prepared samples. The data were fitted with a single
exponential with an offset, and the decay time constant is determined
to be 48 + 4 ps. The offset is caused by static or very slowly evolving
lattice inhomogeneity.

CLS (T;,) (normalized FFCF)

time scale. The sample is a thin film of microcrystals. The
crystallites that comprise the films can have strains and defects
that will give rise to static inhomogeneity. There is some
evidence for static inhomogeneity. Different samples essentially
gave the same decay constants within experimental error.
However, the long-time offset varies somewhat from sample to
sample. The variation is far outside of experimental error (see
Figure S6). This behavior could occur if the preparation of the
spin-coated samples resulted in crystallites with different
amounts of strain and defects from one sample to another,
possibly due to small differences in grain size or thickness.
Variations in grain size and thickness, which could lead to
different degrees of static inhomogeneous broadening, possibly
stem from variations of the substrate surface, the concentration

of the precursor solution, the annealing time, and the
atmosphere inside the glovebox.

We can separate the homogeneous and inhomogeneous
dynamics by analyzing the CLS decay curve. The ratio of the
initial CLS value and 1 is a measure of homogeneous
broadening. The experimental initial CLS value is obtained
via extrapolation of the decay curve to T,, = 0 ps, which gives
0.57 + 0.02. Using the CLS(T,,) and the FWHM of the main
absorption peak, the full FECF was obtained.”> The
homogeneous and inhomogeneous widths are 2.5 and 3.4
cm™!, respectively. The inhomogeneous width has two
components; the dynamic width that is associated with
spectral diffusion, Ap, and the static width, Ag, which comes
from the offset of the decay in Figure 6. The total
inhomogeneous width is (A% + A2)"2 Then Ap = 1.3 and
Ag = 3.1 cm™'. The total width, with homogeneous and
inhomogeneous contributions, is ~5 cm™.

Both the homogeneous and the dynamic inhomogeneous
disorder are different from those found for the SCN-
perovskite. In the SCN-perovskite, the homogeneous broad-
ening is 2.8 cm™' compared to a total linewidth of 4 cm™,
giving a ratio of 0.7.° In contrast, the homogeneous
broadening of the SeCN-perovskite is 2.5 cm™ compared to
a total linewidth of 5 cm™, giving a ratio of 0.5. As discussed
above, the homogenous linewidth is caused by coupling of the
CN to lattice phonons.**™** Therefore, in the SCN-perovskite,
the CN coupling to phonons is greater. The phonons are
thermally excited motions of the lattice. The homogeneous
broadening is a result of phonon induced frequency
fluctuations of the CN stretch. Because the CN moiety is
the same in the two perovskites, either the extent of the lattice
fluctuations is greater and/or the coupling to phonon modes is
larger in the SCN-perovskite. One possibility is that the
coupling is greater in the SCN-perovskite because the Pb—S
bond is stronger than the Pb—Se bond (larger bond enthalpy).
The Pb—Se and Pb—S bond association energies are reported
as 303 and 346 kJ/mol,*”> respectively, although these values
may differ to some extent in the perovskite systems. Then
phonons that modulate these bonds may have a larger effect on
the electron density of the S than the Se, resulting in larger
phonon coupling to the CN frequency.

The dynamic inhomogeneous broadening of the CN in the
SeCN-perovskite is greater than it is in the SCN-perovskite
(Ap = 0.9 and Ag = 1.9 cm™)* by ~50%. The dynamic
inhomogeneous broadening is caused by dynamic Ilattice
interconversions between different local minima (structural
configurations) of the energy landscape. Dynamic inhomoge-
neity is distinct from phonon dynamics that would still exist in
a perfect lattice. Compared to the SCN™ counterpart, the
spectral diffusion (inhomogeneous structural dynamics) in the
SeCN-perovskite is somewhat more extensive and approx-
imately a factor of 2 slower.

4. CONCLUDING REMARKS

This paper presents the synthesis of the 2D pseudohalide
perovskite Cs,Pb(SeCN),Br, as single crystals, powders, and
thin films. The CN stretch of the pseudohalide, SeCNT, is an
excellent IR probe for conducting 2D IR and PSPP
experiments on Cs,Pb(SeCN),Br, thin films. The Cs,Pb-
(SeCN),Br, thin films were prepared with ~98% Se'*C'*N~
and the experiments were conducted on Se'? C**N~ to avoid
vibrational excitation transfer. The '*C'*N has a very long
vibrational lifetime of over 200 ps, which allows us to examine
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the spectral diffusion dynamics over an unprecedented
timescale. The long lifetime brings clarity to some features
observed in grevious experiments on 2D pseudohalide
perovskites.'”*" From the measured anisotropy decay, we
determined the half-cone angle of the librational motions of
the SeCN~ in the Cs,Pb(SeCN),Br, crystal lattice. The
harmonic cone model,””~*" was used to analyze the measured
cone half-angle of Cs,Pb(SeCN),Br, and the cone half-angle
previously reported for Cs,Pb(SCN),Br,. The harmonic cone
model gives the harmonic oscillator frequency of the 2D
librational potential energy surface. The SCN- and SeCN-
perovskites have somewhat different pseudohalide oscillator
frequencies.

High-quality 2D IR spectra were acquired, and the data
reveal that the Cs,Pb(SeCN),Br, lattice exhibits dynamic
disorder on a ~50 ps timescale. This study demonstrates the
impact of changing the pseudohalide anions on the lattice
structural evolution in 2D pseudohalide perovskites. The
inhomogeneous structural dynamics differ in the SeCN- and
SCN-perovskites. The structural evolution is ~2 times slower
in the SeCN-perovskite, and there is a greater range of CN
frequencies sampled. The long CN stretch lifetime in the
SeCN-perovskite made it possible to unambiguously observe
that the data go to a non-zero value offset at long time. The
offset is most likely caused by static inhomogeneity of the
lattice.

These results can have important implications when
considering charge-lattice interactions in perovskites. Excitons
and charge carriers experience both phonon dynamics and
dynamic lattice inhomogeneity. The dynamic inhomogeneous
disorder can both trap excited carriers and promote excited
carriers out of lattice traps.

To date, all of the IR nonlinear experiments have been
conducted on 2D layered pseudohalide perovskites with Pb**
cations. It will be informative to extend the studies of lattice
dynamics by expanding the family of 2D pseudohalide
perovskites to those with different B-site cations. In addition,
these experiments suggest the possibility of using ultrafast
nonlinear IR experiments to directly probe the nature of
inhomogeneous lattice dynamics on the photo-excited states of
perovskites.
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