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Abstract

Hybrid organic-inorganic semiconductors with strong electron-phonon interactions
provide a programmable platform for developing a variety of electronic, optoelectronic, and
quantum materials by controlling these interactions. However, in current hybrid semiconductors,
such as halide perovskites, anharmonic vibrations with rapid dephasing hinder the ability to
coherently manipulate phonons. Here, we report the observation of long-lived coherent phonons
in lead organic chalcogenides (LOCs), a new family of hybrid two-dimensional semiconductors.
These materials feature harmonic phonon dynamics despite distorted lattices, combining long
phonon dephasing times with tunable semiconducting properties. Dephasing time as long as 75 ps
at 10 K, with up to 500 cycles of phonon oscillation between scattering events, was observed,
corresponding to a dimensionless harmonicity parameter more than an order of magnitude larger
than that of halide perovskites. The phonon dephasing time is significantly influenced by
anharmonicity and centrosymmetry, both of which can be tuned through the design of the organic

ligands thanks to the direct bonding between the organic and inorganic motifs. This research opens
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new opportunities for the manipulation of electronic properties with coherent phonons in hybrid

semiconductors.

Introduction

Hybrid organic-inorganic semiconductors, such as halide perovskites, represent an
emerging class of highly tunable optoelectronic materials.!-* Electron-phonon coupling, including
polaron formation, plays a crucial role in determining charge carrier transport and recombination
in these materials.’>”7 Significant advances have been made in understanding how both the
inorganic and organic components can modify electronic-phonon interactions. Beyond the
thermally excited phonons with random phase and broad energy distribution, the utilization of
coherent phonon with well-defined phase and energy is an intriguing approach to manipulate the
material properties. For example, the wave-like interference of coherent phonons can be
engineered in quantum wells and phononic crystals to manipulate the thermal conductivity,® ° and
coherent phonons can be conceived for producing terahertz (THz) frequency combs for quantum
phononic engineering.'® Strong coupling between exciton and acoustic phonon form the large
polarons that transport coherently in van der Waals superatomic superlattices ResSegCl, even at
room temperature.!'- 12 A fundamental prerequisite for the manipulation of material properties
through coherent optical phonons is a sufficiently low phonon dephasing rate, which determines
the achievable coherence time.'> However, due to the substantial anharmonicity of lattice
vibrations and the dynamic lattice fluctuations, selective generation of optical phonons with slow
dephasing rates in hybrid materials remains a challenge; for example, the coherent time is limited
to a few ps in halide perovskites and silver phenylselenolate (AgSePh).!4-1¢

Here we demonstrate 2D lead organic chalcogenide (LOCs), featuring van der Waals type
layered structures with the inorganic Pb-S sublattice sandwiched between the organic thiol ligands
(Fig. 1a, b),!” as a new family of hybrid organic-inorganic semiconductors featuring coherent
phonons with slow dephasing rate. The thiolate ligands permit the tuning of the dimensionality
and inter-plane interactions, thereby modifying the phonon energy dispersion and dephasing.
Importantly, these structures differ from the extensively studied lead halide 2D perovskites due to
the presence of direct Pb-S bonds between the inorganic and organic sublattices, offering new
opportunities to design vibrational modes and symmetry through organic ligands. This direct

bonding causes holes to reside in the organic sublattice, while electrons remain in the inorganic
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sublattice, in contrast to halide perovskites, where both electrons and holes are confined to the
inorganic sublattice. LOCs belong to metal organic chalcogenides (MOCs), a broadly defined
family of hybrid semiconductor materials composed of metal cations and coordinating organic
thiol, selenol or tellurol.!8->° Thus far, AgSePh and its derivatives are the most studied MOCs with
anisotropic excitons and strong light-matter interaction.?!>* Compared to AgSePh , the
stereochemically expressed 6s? lone pair of Pb?" in LOCs result in highly distorted coordination
structures and hence strong electron-phonon coupling as observed in several Pb-based materials.?%
25, 26 Therefore, these LOCs present a unique opportunity to systematically investigate the
interactions between the electronic and lattice degrees of freedom in soft 2D hybrid materials to
optimize phonon coherence.

We measured the dephasing dynamics of several 2D LOCs by temperature-dependent
coherent phonon spectroscopy, where ultrafast laser excitations generate coherent phonons by
transferring the phase of laser pulse to lattice vibrations. Unlike thermally excited phonons with
random phases, these coherent phonons exhibit emergent photophysical properties. Coherent
phonon spectroscopy has been performed in a wide range of materials, such as metals and semi-
metals,?’ transition metal chalcogenides,?®3° halide perovskites,'4 26- 31, 32 MOCs,'> ¢ and
semiconductor heterostructures.’? The dephasing of coherent phonons is typically associated with
the phonon down-conversion mediated by lattice anharmonicity, namely the vibrational energy
deviation from quadratic relationship with regard to lattice displacement.* Hybrid semiconductors
often feature soft, flexible bonds and short-range polaronic deformation potential, resulting in
dynamic distortion and large anharmonicity.'> The anharmonicity is especially strong in halide
perovskites due to the weak Pb-halide bonds, and the stereochemically expressed Pb 6s? lone pairs
with flat potential surface.?> In comparison, LOCs feature a more rigid Pb-S network with static
distortion that should form a more harmonic phonon energy surface despite the seemingly distorted
crystal structures.

Our experiments demonstrate that the hemidirected LOCs exhibit low-energy coherent
optical phonons with dephasing times exceeding 75 ps. The slow dephasing time of LOCs results
from the synergistic effects of low phonon energy, low anharmonicity, and suppressed optical
phonon scattering. These findings are supported by ultrafast spectroscopy and low-frequency
Raman scattering, and further corroborated by first-principles calculations, which reveal highly

isolated, low-energy optical phonons. Our results established 2D LOCs as a configurable platform

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of the American Chemical Society

for the study of electron-phonon coupling and other wave-like phonon properties in 2D hybrid
semiconductors. Extended phonon coherence times enable the manipulation of material properties
through coherent vibrations, which can, for example, influence electron transport and
ferroelectricity.
Results
Coherent optical phonon generation in LOCs: Three quasi-2D and 2D LOCs were mainly
studied in this report, with the increasing Pb-S bond connectivity and an associated decrease in the
band gap from lead 4-(methoxycarbonyl)benzenethiolate (Pb(MMBA),), to lead 4-
(methylthio)benzenethiolate (Pb(MSBT),), and lead 4-methoxybenzenethiolate (Pb(MOBT),)
(Fig. 1a, b, Fig. S1). Their synthesis and basic optical properties have been reported in prior
reports.'7-3¢ In brief, Pb and S from thiolates forms an interconnected inorganic sublattices within
each plane, which is separated by organic thiolates and arranged in either a non-centrosymmetric
(Pb(MMBA),, Pb(MSBT),) or centrosymmetric (Pb(MOBT),) manner. The distortion of PbSg¢
octahedral increases from Pb(MMBA), to Pb(MOBT),, transitioning from a quasi-2D to a proper
2D Pb-S network. Transient reflectance (TR) spectroscopy was used to characterize the ultrafast
carrier and phonon dynamics. Compared with steady-state measurements such as infrared and
Raman spectroscopy, the pump-probe experiments track the phonon population in the time
domain, resolving the phonon dephasing processes.”- 1337 In addition, the pump-probe experiments
selectively characterize phonons that couple to electronic transitions, serving as a direct
measurement on the electron-phonon coupling effects. Herein we present Pb(MSBT), as an
example and Fig. 1¢ shows a representative 2D pseudo-color map of the room temperature TR
transient spectra. The TR map features a strong derivative peak around 550 nm and a weaker,
broad peak around 670 nm. (Fig. S2). These two signals are tentatively assigned to the
photoinduced refractive index change near the direct and indirect band gap transitions,
respectively. Both peaks exhibit fast recovery rate on the order of ~30 ps (Fig. S2) at room
temperature, likely a result of rapid self-trapping which has been observed in the AgTePh.3® The
self-trapped species exhibit low absorption and thus are hardly detectable in the TR spectra, despite
exhibiting ns to ps lifetime and strong luminescence at low temperature.°

The other two LOC compounds, Pb(MMBA), and Pb(MOBT),, feature qualitatively
similar TR spectra composed of multiple derivative peaks (Fig. S3, 4) that are equally-spaced in

energy. These features are likely due to Fabry-Pérot cavity effects. The thicknesses of typical LOC
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crystals range from 200 to 500 nm (Fig. S5). Pb(MMBA), and Pb(MSBT), samples are generally
thinner than Pb(MOBT),, owing to weaker inter-layer interactions and easier exfoliation. The
thicker Pb(MOBT), crystals can support more cavity resonances in the visible spectral range,
resulting in a greater number of equally spaced energy features (Fig. S6). TR spectra from multiple
Pb(MOBT), samples with varying thicknesses are shown in Fig. S7. While the cavity resonances
vary with thickness, the phonon dynamics remain largely similar, indicating that Fabry-Pérot
cavity modes do not impact the observed coherent phonon dynamics. This is because the coherent
phonons modulate the refractive index, and these cavity modes do not affect the properties of the
coherent phonons. Notably, the TR peaks overall slightly shift to higher energy with increasing
delay time, most obvious for Pb(MOBT); (e.g. from 576 nm at 1 ps to 564 nm at 800 ps, Fig. S4),
which can be explained by that the refractive index is also carrier density-dependent.

A closer look at TR map reveals a beating pattern, the signature of coherent phonons (Fig.
1c, inset). The in-phase phonon oscillation (whose phase is defined by the ultrafast laser)
modulates the complex refractive index of LOC samples, resulting in a periodic pattern in the TR
kinetics (Fig. S8).4° The coherent phonon spectra can be obtained by subtracting the decaying
component from the TR spectra at each wavelength, revealing the intrinsic phonon frequency (Fig.
1d). The Fourier transformation (FT) of the obtained TR residue (Fig. 1e) shows that only one
phonon mode is strongly coupled to the electronic transition in Pb(MSBT), an Pb(MOBT), while
a weak high-frequency peak can be observed as well in the Pb(MMBA), sample, consistent with
its Raman spectrum (vide infra). The beating patterns of the TR residue of all LOC compounds

were fit by simple exponential damped cosine function I = Iycos @exp ( — ti) to extract the
d

os

phonon dephasing kinetics. While all three LOCs showed clear evidence of the coherent phonons,
the beating period t, as well as the damping time t, exhibit strong dependence on the crystal
structure of the materials (Fig. 1f). Specifically, the phonon beating period is inversely
proportional to the level of lattice distortion (Table S1), from 1.416 + 0.006 ps (23.5 + 0.1 cm™!)
for Pb(MMBA), and 1.803 £ 0.003 ps (18.47 = 0.03 cm™") for Pb(MSBT),, to 5.67 + 0.03 ps (5.59
+ 0.03 cm!) for Pb(MOBT),. Additionally, the dephasing times increase from 7.4 + 1.0 ps for
Pb(MMBA), to 12.2 + 0.9 ps for Pb(MSBT), and 15.5 &+ 1.2 ps for Pb(MOBT),. Compared with
layered hybrid materials such as 2D halide perovskites and AgSePh MOC:s, the highly distorted

LOCs exhibited surprisingly long dephasing times even at room temperature (Table S2)!3- 16, 28,30,

31,41-44
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The low phonon frequencies raise questions regarding whether the observed coherent
phonons belong to the optical or acoustic branch. The deformation potential mechanism, a
common mechanism for coherent acoustic phonon (CAP) in semiconductors, can be summarized
by the refractive index modulation due to a propagating strain wave caused by the optical pump,
which then experience optical interference.*’ This mechanism predict a strong dependence of
the beating frequency on the probe wavelength.*® Noting that the oscillating frequencies of all
LOCs samples are independent of the probe wavelength (Fig. S2, S3, S4), we exclude the relevance
of CAP caused by thermoelastic stress and deformation potential. On the other hand, the coherent
phonon frequencies of LOCs resemble the low energy phonon mode in the corresponding high-
resolution Raman spectra (Fig. 2a). Therefore, we conclude that the low-energy optical phonon is
the dominant species in the electron-phonon coupling in LOCs. A closer look at the Raman spectra
reveals that both Pb(MSBT), and Pb(MOBT), exhibit an isolated single optical phonon mode at
low-frequency range, suggesting limited phonon-phonon scattering. Remarkably, sharp Raman
peaks were observed even at room temperature (Fig. 2a), in contrast to halide perovskites where
Raman peaks broaden and diminish near room temperature due to the dynamically disordered
lattice.* These results suggest that the lattices in the LOCs are more rigid and features more
harmonic vibrations compared to lead halide perovskites.

Coherent optical phonons can be generated by two representative mechanisms, the
impulsive stimulated Raman scattering (ISRS) and displacive excitation of coherent phonon
(DECP) 27-30 ISRS can be described as a field-driven phonon generation, where the phonons are
generated by Raman scattering stimulated by pump pulses that are much faster than phonon
oscillation time. The equilibrium atomic coordination remains unchanged in the ISRS mechanism
and the excited lattice forms a sine-type oscillation pattern. On the other hand, the DECP
mechanism, which is most prominent in Peierls-distorted metals such as Bi and Te, describes a
nuclear displacement of the equilibrium coordinate under optical excitation.?’> 3! This rapid
displacement caused by photocarrier generation initiates the coherent phonons, which in turn
modulates the dielectric function and affects the observed transient reflectance signal. We attribute
the observed coherent phonons in LOCs to the DECP mechanism.?” The cosine-type oscillation, a
signature of DECP mechanism, is clearly illustrated near time zero (Fig. S9). Further, the pump-

probe experiments with below band gap excitation (785 nm) with even higher pump fluence yield
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little to no TR signal despite increased pump intensity (Fig. S10), showing the necessity of
electronic excitation in the coherent phonon generation.

DFT calculations were employed to furtherly elucidate the nature of these coherent phonon
modes. All LOCs investigated exhibit a pair of low energy phonon modes with A and B symmetry
(A and B, modes for Pb(MOBT),, Fig. 2b and Fig. S11-S13) with similar atomic displacement
pattern. The A (A,) modes correspond to the scissoring modes along the b axis, which align
parallelly with the long Pb-S bonds, whereas the B (B,) modes involve scissoring motion along
the a axis, which is roughly orthogonal to the long Pb-S bonds (Fig. 2¢, d). Overall, the calculated
phonon energies match the experimental values obtained by coherent phonon measurement as well
as Raman spectroscopy (Fig. 2b). The band gap shifts AE as functions of the atomic displacement
were calculated to assess the electron-phonon coupling in LOCs (Fig. 2e, Fig. S14). The A modes
lead to an asymmetric change in AE near the origin, implying that the A phonons induce significant
band modulation at the phonon frequency. On the other hand, the B modes induce symmetric AE
with respect to positive and negative displacement, and AE that are 1~2 orders of magnitude
smaller coupling, as a result of the degeneracy linked by symmetry operations.'# In summary, the
DFT calculations show that the electronic transitions in LOCs are strongly coupled with the
generation of fully symmetric A (A,) phonons modes.

Optical phonon dephasing dynamics: Compared with steady-state vibrational
spectroscopy, probing the coherent phonons with pump-probe spectroscopy provided insights into
the relaxation and dephasing dynamics of the phonons as well as electron-phonon coupling. We
investigated the temperature-dependent behavior to study the effect of population distribution of
optical phonons. Fig. 3a-¢ summarizes the coherent phonon kinetics of the three LOCs at low
temperatures. All samples showed increased phonon energy at reduced temperature, agreeing well
with the low-temperature Raman spectra (Fig. 3d, Fig. S15, S16). The agreement between non-
resonant Raman and TR results suggests that phonon energy shift is mainly the result of the lattice
contraction due to third-order anharmonic phonon softening. In conjunction with the phonon
frequency, the dephasing time significantly increased at low temperatures due to the suppression
of phonon-phonon scattering. Most strikingly, Pb(MOBT), exhibits > 75 ps phonon coherence
time at 10 K, which is one of the longest-lived coherent optical phonons among hybrid 2D

materials (Fig. 3e, Table S2).
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We apply a cubic overtone model to fit the temperature-dependent phonon energy and
dephasing rate as shown in Fig. 3d-f, where an optical phonon down-convert to two acoustic

phonons satisfying both energy and momentum conservations.> 33

2
= wo + Vol 1+
@= o ]/w< exp (hwo/ZkBT) — 1)
r=r (1 2 )
=To+ +
0T Vd exp (hwo/2ksT) — 1

Where w and wg represent the measured and zero-temperature optical phonon
wavenumber, I" and ' represent the measured dephasing rate and the zero-temperature dephasing
rate, ¥, and y, are constants representing the anharmonic effect on phonon wavenumber and
dephasing rate. Pb(MSBT), data below 120 K were not used in the analysis (vide infra). This
model fits the data reasonably well, suggesting that three-phonon processes are the primary
mechanism for anharmonic relaxation. The fitted phonon wavenumber anharmonic parameter y,,
are (1.12 £0.05) x 10" cm!, (4.6 £0.9) x 102 cm!, and (1.4 £ 0.1) x 102 cm™! for Pb(MMBA),,
Pb(MSBT), and Pb(MOBT),, respectively. The dephasing rate anharmonic parameters y 4 are (2.9
+0.7) x 1073 ps!, (1.3 £0.4) x 103 ps!, and (5.1 £ 0.5) x 10 ps’! for Pb(MMBA),, Pb(MSBT),
and Pb(MOBT),, respectively. A unitless parameter wq/(2my,) that is interpreted as the average
cycles of phonon oscillation between scattering events is used to compare the harmonicity of
phonon modes with varying energy,’® being 2.8x10%, 4.7x10%, and 4.7x10? respectively for
Pb(MMBA),, Pb(MSBT), and Pb(MOBT),, respectively. Comparing with hybrid lead halide
perovskites and AgSePh, the LOCs exhibit an order of magnitude lower anharmonicity.! 33 In
addition, short time Fourier transform (STFT) revealed no systematic shift for Pb(MSBT), and
Pb(MOBT), samples at all temperatures, while Pb(MMBA), can exhibit a slight shift with time to
high frequency at high temperature, consistent with its larger degree anharmonicity (Fig. S17-
S19). In summary, despite the asymmetric Pb-S bonds, the anharmonic effect on phonon energy
is significantly suppressed, resulting in the long-lived coherent phonons.

Unlike the other two compounds where the Fourier transform of coherent phonon largely
remains unchanged at low temperatures, a new phonon mode at high wavenumber of 53 cm!
emerged in Pb(MSBT), at below 120 K (Fig. S16, S20). The dephasing time of this high energy
phonon was estimated to be 4.5 + 0.7 ps at 10 K, 7.0 = 1.2 ps at 30 K, and 7.4 £ 1.3 ps at 60 K
based on single exponential fitting of the STFT amplitude (Fig. S20). At higher temperatures the
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STFT amplitudes are too weak to be resolved. A phonon mode around 53 cm™! is observed in
Raman spectra at all temperatures as well, albeit being rather weak (Fig. S20c). DFT calculations
attributed this phonon mode to a symmetric stretching of Pb-S octahedral coupled with in-plane
ligand translation, with an energy of 52.91 cm™! (Fig. S12). The emergence of high energy coherent
phonons modes at <120 K further scatter with the lowest energy coherent modes, thus invalidating
the three-phonon scattering model where scattering with acoustic phonon was assumed to be the
main dephasing mechanism.

The role of structure and symmetry in phonon dephasing: Next, we investigate how
the structure and symmetry affect phonon dephasing dynamics. Qualitatively, the calculated
vibrational energies (Fig. S21) of the coherent phonon modes of all samples show close to
parabolic curves, revealing their high degree of harmonic oscillation. However, the long dephasing
time of Pb(MOBT), cannot be solely attributed to low anharmonicity. The crystal symmetry
affects the vibrational selection rule, which may affect the observed phonon dephasing. Unlike the
other LOCs, Pb(MOBT), has a centrosymmetric unit cell with P2/c space group. To decouple the
structural and symmetric factors within LOCs, we compared Pb(MOBT), to Pb(EOBT),, an
additional LOC with similar local Pb-S coordination (Fig. S22, crystal structure in CCDC#
2340737). Featuring an ethoxy instead of the methoxy group, the EOBT ligand exhibits crystal
structures and chemical properties similar to Pb(MOBT), except that Pb(EOBT), forms a non-
centrosymmetric unit cell (P2;). Surprisingly, the Pb(EOBT), exhibits drastically weaker phonon
modulation and shorter-lived coherent phonons. The coherent phonons can only be observed below
90 K, at significantly higher phonon energy at 15.5 cm™!' and 28.9 cm’!, and with much faster
phonon dephasing time at < 8 ps. The phonon frequencies are consistent with those measured by
Raman spectroscopy (Fig. 4a, b, Fig. S23, S24). DFT calculation shows a pair of A phonons at
25.5 em! and 32.1 em’!, corresponding to the b-axis scissoring and out-of-plane inorganic
sublattice displacements (Fig. S25). Additionally, the Raman peaks for Pb(EOBT), are noticeably
broader than those of all other LOCs, reflecting a large number of Raman-active modes in this
energy range. DFT calculations suggest that the vibrational potential anharmonicity for
Pb(MOBT), and Pb(EOBT), (Fig. 4¢) is similar, so anharmonicity alone does not account for their
markedly different dephasing rates. Given the otherwise similar properties between Pb(MOBT),
and Pb(EOBT),, we conclude that the centrosymmetry of Pb(MOBT), enforces selection rules
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that limit phonon scattering, which plays an important role in suppressing the dephasing of
coherent phonons.

Further, unlike halide perovskites where ligands are coupled indirectly to the inorganic
sublattice, Pb-S bonds between the organic and inorganic components in LOCs can lead to ligand
movements and the spatial hindrance that strongly influence the phonon transitions. We note that
the methoxy group in Pb(MOBT),, unlike other LOCs, slightly interdigitate into adjacent layers
thus resulting in greater restrictions of vibration. Careful examination of the atomic displacement
contribution confirms a significantly reduced ligand side-chain contribution in Pb(MOBT),, thus
hypothetically reducing the dissipation via ligand side chains (Fig. 4d) and contribute also to the
suppressed phonon-phonon scattering. Thus, we rationalized that the longer-lived coherent
phonons in LOCs especially Pb(MOBT), is a combined effect of low anharmonicity and low
phonon energy, centrosymmetry, and strong interlayer ligand interaction.

Electron-phonon coupling is also manifested as phonon energy modulation resulting from
increase in carrier density, a phenomenon known as electronic softening. The charge-transfer type
electronic excitation in LOCs weakens the Pb-S bond, resulting in decreased phonon energy (Fig.
S26). Using Pb(MOBT), at 10 K as an example, the A, Phonon energy experienced a 2.3%
decrease from 7.97 cm™! to 7.79 cm! as carrier density increases. The phonon energy as a function
of delay time does not significantly shift over time as revealed in STFT spectra, confirming a static
softening on contrary to a dynamic anharmonic effect (Fig. S27).3* However, a drastic decrease in
the phonon dephasing time is observed from ~120 ps to 33 ps with increasing carrier density
because of the increased phonon-phonon scattering rate, originating from the unavoidable
increasing phonon population. It should be expected that further decreasing the coherent phonon
density may even further increase the dephasing time > 75 ps, but the accurate measurement is
limited by the current measurement sensitivity. We note that the electron-phonon scattering and
phonon-phonon scattering coexist in the pump-probe experiments, and additional experiments
may be needed to quantify each contribution.>
Discussion

LOCs with direct chemical bonds between organic and inorganic components provide new
opportunities for utilizing long-lived coherent phonons in hybrid semiconductors. The electronic
properties of these materials are highly susceptible to the manipulation through small

displacements of the Pb-S bonds between the organic and inorganic components, which can be
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controlled optically using ultrashort light pulses. Here, we compare the phonon dephasing in LOCs
to other 2D semiconductors, prerequisite for realization of such manipulation. The dimensionless
coherent parameter wg/(2myy) is ~ 500 for LOCs, indicating that the optical phonons oscillate for
about 500 cycles before dephasing. This value is more than one order of magnitude larger than
that of 2D halide perovskites,>* 3¢ where carriers and excitons typically reside in the inorganic
motifs. 2D halide perovskites generally suffer from a large degree of dynamic distortion and dense
low-energy vibrational modes, leading to rapid phonon dephasing. LOCs improve upon halide
perovskites by constructing the crystal framework with direct bonds between the organic and
inorganic motifs. This rigid framework reduces phonon anharmonicity and enhances the tunability
of phonons through ligand design. The phonon coherence in LOCs is similar to those found in
transition metal dichalcogenides (TMDCs), where coherent phonons have been proposed as a
means to control electronic, optical, and magnetic properties.’’” However, compared to TMDCs,
LOCs offer additional advantages, including structural tunability and the ability to design
symmetry and dimensionality with organic ligands. In future studies, the long-lived coherent
phonons in LOCs will enable direct manipulation of material properties through secondary
excitation of either electronic or vibrational transitions. Additionally, LOCs present new
opportunities for designing heterostructures to further tailor material properties.

In summary, we reported a joint experimental and theoretical investigation of coherent
phonons in LOCs. The strong electron-phonon coupling in LOCs facilitates the generation of
coherent optical phonons via the DECP mechanism. Organic ligands have a profound influence on
the energy and dephasing kinetics, yielding long-lived coherent phonons with dephasing times
exceeding 75 ps at 10 K. Interestingly, the observation that highly distorted LOC materials exhibit
highly harmonic phonon modes calls for a reevaluation of the role of lattice distortion in phonon
spectra. These findings point to new opportunities to explore soft materials with static deformation
in search of unique coherent phonons properties, enabling optical manipulation of materials
properties in a coherent and designable manner. For example, the coherent vibrations in LOCs
govern polaronic lattice deformation, potentially reducing hopping energy barriers and

accelerating polaron transport.>®
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Methods

Sample preparation. MMBA was obtained from Combi-Block. EOBT was obtained from
Enamine. All other chemicals were obtained from Sigma-Aldrich. All chemicals were used as
received. The syntheses of Pb(MMBA),, Pb(MSBT),, and Pb(MOBT), have been reported
previously.!” Pb(EOBT), powder was obtained similarly by the reaction between 0.6 mmol lead
acetate trihydrate and 1.25 mmol EOBT. Pb(EOBT), single crystals were obtained by dissolving
3 mg Pb(EOBT), powder in a mixture of 150 pL of y-butyrolactone, 20 uL of dimethyl sulfoxide

and 50 pL of ethanol at 100 °C and slowly cooled to room temperature in 3 days. All samples were
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exfoliated by scotch tape and transferred to Si/SiO, (500 nm) substrates for optical measurements.
Crystallography data of Pb(EOBT), was deposited in Cambridge Crystallographic Data Centre
(CCDC) with deposition number 2340737.

Ultrafast spectroscopy measurements. Transient reflection spectrum was measured
using a femtosecond pump-probe system based on a home-built confocal microscope. 1030 nm
laser pulses with 250 fs pulse duration was generated by a 250 kHz amplified Yb:KGW laser
(Pharos, Light Conversion). Continuum probe beam was generated by focusing 5% of the
fundamental 1030 nm laser onto a YAG crystals. The rest of the fundamental beam was used to
pump an optical parametric amplifier (OPA, TOPAS-Twins, Light Conversion) as the pump beam
at 470 nm, which is further modulated by a chopper at 360 Hz. The pump and probe beam were
then combined and focused onto the sample using a 40x objective (NA = 0.6). The reflected beam
was collected by the same objective and analyzed by a spectrometer module (Exemplar LS,
BWTek). Low-temperature measurements were conducted on a Montana s50 cyrostation. A
triexponential decay was fitted and subtracted at each wavelength for the resulting TR spectrum
to obtain the coherent phonon oscillation signal.

Raman spectroscopy. Raman measurements were conducted using a custom-build
microscope-integrated spectrometer system.>® The specimen was place in an optical cryostat (Janis
VPF-100), which was then vacuum pumped to maintain pressure below 1x10-* Torr. A temperature
controller (LakeShore 330) was connected to the cryostat while liquid nitrogen was added to
enable cooling down to 77 K. A long-working range objective lens (Mitutoyo, NIR, 20x, NA=0.4)
was utilized to focus a frequency-stabilized 785 nm excitation laser (Toptica) onto the sample. The
reflected Raman signal was collected by the same objective lens and was filtered by a set of five
narrow-linewidth, reflective volume Bragg grating notch filters (OptiGrate), which allowed
measurements of Raman signals as low as 5 cm™!. The Raman signal then passed through a pair of
75-mm focal length achromatic lens and a 50 um pinhole, entered the spectrograph (Horiba
1tHRS550, grating 950 Grooves/nm), and was resolved by a CCD camera (Syncerity UV-Vis).

Calculations. All the calculations were performed within the framework of periodic
density functional theory (DFT) employing the Quantum ESPRESSO package.®® Perdew—Burke—
Ernzerhof (PBE)%! functional at the level of generalized gradient approximation (GGA) was used
together with projector augmented wave (PAW)® type pseudo-potentials. Grimme's D2

correction®® was incorporated to account for dispersion interactions. The wavefunctions and
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electron densities were expanded in a plane wave (PW) basis set with cutoff of 60 Ry and 300 Ry,
respectively. Convergence of the wavefunctions was achieved when the magnitude of change in
energy fell below 10719 Ry. The convergence criteria for the optimization of lattice parameters and
the geometries were set to 0.5 kbar and 10-* Ry/au, respectively. The Brillouin zone was sampled
with I'-centered k-point mesh of 4x4x1 for Pb(MOBT), and Pb(EOBT), systems. For Pb(MMBA),
and Pb(MSBT), systems, I'-centered k-point mesh of 3x3x1 was used. Starting from the relaxed
structures, phonon calculations were performed for all compounds using density functional
perturbation theory (DFTP).%* Finally, acoustic sum rule (ASR) was applied to remove small
negative frequencies from the normal modes at I' point. To understand the relation between band
gap shift and phonon displacement, the band gap was calculated as a function of positive and
negative atomic displacements along specific phonon modes. Similarly, the potential energy

surfaces were calculated along different phonon modes following the same methodology.

Supporting Information
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Crystal structure illustrations, additional transient reflection data, calculated phonon mode

illustrations, additional calculation results, temperature-dependent Raman spectra. (PDF)
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Fig 1. a, Schematic illustration of the LOC crystal structure using Pb(MSBT), as an example. b,
25 Ligand structures and the corresponding LOC in-plane crystal structures. Blue bonds represent
27 long Pb-S bonds (> 3.1 A) and grey bonds represent short Pb-S bonds (< 3.1 A). ¢, TR pseudo-
color map of Pb(MSBT), at room temperature. Inset: zoom-in view in the short delay time range.
30 d, Oscillating component of the TR residue after subtracting exponential signal. e, FT spectra of
32 the coherent phonon beating spectra. f, Normalized coherent phonon beating of different LOC

34 compounds. Solid lines are fitted with single-exponential damped oscillator.
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Fig 2. a. Low frequency Raman spectra of LOCs at room temperature. Coherent phonon
wavenumber measured by TR are marked in shaded bars. Background signals are marked with
asterisks. b. Calculated infrared intensity at I'-point. Considering the centrosymmetry of
Pb(MOBT),, the IR-active modes are marked in pink and the Raman-active modes (assigned with
arbitrary intensity due to calculational limit) are marked in red. Coherent phonon wavenumber
measured by TR spectroscopy at 10 K are marked in empty circles. The DFT calculated phonon
modes corresponding to the TR spectra are highlighted. c-d. Schematic illustration of the A and B
phonon modes of Pb(MSBT),. e, Calculated band gap change of Pb(MSBT), as a function of

displacement along the phonon eigenvectors.
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Fig 3. a-c. Temperature-dependent TR coherent phonon spectra of LOCs. d, Phonon wavenumbers
29 as the function of temperature. Results based on low-frequency Raman spectroscopy are marked
31 in triangles and results based on TR are marked in circles. Fitting curves are marked in dashed
33 lines. e, f. Phonon dephasing time and phonon dephasing rate. Fitting curves are marked in dashed

lines.
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Fig 4. a. TR spectrum residue of Pb(EOBT), at 10 K. b. FT of coherent phonon spectrum at 10 K,
Raman spectrum at 77 K, and DFT calculated infrared intensity at I'-point of Pb(EOBT),. c.
Calculated vibrational energy potential of Pb(MOBT), and Pb(EOBT),. d. Calculated atomic

displacement amplitude for the corresponding coherent phonon modes. Amplitudes of Pb(EOBT),

are based on the optical phonon mode at 24.80 cm’!.
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