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Coherent exciton-lattice dynamics in a 2D
metal organochalcogenolate semiconductor

Coherent vibrational spectroscopy
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Hybrid vibrational modes in metal organochalcogenolates
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Femtosecond resonant impulsive vibrational spectroscopy and non-resonant
Raman scattering were used to identify vibrational modes that strongly couple to
excited carriers in 2D silver phenylselenolate, a newly discovered metal
organochalcogenolate semiconductor. These measurements, together with
computational simulation, elucidate the complex vibrational landscape of this
covalently bound hybrid material, which is distinct from all-inorganic van der Waals
semiconductors and halide perovskites. These results motivate future molecular
engineering efforts to control optoelectronic properties in hybrid organic-
inorganic systems.
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SUMMARY

We reveal coherent exciton-phonon interactions in the two-dimen-
sional (2D) layered hybrid organic-inorganic semiconductor silver
phenylselenolate (AgSePh). Using femtosecond resonant impulsive
vibrational spectroscopy and non-resonant Raman scattering, we
identify multiple hybrid organic-inorganic vibrational modes that
strongly couple to the excitonic transitions and characterize their
behavior. Calculations by density functional perturbation theory
show that these strongly coupled modes exhibit large out-of-plane
silver atomic motions and silver-selenium spacing displacements.
Moreover, analysis of photoluminescence spectral splitting and tem-
perature-dependent peak shifting/linewidth broadening reveals
that light emission in AgSePh is most strongly affected by a com-
pound 100 cm~ ' mode involving the wagging motion of phenylsele-
nolate ligands and accompanying metal-chalcogen stretching.
Finally, red shifting of vibrational modes with increasing tempera-
ture reveals a high degree of anharmonicity arising from non-cova-
lent interactions between phenyl rings. These findings reveal the
unique effects of hybrid vibrational modes in organic-inorganic semi-
conductors and motivate future work aimed at specifically engineer-
ing such interactions through chemical and structural modification.

INTRODUCTION

Hybrid organic-inorganic materials can exhibit functionality and performance not
achievable in all-organic or all-inorganic material systems alone. These hybrid mate-
rials—including metal-organic frameworks, colloidal nanocrystals, organics in sol-
gel-derived matrices, organic modified ceramics, and hybrid halide perovskites—
have been used in many fields ranging from catalysis, photonics, functional coatings,
electronics, energy, and sensing to biology, medicine, and biotechnology.'™

Interest in hybrid organic-inorganic semiconductors has advanced recently because
of remarkable optoelectronic properties and ease of fabrication by low-temperature
solution-based syntheses.”® However, a complete description of excited state
dynamics in hybrid semiconductors has proved elusive because of strong charge
carrier-lattice interactions’™"" that defy conventional models of all-inorganic semi-
conductors. Moreover, excited state dynamics in low-dimensional hybrid semicon-
ductors are further complicated by the mixed Frenkel-Wannier nature of strongly

bound excitonic states.'? %

Exciton-phonon coupling in two-dimensional (2D) hybrid semiconductors has been
extensively studied in 2D hybrid organic-inorganic lead halide perovskites.'#'>""

PROGRESS AND POTENTIAL

Semiconductors are the backbone
of modern technology, found in
almost all electronic devices. Most
semiconductors in use today
contain only inorganic elements,
but hybrid semiconductors are
gaining interest because of their
potential to combine the robust
stability and high performance of
inorganic materials with the
flexibility of organic constituents.
However, the complex structures
of hybrid semiconductors result in
complicated carrier-lattice
dynamics that defy models
developed for conventional
semiconductors. Here, we use a
series of advanced optical
spectroscopy techniques,
coupled with computer
simulation, to understand
interactions between the atomic
vibrations and electronic
excitations in silver
phenylselenolate, a recently
discovered 2D hybrid
semiconductor. Our results
highlight the unique impact of this
material’s hybrid structure on its
light-emitting properties and
suggest strategies for controlling
these properties through
chemical or structural
modification.
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Previous research in this material class has shown that the main vibrational modes
that couple strongly to excitons and excited electronic states belong to the motions
of inorganic frameworks, while the organic components indirectly affect the vibra-
tional modes through structural templating.'®™"” However, it is unclear whether
these findings are representative of all 2D hybrid semiconductors or if they are spe-
cific only to 2D lead halide perovskites, which are uniquely ionic in nature and
possess relatively weak hydrogen-bonding interactions between organic and inor-
ganic components.

18,19

Layered metal organochalcogenolates (MOCs) are an emerging class of cova-

lently bonded 2D hybrid organic-inorganic semiconductors with potential app-

20-22

lications in light emission, thermoelectricity,”® and electrocatalysis,”* as well

2727 chemical,?® and thermal®? sensing. A prototypical member of this

as in light,
material family is 2D silver phenylselenolate (AgSePh), composed of a hybrid quan-
30732 that exhibits a thickness-independent direct bandgap,*”

strong exciton binding energy,®*® fast picosecond photoluminescence (PL)
26,31,34,36,37 38

tum-well structure
lifetime, narrow-linewidth blue luminescence centered at 467 nm,
and 2D in-plane exciton anisotropy with polarized light absorption and emission.*”
Moreover, synthesis of AgSePh can be accomplished without specialized equip-

3037 microcrystals,®'7+49

ment, and the material can be prepared as single crystals,
or polycrystalline thin films”****" via low-temperature vapor-phase or solution-
phase processes, depending on the end-use need. These attributes, combined
with earth-abundant elemental composition and chemical robustness, have gener-

ated interest in AgSePh for a variety of optoelectronic applications.”>?’

Here, we use a combination of steady-state and time-domain spectroscopy tech-
niques together with density functional perturbation theory (DFPT) to develop a
detailed description of low-frequency hybrid motions in AgSePh, revealing new
vibrational coherences and the complexity of exciton-phonon interactions in this ma-
terial system. Understanding of this exciton-phonon coupling in low-dimensional
semiconductors such as AgSePh reveals new opportunities for controlling optoelec-
tronic properties through molecular engineering of hybrid organic-inorganic
systems.

We note that, during preparation of this manuscript, a closely related study was pub-
lished reporting strong exciton-phonon interactions in AgSePh and interpretation of
the high-frequency Raman spectrum, complementing the results presented here.*?
In the work we present here, we focus specifically on the low-frequency (<200 cm™)
spectral region, which is dominated by hybrid vibrational motions of both the
organic and inorganic subunits, and which are revealed to be centrally important
to exciton-phonon coupling in AgSePh.

RESULTS AND DISCUSSION

Crystal structure, electronic structure, synthesis, and basic optical properties
of AgSePh

AgSePh is a 2D hybrid organic-inorganic semiconductor, consisting of Ag, Se, C, and
3032 and adopts a quantum-well
structure (Figure 1A) with a layer of Ag atoms located between two layers of Se

H. It crystallizes in the C2/c or P2;/c space group

atoms that are covalently bonded to phenyl (Ph) rings. Each Ag atom is surrounded
by four Se atoms in a tetrahedral configuration, and each Se atom is linked to four Ag
atoms and one phenyl ring oriented in the out-of-plane direction. The Ag atoms are
arranged into a distorted hexagonal pattern (Figure 1B), leading to in-plane anisot-
ropy”” and three different Ag-Ag separation distances (2.99, 2.90, and 3.03 A) for the
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Figure 1. Structural, electronic, and optical properties of AgSePh

(A) Structure of AgSePh when viewed from the side, showing a natural 2D quantum-well system.
(B) Structure of AgSePh P2;/c space group when viewed from the top, showing the distorted
hexagonal pattern of in-plane Ag atoms and three different Ag-Ag bond lengths labeled by 1, 2,
and 3.

(C) Calculated electronic band structure of AgSePh derived from density functional theory,
predicting a direct bandgap at I'. An image of the corresponding Brillouin zone is given in
Figure S1.

(D) Isosurfaces of the wavefunctions at the conduction band minimum (CBM) and valence band
maximum (VBM) at T".

(E) Photos of an AgSePh thin film and AgSePh crystals used in this study.

(F) Scanning electron micrograph of an AgSePh thin film showing its polycrystalline morphology
with random in-plane orientation.

(G) Absorption (Abs) and photoluminescence (PL) spectra of AgSePh at 80 K.

P2;/c crystal structure. We refer to these three Ag-Ag separations as (Ag-Ag)q, (Ag-
Ag)z, and (Ag-Ag)s, respectively, as defined in Figure 1B. The short Ag-Ag bond
distances (shorter than the sum of two Ag atomic radii, 3.44 A) suggests strong ar-
gentophilic interactions within the 2D plane.***?

Electronic structure calculations performed using density functional theory (DFT)
show that AgSePh is a semiconductor with a direct bandgap at I" and no dispersion
along the out-of-plane direction, in agreement with its quantum-well structure and a
previous calculation®® (Figure 1C). The calculated bandgap was found to be ~1.3 eV
and was lower than the observed bandgap of ~2.7 eV (see below). Moreover, Fig-
ure 1D shows the electron densities at the conduction band minimum (CBM) and
valence band maximum (VBM), which are concentrated mainly in the inorganic
AgSe core. Electron density at the CBM also contains a small orbital contribution
from the nearest C atoms, suggesting the possibility for electronic bandgap
tunability by organic modification.
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AgSePh was prepared as both thin films and large crystals, on the basis of previously
reported procedures.”®?" AgSePh thin films (Figure 1E, left) were prepared by va-

1

por-phase chemical transformation, or “tarnishing,” of metallic silver films by di-
phenyl diselenide (Ph,Se;) in the presence of dimethyl sulfoxide (DMSO) vapor.Zé
A scanning electron micrograph of a representative film shows its polycrystalline
nature with micrometer grain sizes and random in-plane orientation on a glass sub-
strate (Figure 1F). Using an alternative synthetic method, large AgSePh crystals (Fig-
ure 1E, right) were obtained by an organic single-phase reaction between silver ni-

trate (AgNO3) and Ph,Se; in a mixed propylamine (PrNH,) and toluene solution.®’

Figures 1G and S2 show the absorption and PL spectra of AgSePh at 80 K and room
temperature, respectively. Although the samples exhibited a single PL peak at
467 nm, their absorption spectra revealed a crowded excitonic absorption feature
at 430-450 nm composed of three distinct optical transitions that are resolved at
low temperature, in agreement with previous reports.?®'3%:37:3% AgSePh thin films
were used for femtosecond pump-probe experiments, while crystals were used for
non-resonant Raman and PL spectroscopy experiments.

Time-domain observation of coherent exciton-lattice dynamics by impulsive
vibrational spectroscopy

To investigate vibrational dynamics in AgSePh, we used resonant impulsive stimu-
lated Raman scattering (RISRS),?10:12:15:1¢ 5 time-domain vibrational spectroscopy
technique belonging to a broader class of methods known collectively as impulsive
vibrational spectroscopy (IVS).**~*® On the basis of pump-probe transient absorp-
tion spectroscopy, IVS measures the change in a sample’s absorption/transmission
due to photoexcitation as a function of time (Figure 2A). In our experiment, an
ultrafast 375 nm pump laser pulse was used to excite AgSePh electronically and vi-
brationally, followed by a broadband probe laser pulse to monitor the excited state
dynamics over a controllable time delay (Figure 2B). Because of the short temporal
width (~70 fs) of the pump laser pulse (Figures S3 and S4), a coherent vibrational
wave packet is generated on an excited-state potential energy surface upon photo-
excitation, and this wave packet evolves over time with a frequency w corresponding
to the underlying vibrational mode(s). This oscillation of the wave packet leads to
fluctuations in the atomic spacing and lattice organization, resulting in a time-
dependent modulation of sample’s absorption that contains information on the
sample’s vibrational dynamics.

Figure 2A shows the IVS color map for AgSePh at 5 K, plotted as the change in ab-
sorption versus time delay and probe wavelength. We observed three prominent
bleach features (a negative change in absorption), labeled X;, X5, and X3.35:36:42
These three optical transitions in AgSePh were previously assigned to three distinct
excitonic states oriented within the 2D plane (X, perpendicular to X; + X3) and
exciton binding energy > 300 meV.?> A fit to these excitonic dynamics and further
discussion are shown in Figure S5.

Superimposed on the decaying electronic signals in the IVS data are the oscillatory
vibrational dynamics. To isolate the vibrational dynamics, we sum over a wavelength
region of the IVS data, then fit and subtract off the electronic contribution to the
signal (Figures 2B and Sé), leaving only the quickly oscillating vibrational signal as
shown in Figure 2C. Next, a Fourier transform is applied to extract the frequencies
of underlying vibrational modes (see Note S2 for an extended discussion of this
data analysis method). Figure 2D shows the vibrational frequencies of the IVS signal
at 408-422 nm.
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Figure 2. Coherent vibrational dynamics obtained by impulsive vibrational spectroscopy (IVS)

(A) IVS color map of thin-film AgSePh at 5 K. The IVS data were collected and analyzed over a time delay of 0-20 ps, at which point all substantial
oscillatory signals were found to have degraded. The data are truncated to 10 ps here for clarity; the full 20 ps color map can be found in Figure S12A.
The three distinct excitonic transitions X4, X,, and X3 are labeled.

(B) Schematic of the IVS technique used in a displaced harmonic oscillator potential energy system. Photoexcitation occurs from the electronic ground
state (GS) to the excited state (ES) and induces a coherent vibrational wave packet oscillating at a frequency w. Simultaneously, coherent vibrational
wave packets can also be generated in the GS of the system (not shown). At right, the process of extracting vibrational frequency information from the
IVS signal isillustrated, involving the subtraction of fitted electronic dynamics to obtain vibrational dynamics, followed by a Fourier transform to find the
vibrational mode frequency.

(C) Analysis of time-domain IVS data, showing the vibrational oscillations in the signal over a 408-422 nm region (blue), the fit to multiple decaying sine
waves (orange), and the difference between the experimental signal and fit with an offset for clarity (gray).

(D) Vibrational frequencies obtained after Fourier transformation of IVS vibrational dynamics (blue). These frequency-domain data were fit to multiple
Lorentzian peaks (red) and agree with the frequencies identified by the sine-wave fit to the time-domain data (orange ticks).

(E) Probe wavelength-dependent IVS vibrational frequencies showing an increase in the relative intensity of the y mode at longer probe wavelengths.

Alternatively, this processing method can be performed at each individual wave-
length by subtracting off the electronic contribution and performing Fourier trans-
formation before summation (Figure S7). The map of coherent vibrational residual
data after subtraction of the electronic contribution (Figure S7B) shows the charac-
teristic 180° phase flip across each excitonic resonance, indicating that the excitonic
oscillator strength was modulated because of the coupling with phonons rather than
a change in the refractive index over the entire spectral range. After the Fourier
transformation and summation over wavelengths, a comparable IVS spectrum to
Figure 2D was also obtained (Figure S7D).

As can be seen in Figure 2D, we observe four dominant vibrational modes in the IVS
data, which are more resolved compared with the previous report.”” These four

Matter 7, 1-19, April 3, 2024 5
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Table 1. Summary of experimental and simulation results describing key vibrational modes in

AgSePh
Ag-Se

Mode NRRS at IVS at Calculated IVS lifetime  displacement  Ag z-motion
designation 78 K (cm ) 5K(ecm~") Raman(cm™') at5K (ps)  contribution® contribution®
Zeta (¢) 25.5 241 23.7 - 0.33 0.57

Alpha (a) 29.0 29.3 271 4.6 0.10 0.35

Beta (B) 61.2 62.1 60.2 4.7 0.41 0.06

Epsilon ()  91.5 - 94.7 - 0.02 0.03

Gamma (y) 99.6 98.7 102.4 2.4 0.15 0.07

Delta (3) 105.5 103.7 106.4 3.4 0.1 0.09

See also Tables S1-53.

?Column value indicates atomic mass-weighted contribution of the specified displacement to total
atomic displacements involved in the mode. All weighted displacements add to a value of 1.0.
BColumn value indicates atomic mass-weighted contribution of the specified directional motion to the
total of all atomic directional motions. All weighted directional motions add to a value of 1.0.

vibrational modes appear at frequencies of 29.3, 62.1,98.7, and 103.7 cm ™' and are
labeled o, B, v, and 3, respectively. Specifically, they are the vibrational modes that
significantly modulate the excitonic optical transitions in AgSePh; or, in other words,
they are the primary modes that participate in exciton-phonon coupling.

The IVS results show differences in exciton-phonon coupling behavior among the
three excitonic states (Figure 2E). Although the B mode is the most dominant
mode on the basis of signal intensity at probe wavelengths of 416-421 nm (corre-
sponding to the highest energy excitonic state, X3), the ¥ mode is most intense
for the lowest energy excitonic state, X; (probe wavelength 457-462 nm).

To corroborate the findings of the frequency-domain analysis, we also performed
mode analysis directly on the time-domain data (Figure 2C) by fitting to the sum
of multiple decaying sine waves of the form

| = kqsin(wit + go1)exp( ) + k2 sin(wat + (pz)exp< ) +..., (Equation 1)

2 =
where [is the intensity of the IVS signal, t is time, and the remaining variables repre-
sent adjustable fitting parameters. The result of a four-mode fit is shown as an or-
ange dashed line overlaid with the original data in Figure 2C; details on the fitting
method and a list of the derived fitting parameters can be found in Note S3 and
Table S4, respectively. The orange ticks along the x axis in Figure 2D represent
the fitted sine-wave frequencies, showing good agreement with the frequencies ob-
tained by Fourier transformation. Beyond identification of the vibrational fre-
quencies, the unique time-domain data collection method of IVS allows analysis of
the temporal evolution of the vibrational coherences, represented by the 7; coher-

ence lifetime terms in the fit and tabulated in Table 1.

Comparison of IVS spectrum to non-resonant Raman scattering

The unique information content of IVS is further revealed by comparison of the IVS
spectrum to the corresponding frequency-domain non-resonant Raman scattering
(NRRS) spectrum (Figure 3A). By using a non-resonant Raman pump laser wave-
length of 785 nm (below the bandgap of AgSePh) coupled with volume holographic
grating notch filters, we were able to probe vibrational modes belonging to the elec-
tronic ground state down to ~10 cm™' without any interference from Rayleigh

scattering.

6 Matter 7, 1-19, April 3, 2024
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Figure 3. Vibrational mode identification using density functional perturbation theory (DFPT)

(A) Comparison of vibrational spectra from several experiments and simulations, normalized and offset. Shown in order are impulsive vibrational
spectroscopy (IVS, blue, 5K), non-resonant Raman scattering (NRRS; red, 78 K), DFPT calculated Raman (green), and DFPT calculated phonon density of

states (orange). See also Figures S11, S16, and S17. For the spectral range above 37 cm™!

spectrum and phonon density of states were shifted by 8 cm ™" to better match the experimental spectra.
(B and C) DFPT simulated atomic displacements in the AgSePh structure for the o (B) and ¢ (C) modes.
(D) Net correlation between IVS activity and different vibrational mode characteristics in AgSePh, evaluated for the 9 identified modes between 0 and

(marked by a black dotted line), the calculated Raman

140 cm™". The x, y, and z directions correspond to the a, b, and 5.6-degrees-off-c crystallographic directions, respectively. See also vibrational mode

animations included with the supplemental information.

The four primary IVS modes («, B, v, and 8) have corresponding peaks in the NRRS
spectrum at29.0, 61.2, 99.6, and 105.5 cm™ ', respectively (Table 1). The observation
of these same four vibrational modes associated with exciton-phonon coupling by
both techniques indicates that they couple to both the ground electronic state (as
shown by NRRS) and the excited electronic state (as revealed with resonant IVS).

Because of the large unit cell of AgSePh consisting of 52 atoms, it is expected that
many more Raman-active modes should exist in this material beyond the four modes
identified by IVS. Indeed, the NRRS spectrum reveals >10 resolvable peaks in the
spectral range from O to 140 cm ™" (Figure 3A). As these vibrations are not observed
in the IVS spectrum, we conclude that they correspond to Raman-active modes that
do not couple strongly to the three primary excitonic transitions in AgSePh.

Another noteworthy difference between the results of the two techniques is the
broadened linewidths in IVS compared with those seen in NRRS. First, we note
that the linewidths are homogeneous in origin, rather than derived from sample in-
homogeneity, because of the Lorentzian (rather than Gaussian) line shapes seen in
Figures 2D and S10.*7 Typically, homogeneous lifetime broadening due to
phonon-phonon scattering is the main contribution to linewidth broadening in
Raman spectroscopy, including NRRS and IVS. In addition to this contribution, the

IVS linewidth is further broadened by phonon-exciton scattering®®™>?

resulting
from resonant excitation of the sample. Following photoexcitation at 5 K, excitons
in the two higher energy states (X, and X3) scatter into the lowest energy state (X;)
on a ~0.5 ps timescale, followed by a slower ~3 ps depopulation timescale for

the lowest energy state (Figure S5). These electronic lifetimes are on the same order

Matter 7, 1-19, April 3, 2024 7
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of magnitude as the coherent vibrational lifetimes extracted from time-domain
fitting of the IVS data using Equation 1 (Table 1), indicating that linewidth broad-
ening due to phonon-exciton scattering in AgSePh contributes significantly to line-
width broadening in resonant IVS, but not in NRRS. These fast exciton-phonon scat-
tering rates may also contribute to the low PL quantum yield (~2%) of AgSePh at
5K

Mapping observed frequencies onto atomic displacements in AgSePh

To obtain a physical interpretation of the vibrational modes identified with IVS and
NRRS, we compare the experimental vibrational spectroscopy results to lattice
dynamics calculations performed using DFPT approaches. A detailed description
of how these calculations were performed can be found in the experimental
procedures.

The calculated optical phonon modes and phonon density of states (PHDOS) are
plotted alongside the experimental IVS and NRRS spectra in Figure 3A. As with
the NRRS data, multiple vibrational modes were found in the calculated Raman spec-
trum, a subset of which are IVS active. We note that the peaks of interest are in the
low frequency region (<140 cm~") and only separated by ~10 cm ™" in several in-
stances, whereas differences between calculated spectra and experimentally
measured frequencies can be on the order of tens of wavenumbers®® using first-prin-
ciple approaches such as DFPT. To better match the peak structure observed in the
experimental dataset, the calculated spectrum was red-shifted by 8 cm™" for fre-
quencies above 37 cm™". Peak assignments among the IVS, NRRS, and calculated
Raman spectra were made on the basis of nearest frequency modes and an assump-
tion of correspondence between the datasets, as listed in Table 1 for the IVS active
modes (see also Figure S11). A complete listing of all 9 vibrational modes identified
in this study over the region of interest (0-140 cm™") and their frequencies can be
found in Table S1. A discussion of the possible sources of error in the computed
PHDOS and Raman spectra can be found in Note S5.

Using DFPT, the atomic displacements of vibrational modes in AgSePh can be visu-
alized inreal space. Mode o, which has a clear IVS signal, is shown in Figure 3B; Video
S1. The motion primarily consists of silver atom motion in the z direction, alternating
between positive and negative displacements for adjacent silver atoms. (We define
the x, y, and z directions as corresponding to the a, b, and 5.6-degrees-off-c crystal-
lographic directions). In contrast, mode ¢ (Figure 3C; Video S2), which presents
strongly in the calculated Raman spectrum but is not clearly observed via IVS beyond
the noise level, consists primarily of phenyl ring twisting motion in the organic layer,
with limited motion of the selenium atoms and almost stationary silver atoms.

To more systematically understand the modeled vibrational displacements and how
they contribute to exciton-phonon coupling, we analyzed the simulated atomic mo-
tions to look for correlations with IVS activity. First, we considered the relative magni-
tude of atomic displacements, Cartesian-projected component motions, and
changes in bond lengths. This analysis was performed on the five IVS-active and
four IVS-inactive modes that could be clearly identified and assigned in our dataset.
Relative contributions of selected atomic motions to the key vibrational modes are
presentedin Table 1; a complete list of motional contributions to all ? of the mapped
vibrational modes can be found in Tables S2 and S3.

Next, the motional contributions to all modes identified using DFPT were compared
to generate a correlation score predicting which atomic motions are most strongly
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correlated with IVS activity. The correlation score is effectively a predictor of exciton-
phonon coupling in AgSePh, estimating the degree to which certain atomic
displacements are likely to impact the electronic structure of the material. A high cor-
relation score indicates that a particular atomic displacement is likely to be impor-
tant in exciton-phonon coupling. Figure 3D shows the correlation scores for each
characteristic we evaluated, with more positive scores indicating stronger correla-
tion. Full details on the method for calculating and assigning correlation scores
can be found in Note S4.

The strongest correlation with IVS signal is found for Ag motion in the z direction. In
Figure 1D, we established that the band edge electron densities are contained pre-
dominantly within the inorganic 2D plane, making it intuitive that Ag displacements
in the z direction (out of the 2D plane) are likely to disrupt the electronic structure of
the inorganic layer. The second strongest correlating motion is the change in Ag-Se
interatomic bond spacing, which is similarly central to the valence electron density
(Figure 1D). Overall, we note the similarity of behavior observed here in AgSePh
to exciton-phonon coupling in other 2D semiconductors. Specifically, out-of-plane
homopolar phonons and in-plane polar optical phonons have been identified as
the most significant contributors to exciton scattering in other 2D semiconduc-
tors,*%°**% agreeing with identification here of Ag motion in the z direction and
Ag-Se interatomic bond spacing, respectively, as important displacements. Addi-
tionally, these results corroborate a recent finding from Schriber et al.,*? who
conclude that bonding among the 2D network of Ag atoms is important for light

emission in AgSePh and in two related compounds, AgSPh and AgTePh.

Returning to the modes previously introduced in Figures 3B and 3C, we see in Ta-
ble 1 that mode a exhibits a much larger Ag z-directed atomic displacement contri-
bution than mode ¢, helping explain why there is a greater degree of exciton-phonon
coupling in mode a than mode ¢, as measured using IVS. We note here that the fre-
quency range over which IVS, NRRS, and DFPT results can be compared is restricted
to a few hundred cm™' because of limitations in the IVS experimental setup, as
detailed in Note S1. Higher frequency vibrational modes are present in this system,
as seen in NRRS and DFPT data (Figure S16). However, similar to mode ¢, these
modes primarily consist of localized motions in the organic sub-layer (Figure S17),
which was previously studied by Kastl et al.,*” who assigned higher frequency
vibrational modes in AgSePh primarily to localized atomic motions in the phenyl
component. As the wavefunctions at the CBM and VBM are concentrated mostly
in the inorganic AgSe core (Figure 1D), we believe these high-frequency modes
are unlikely to have a significant impact on the electronic structure of AgSePh.

Vibrational modes strongly influencing light emission

To identify which modes strongly influence the luminescence properties of AgSePh,
we performed temperature-dependent PL spectroscopy on AgSePh crystals. Fig-
ure 4A shows a map of intensity-normalized PL spectra of AgSePh from 5 to 300 K
in 5 K increments. With increasing temperature, the main PL peak initially blue-
shifted from 5 to 30 K before reversing direction and red shifting from 30 to 300 K
because of a competition between thermal expansion and exciton-phonon coupling
effects (see Equation 2 below). The shift was smooth without an abrupt change in po-
sition, suggesting an absence of phase transitions in this temperature range. Con-
current with the gradual peak shift, the PL linewidth monotonically broadened as a
function of temperature, as expected for a line shape influenced by exciton-phonon
coupling effects. Additionally, at low temperatures below 100 K, we observed sec-
ondary peaks below the main excitonic transitions which could be the signatures
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Figure 4. Exciton-phonon coupling affecting light emission in AgSePh

(A) Intensity-normalized temperature-dependent photoluminescence spectra from 5 to 300 K in 5 K steps.

(B) Photoluminescence spectrum at 5 K showing peak splitting and their fits to Voigt functions centered at 2.6928, 2.7087, 2.7223, and 2.7367 eV.
(C) Temperature-dependent photoluminescence peak shift and corresponding fit to Equation 2.

(D) Temperature-dependent photoluminescence linewidth broadening and corresponding fit to Equation 3.

(E) DFPT-simulated lattice displacements of mode v (98.7 cm™" or 12.2 meV) viewed along two different in-plane axes. See also vibrational mode
animations included with the supplemental information.

of trapped and self-trapped excitons as well as trions and polarons, and are the sub-
ject for future investigation.

At very low temperature, the emission spectrum of AgSePh splits into multiple peaks
and as many as four distinct optical transitions could be resolved at 5 K (Figure 4B).
Fitting of these four peaks to Voigt functions results in peak energies of 2.6928,
2.7087, 2.7223, and 2.7367 €V, yielding peak energy separations of 15.9, 13.6,
and 14.5 meV (128, 110, and 117 cm™"), respectively. The roughly constant separa-
tion in energy suggests the origin of peak splitting to be phonon sidebands®® arising
from strong interaction between an exciton and a dominant phonon having an en-
ergy of ~13-16 meV (~105-129 cm™).

An analysis of the temperature-dependent PL peak shift can be used to extract the
energy of the vibration most strongly coupled to the excitonic state responsible for
light emission. Assuming a quasi-harmonic oscillation and a temperature-indepen-
dent exciton binding energy, the temperature-dependent electronic band gap

(i.e., quasiparticle gap) of a semiconductor at constant pressure, Eq(T), can be
described by®’+*¢

2

T+1 , (Equation 2)
exp KT -1

Eg(T) = EO +ATET+AEP

where Ej is an unrenormalized band gap, Are determines the weight of thermal
expansion interaction, Agp accounts for the strength of exciton-phonon interaction,
Eph is the energy of a dominant phonon, and kg is the Boltzmann constant. Assuming
a temperature-independent exciton binding energy, a fit of Equation 2 to the

10 Matter 7, 1-19, April 3, 2024



Please cite this article in press as: Powers et al., Coherent exciton-lattice dynamics in a 2D metal organochalcogenolate semiconductor, Matter
(2024), https://doi.org/10.1016/j.matt.2024.01.033

Matter ¢ CelPress

temperature-dependent peak position of AgSePh (Figure 4C) yields an Ey of
2.770 £ 0.004 eV, At of 0.12 £ 0.11 meV/K, Agp of —=35.2 £ 3.3 meV, and Epp,
of 12.3 + 2.8 meV.

To further confirm the fitted phonon energy, Eyy, we applied the value extracted
from the peak-shift analysis (Figure 4C) to an analysis of the temperature-dependent
PL linewidth broadening of AgSePh. Figure 4D compares the PL full width at half
maximum (FWHM) as a function of temperature to the predicted broadening. We
found that the PL FWHM was well fitted by a model comprised of a temperature-in-
dependent linewidth, Ty, and a contribution from a single vibrational mode with an
energy of 12.3 meV>"¢":

o
[exp (%) B 1} (Equation 3)

Here, Ty, is an exciton-phonon coupling strength parameter, and I'g and 'y, were
found to be 9 = 1 meV and 44.0 £ 1.0 meV, respectively.

Fhomo(T) = 1_‘O +

Overall, these findings indicate that a single dominant vibrational mode having en-
ergy of ~12-16 meV (~97-129 cm™") is responsible for the low-temperature PL
spectral splitting, the temperature-dependent peak shifting, and the temperature-
dependent linewidth broadening in AgSePh. Furthermore, we see agreement be-
tween the exciton-phonon coupling behavior determined from PL analysis and the
excitonic state-dependent IVS vibrational spectrum in Figure 2E, which showed
that the y mode at 99 cm™" dominates coherent lattice dynamics of the X, state.

The X state is the lowest energy excitonic state in AgSePh and also the state respon-
sible for light emission.®*"*” In Figure 2E we observed that the Pmode at 62 cm ™' was
the dominant mode for the highest energy excitonic state (X3) on the basis of IVS
signal intensity, while the vy mode at 99 cm™" was the highest intensity peak for
the lowest lying excitonic state (X;). The relative coupling strength of the ¥ mode
may also be underestimated because the intensity of an IVS peak is expected to

vary inversely with the square of vibrational frequency (I 1/w?)."7-?

Figure 4E shows the calculated vibrational motion of the ¥y mode viewed from two
orthogonal in-plane directions and Video S3 portrays its atomic motions. Overall,
the y mode is a strongly hybridized mode involving the wagging of adjacent phenyl
rings and corresponding stretching of the Ag-Se bonds, which we identified earlier
to be correlated with strong exciton-phonon interaction.

Temperature-dependent vibrational dynamics

IVS was performed as a function of sample temperature from 5 to 200 K using the
same experimental setup and conditions discussed previously. The time-domain
vibrational dynamics as a function of temperature are displayed in Figure 5A. We
focus here on the blue edge of the highest energy excitonic peak (X3) because it
has the highest signal-to-noise ratio across the widest temperature range (specific
wavelength ranges and other details are included in Note S2). At each temperature,
the time-domain vibrational dynamics were fit to the sum of four exponentially de-
caying sine waves. Fits to the data and a summary of the fitting parameters for all
temperatures can be found in Figure S15 and Table S4, respectively.

Vibrational dephasing times for the four dominant IVS modes are plotted in Fig-
ure 5B as a function of sample temperature. Overall, dephasing becomes faster at
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Figure 5. Temperature-dependent vibrational dynamics
(A) Time-domain IVS coherent vibrational response from 5 to 200 K.

(B) Temperature-dependent dephasing times for the four primary IVS-active modes, determined by fitting the data in (A) to the sum of four decaying

sine waves.
(C) Dephasing rate of the p mode as a function of temperature, fitted with a cubic overtone model.
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(D) Temperature-dependent IVS spectrum obtained by Fourier transform of the curves in (A). See also Figure S14.

(E) Dependence of IVS mode frequency on sample temperature. Note that some peaks become irresolvable at higher temperatures, leading to series

truncation.

(F) Real-space displacements of the B vibrational mode, showing shearing motion of adjacent phenyl rings. See also vibrational mode animations

included with the supplemental information.

higher temperatures, as expected because of the increasing population of the inco-

herent phonon bath with increasing temperature.®

Temperature-dependent dephasing rates can be fit to a cubic overtone model, in
which one coherent optical phonon decays into two acoustic phonons of equal en-
ergy and opposite wave vectors.®*** This model provides a simplified picture of
vibrational dephasing, but yields a useful measure of anharmonic coupling
strength®” and the relative magnitude of different sources of dephasing. We focus
onthe 62 cm™" mode as it is the best resolved feature in the IVS spectrum, especially
athighertemperatures. The dephasing rate (or the inverse of the dephasing lifetime)
is fitted to the cubic overtone model using

2
ho N
P\ 2keT

where Iy is a temperature-independent scattering rate (i.e., defect scattering), vq is

I'=To+7vy |1+ (Equation 4)

the anharmonic coefficient, and w is the vibrational mode frequency. As shown in Fig-
ure 5C, this model successfully captures the observed trend in dephasing rate with
fitting parameters of [p = 0.190 4 0.025 ps™' and vo = 2.1 x 1072 + 0.4 x 1072
ps™', suggesting that both temperature-dependent and temperature-independent
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sources of scattering are significant. Again, we note that the exciton lifetime is <10 ps
atall temperatures, and on the same order of magnitude as the vibrational coherence
time (see Figure S13). Coherentvibrations on the electronic excited potential energy
surface would likely be scattered by an electronic transition back to the ground state,
limiting the conclusions that can be reached with a phonon-only analysis.

Temperature-dependent IVS spectra (obtained by Fourier transform of the time-
domain data shown in Figure 5A) are displayed in Figure 5D. These curves show
notable shifts in peak width and position as a function of temperature, and the
magnitude of these shifts varies among the different vibrational modes. Peak broad-
ening results directly from homogeneous lifetime broadening, as discussed in the
preceding paragraph. Additionally, we observe a temperature-dependent fre-
quency shift of all modes (Figure 5E), revealing the role of mode anharmonicity.®

Of the modes appearing in the IVS spectrum, the p mode exhibits the largest tem-
perature-dependent frequency red shift (Aw/w = 9% from 5 to 200 K). Atomic dis-
placements of the B mode are illustrated in Figure 5F. This mode is dominated by
the phenyl rings, which slide past one another as they undergo collective wagging
motion. In contrast, the & mode (Figure 3B), which showed the smallest tempera-
ture-dependent frequency shift (Aw/w = <1% from 5 to 160 K), consists primarily
of Ag atomic motion in the x and zdirections, with minimal contribution of the phenyl
rings. These findings suggest that the covalently bound silver atoms within the inor-
ganic 2D plane exist in a more harmonic displacement potential than the phenyl
rings, which interact with adjacent rings via co-facial van der Waals attractive forces
and steric repulsive forces, leading to a greater degree of anharmonicity for the
B mode.

When compared with other material systems, these findings clearly reveal the truly
hybrid nature of layered 2D AgSePh. Over a 5 K-200 K temperature range, the an-
harmonic frequency shift of the dominant modes in AgSePh (~0%-9%) is much larger
on average than purely inorganic crystalline systems (~1%-2%)°°"*” but smaller than
crystalline polycyclic aromatic organic molecules such as anthracene and naphtha-
lene (~7%-20%).”° Furthermore, the B mode, which most heavily involves motion
of the organic phenyl moiety, has an anharmonic frequency shift in the range re-
ported for the organic molecules, while the & mode, confined primarily to the inor-
ganic sub-layer, shows a frequency shift more in-line with the fully inorganic systems.

Conclusions

Overall, our results provide new insight into exciton-phonon interactions in AgSePh
and, more broadly, in low-dimensional hybrid organic-inorganic semiconductors.
The unique electronic structure of AgSePh, showing three distinct excitonic features,
allows for varying degrees of exciton-phonon coupling among different excitonic
states and the vibrational modes of the system. The combination of IVS, PL, and
DFPT techniques enabled identification of the y mode, characterized by the
wagging of adjacent phenyl rings and corresponding stretching of the inorganic
Ag-Se bonds, as the mode most strongly coupled to the emissive X; state. More-
over, temperature-dependent IVS revealed increased mode anharmonicity in hybrid
organic-inorganic AgSePh compared with all-inorganic crystals, especially for vibra-
tional modes that involve significant motion of the phenyl ring (such as the B mode).
Finally, these experiments highlight the detailed information that can be obtained
by integrated time-domain, frequency-domain, and computational efforts to under-
stand exciton-phonon interactions in hybrid nanomaterials.
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These findings also suggest the ability to tune optoelectronic properties of MOCs

32:35.37 or functionali-

through synthetic modification such as chalcogen substitution
zation of the organic layer.?’**”" For example, modifying the phenyl rings to create
steric hindrance or allow interlayer cross-linking may increase the rigidity of the
structure, leading to higher PL efficiency.”? Furthermore, it may be possible to
induce or suppress exciton-phonon interactions to realize targeted properties

such as minimized broadband emission from self-trapped excitons®®*’-"3

or
improved charge-carrier screening and transport properties via polaron formation.
Finally, engineering excitonic behavior through molecular doping of the organic

layer may offer an orthogonal route to achieve desired performance.”*’?

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources, data, and materials should be
directed to and will be fulfilled by the lead contact, William A. Tisdale (tisdale@
mit.edu).

Materials availability
All materials generated and used in this study are available upon sensible requests
to the lead contact.

Data and code availability
All data and code generated and used in this study are available upon sensible re-
quests to the lead contact.

Synthesis of AgSePh thin films

Thin films of AgSePh for ultrafast spectroscopy were made by chemical transforma-
tion of metallic silver with an organic diselenide vapor in the presence of a solvent
vapor.”®** Metallic silver (Ag) films with thickness of 10 nm were deposited on sin-
gle-crystal quartz substrates using a thermal evaporator. Each silver film was sealed
inside a microwave reaction vial along with two culture tubes separately containing
~30 mg Ph,Se; and 200 pL DMSO. The sealed reaction vessels were heated in an
oven at 100°C for 5 days, yielding yellow films of AgSePh.

Synthesis of AgSePh crystals

Large (approximately millimeter) AgSePh crystals for Raman and PL spectroscopy
were synthesized by an organic single-phase reaction®' by mixing 5 mL 10 mM
AgNOj3 solution in PrNH; with 5 mL 10 mM Ph,Se; solution in toluene and holding
at room temperature for 5 days.

Optical absorption spectroscopy

Optical absorption measurements were performed on AgSePh thin films in transmis-
sion mode using a Cary 5000 UV-Vis-NIR spectrophotometer, and on ground crystal
powders using the same spectrophotometer with a PIKE Technologies DiffuselR
accessory. For the measurements on ground crystals, solid samples were prepared
by grinding with dry potassium bromide (KBr) to a ~1 wt % dilution, and diffuse
reflectance spectra were normalized to a 100% KBr baseline. The obtained diffuse
reflectance spectra were converted into absorption spectra using the Kubelka-

Munk transform,”® F(R) = U ;RR)Z, where F(R) is the Kubelka-Munk function having

a value proportional to the sample’s absorption coefficient, and R is the relative
reflectance of the sample with respect to the 100% KBr baseline.
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PL spectroscopy

PL measurements were performed on AgSePh crystals using an inverted microscope
(Ti-U Eclipse; Nikon). Samples were mounted on a cold finger in a microscopy cryo-
stat (ST-500; Janis Research) and cooled by flowing liquid helium. A 405 nm laser
diode (LDHDC-405M; PicoQuant; continuous-wave mode) was used for photoexci-
tation, and the emission spectrum was imaged through a spectrograph (SP-2500;
Princeton Instruments) mounted with a cooled charge-coupled detector (PIXIS;
Princeton Instruments).

NRRS

Non-resonant Raman spectra were collected in a backscattered geometry on the
same microscopy setup used for PL measurements. A 785 nm narrow-band contin-
uous-wave laser (Ondax) was used as an excitation source and the scattered laser
light was passed through a set of volume holographic grating notch filters (Ondax)
before being directed into the spectrograph mounted with the cooled charge-
coupled detector. The role of the notch filters is to suppress the Rayleigh scattering,
allowing an accurate measurement of vibrational modes to <10 cm™". The resolution

of the system is approximately 0.5 cm™".

Resonant IVS

A 375 nm wavelength pump pulse at 200 kHz repetition was used to excite the sam-
ple. Unless otherwise noted, the pump power was 1,100 pW, which corresponds to
5.5 pJ/pulse. A broadband laser pulse covering at least the 405-485 nm spectral re-
gion with a power of <100 pW was used to probe the sample after a variable time
delay from the excitation. A probe spot size of approximately 7,900 um? was used
with the pump spot being slightly larger, leading to an excitation density of approx-
imately 3.0 X 10 photons/um?/pulse. The pump pulse duration was 71.2 + 0.8 fs
FWHM as measured by frequency-resolved optical gating (FROG) using the optical
Kerr effect (OKE).”” Further details on the experimental setup and pulse duration
measurement can be found in Note S1.

DFT calculations

DFT, PHDOS, and Raman spectra calculations were performed using the VASP pla-
newave pseudopotential code.”?®" A full structural relaxation of the experimentally
determined 52-atom primitive unit cell with an ionic force convergence threshold of
1.0x10-7 eV/A was performed prior to the phonon calculations. For the structural
relaxation, an 8x8x1 Monkhorst-Pack k-point grid with a Gaussian smearing of
0.01 eV was used. The valence electron - ionic core interactions were treated
used projector augmented wave (PAW) potentials.®**? A planewave kinetic cutoff
energy of 500 eV was used. The Perdew-Burke-Ernzerhof (PBE) generalized gradient
approximation to the exchange correlation functional® was used in all calculations.
Taking the DFT-relaxed equilibrium structure, the Phonopy code®® was used to
generate 3x3X 1 supercell structures with atomic displacements in order to calcu-
late the PHDOS over the Brillouin zone. These 152 structures were then used to
compute the force-constant Hessian matrix via the DFPT capabilities in VASP.**
The Phonopy code was used to post-process the calculation data, generating the
simulated total PHDOS spectra, the Cartesian-direction projected PHDOS spectra,
the atom-projected PHDOS spectra, and the xyz trajectories of the phonon eigen-
modes. The Phonopy-Spectroscopy code®® was used in conjunction with VASP
dielectric constant calculations®”~"" for the displaced structures in order to calculate
the Raman intensities and simulated Raman spectrum of the vibrational modes. Vi-
sualizations of the vibrational modes were obtained using the VMD software.”? As
another point of comparison for the VASP/Phonopy calculated spectra, first
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principles molecular dynamics simulations were performed using the Qbox code,”
from which vibrational power spectra were calculated and found to have generally
good agreement.

DATA AND CODE AVAILABILITY

The authors declare that the data supporting the findings of this study are available
within the paper and its supplemental information. All other relevant data support-
ing the findings of this study are available on request.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.matt.
2024.01.033.
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Section A: Structural and Optical Characterization

Figure S1. Brillouin zone image of AgSePh adopting P2i/c space group.
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Figure S2. Absorption (Abs) and photoluminescence (PL) spectra of AgSePh thin films and
crystals (powder) at room temperature.
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Section B: IVS Experimental Methods Discussion and Additional Figures

Supplementary Note 1: Impulsive Vibrational Spectroscopy Setup

Impulsive vibrational spectroscopy (IVS) was performed using a Spirit 1040-8 ultrafast laser
(Spectra-Physics) operating at 200 kHz. A portion of the 1040 nm fundamental light was directed
to a commercial two-stage non-collinear optical parametric amplifier (NOPA) with a second
harmonic stage (Spirit-NOPA, Spectra-Physics), where it was converted to 375 nm pump light.
The NOPA output was filtered using a 375 nm bandpass filter (Chroma AT375/28x), compressed
using two fused silica prisms to minimize pulse duration, and modulated to an intensity of 1.1 mW

using neutral density filters.

A second portion of the 1040 nm light was frequency-doubled to 520 nm in a B-barium borate
(BBO) crystal. The residual 1040 nm was filtered out using a dichroic beam splitter, and the
remaining ~150 mW 520 nm pulse was then focused into a 3 mm sapphire window with a 100 mm
focal length lens to generate a broadband supercontinuum. The resultant white light was
recollimated and filtered using either a 500 nm shortpass filter (Thorlabs) or two consecutive filters
(Thorlabs notch filter 533nm, 17nm full width at half maximum FWHM; PIXELTEQ magenta
color filter 544 nm, 124 nm FWHM) to create the probe pulse covering a minimum spectral range
of 405-485 nm.

The pump pulse was modulated at 5 kHz using a mechanical chopper (Thorlabs), and the time
delay between the pump and probe pulses was controlled using a mechanical delay stage
(Newport). The pulses were overlapped using a 200 mm focal length mirror to a spot size of ~7900
um? at the sample, which was mounted in a tower cryostat under vacuum (Janis Research, ST-
100). The transmitted probe light was recollimated and directed to a spectrometer and high-speed
data acquisition system (Ultrafast Systems) with a 90 us collection window, corresponding to ~18
consecutive probe pulses for each successive “pump on” and “pump oft” acquisition period. The
displayed data were collected from a minimum of 4 different locations in the sample to confirm
sample homogeneity, and approximately 8-12 scans were taken at each location to rule out
significant sample degradation during data collection. A chirp correction to the data was performed
based on a cross correlation of the pump and probe pulses as measured in a 2 mm fused silica

S4



window. The photoluminescence background signal was also subtracted using an average of 5 data

points from before time zero.

For pump pulse metrology, an autocorrelation was performed on the pump pulse using the optical
Kerr effect in a 2 mm fused silica window. The temporal and spectral pulse profile was retrieved
using the frequency-resolved optical-gating (FROG) method [S1] with code adapted from the
Trebino group [S2] as illustrated in Figure S2 and Figure S3. The measured pump pulse duration
of 71.2+0.8 fs FWHM sets a theoretical upper limit of ~468 cm for the highest frequency coherent
vibration that can be measured using this IVS experimental setup, although the actual value is
likely lower due to effects from the transform limit of the probe pulse [S3,4] and the much higher
signal-to-noise ratio needed when approaching the theoretical limit.
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Figure S3. Color map of pump autocorrelation results before deconvolution analysis.
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Figure S4. Pump pulse temporal lineshape after execution of the FROG algorithm. FROG
analysis performed on the data shown in Figure S2. Different curves are the results from 5 separate
runs of the FROG code using the same input data, validating the reproducibility of the algorithm.
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Supplementary Note 2: Impulsive Vibrational Spectroscopy Frequency Domain Analysis

When fitting raw VS data, the following procedure was followed. First, a wavelength region with
a clear and in-phase oscillatory signal was identified in the 2D IVS data. As noted in the main text,
the VS signal is strongest near wavelengths at which the linear absorption spectrum has a high
change in intensity with respect to wavelength [S4]. Conversely, nodes in the 1VS data and phase
flips occur at the extrema of the absorption spectrum when the slope of the signal changes sign.
For the complex electronic structure of AgSePh, this led to multiple nodes in the VS signal. In
the case of analyzing 5 K data, the IS signal along the blue edge of the highest energy excitonic
peak from 408 nm to 422 nm was summed to generate a one-dimensional curve of intensity versus
time delay. For IVS data at temperatures above 5 K shown in Figure 5a and elsewhere, the
following wavelength ranges were summed, always using the blue edge of the highest energy
exciton — 20 K: 408-422 nm, 78 K: 413-424 nm, 120 K: 414-427 nm, 160 K: 414-429 nm, 200
K: 414-429 nm, and 300 K: 412-433 nm. A 20 ps time window was used to analyze the 5 K and
20 K data, with only a 10 ps window being necessary at 78 K and above due to faster IVS signal
dephasing. After summing, the low frequency electronic dynamics were fitted and subtracted off
to leave only the vibrational components. The fit was performed in MATLAB using a custom
fitting equation. After trying various functional forms, the best fit to the electronic dynamics was
found using the sum of 1) the tail of a Gaussian distribution, 2) a triple exponential decay, and 3)
a constant offset, a total of 10 fitting parameters. The fit was determined by providing a reasonable

initial guess and iteratively optimizing until an optimal stable solution was found.

Next, a Fourier transform was applied to convert the time-domain vibrational data to the frequency
domain. A Kaiser-Bessel window function was applied to the time-domain data before the Fourier
transform was performed [S5], as this has been shown to reduce ringing effects in IVS data [S4,6].
By an empirical evaluation, an alpha value of 1.0 was chosen to minimize ringing effects without
excessively broadening the peak width. A total of 8000 additional zero-valued data points were
appended to the end of the <400 time-domain data points to increase the spectral resolution (zero
padding) [S4,6]. The Fourier transform was performed using the fft function in MATLAB. The
resultant data could be fitted to the sum of multiple Lorentzian peaks as shown in Figure 2d. A

Lorentzian shape was found to provide a better fit than Gaussian and is consistent with
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homogeneous linewidth broadening mechanisms (see also Figure S7). It is worth noting that there
appears to be a node, or strong drop in IVS signal intensity, between the y and & peaks at around
100 cm™ in Figure 2d. While two distinct vibrational modes at these frequencies are clearly present
in AgSePh, as supported by their presence in NRRS and temperature-dependent IVS data (Figures
3a and 5d, respectively), the node between them is an effect of performing a Fourier transform on
two decaying sinusoidal waves near to each other in frequency, and we do not believe it to be
physically meaningful. However, this effect led us to report all IS frequencies based on the VS
experimental peak frequency, rather than using the center of the fitted Lorentzian due to difficulties
fitting the data in this region. We also note that this analysis process involves summing the data
across a wavelength region before Fourier transforming. Alternatively, the data can first be Fourier
transformed at each wavelength and then summed, as has been reported by others [S4]. This
method was also tested and is shown in Figure S6, but it was found to generate a higher noise level
than first summing the raw data due to random fluctuations in individual wavelength pixel

intensities.

Supplementary Note 3: Impulsive Vibrational Spectroscopy Time Domain Data Analysis

The following procedure was used to fit the IVS vibrational data in the time domain. The functional
form of the fit we employed is given by Equation 1 in the main text. The fit was performed
iteratively, first optimizing for a single decaying sine term, then two terms, and so on. At each
iteration, the initial guesses were based on the results of the previous iteration and the strongest
peak frequencies identified in the corresponding frequency domain data. This process was
continued until the fitting parameters remained constant between successive iterations and four
decaying sine terms had been fitted, which all agreed well with the four strongest modes identified
in the frequency domain. The fitting results at all temperatures are shown in Figure S14, and the
fitted parameters are listed in Table S4. At 160 K and 200 K, it was only possible to fit three terms,
which is consistent with the frequency domain results in Figure S13, where the y peak intensity

drops significantly at higher temperatures.
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Figure S5. Dynamics of the three bleach features in the AgSePh IVS spectrum at 5 K.
Dynamics for the first 0.5-1 ps consist primarily of decay from the higher energy X3 (422-428 nm)
and X (440-446 nm) excitonic features to the lowest energy X (451-457 nm) peak. The dynamics
of the X1 peak after 1 ps are fit with a biexponential decay, yielding a 3.4 ps fast lifetime, consistent
with previously reported findings [S7] and likely driven by exciton trapping or recombination
through radiative and non-radiative pathways. The decay of the slow component was found to be
effectively zero over the 20 ps time window, so the true long lifetime could be any value several
hundred picoseconds or longer.
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Figure S6. Isolating coherent vibrational data from electronic dynamics. The raw IVS data at
5 K extracted from Figure 2a is shown in blue. The fit to the data is shown in red, as discussed in
Supplementary Note 2. Subtraction of the fit from the raw data yields the vibrational dynamics
shown in Figure 2c.
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Figure S7. Individual wavelength method of extracting IVS frequency domain data. (a) IVS
color map of AgSePh at 5 K using the same data set as analyzed in Figure 2 of the main text. (b)
Coherent vibration residual data derived by individually subtracting off the electronic dynamics at
each wavelength pixel rather than first summing the data and then performing the electronic
dynamics subtraction only once. (c) Results of a Fourier transform to the data in panel (b), again
performed at each wavelength pixel. These results show the same vibrational frequencies are
present at all wavelengths but with varying intensities. (d) Sum of the 2D data in panel (c) across
all wavelengths, resulting in a 1D IVS spectrum comparable to Figure 2d.
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Figure S8. Analysis of linewidth broadening mechanisms in 1VS. (blue) Fourier transform of
IVS data at 5 K, identical to Figure 2d. (orange) Fourier transform of the sine-wave fit to the IVS
data, shown in orange in Figure 2c.
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Figure S9. Pump fluence-dependent 1VS frequency domain spectra at 78 K. The same analysis
method was used on all three data sets, analyzing the 413-424 nm wavelength region on the blue
edge of the highest energy (Xs) exciton. The highest fluence value of 0.30 photon/nm?/pulse is the
same fluence used to collect all other IVS experimental data presented in the main text, and this
curve is the same as the 78 K curve in Figure 5d.
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Section C: Vibrational Mode Data Analysis

Supplementary Note 4: Converting Experimental and Computational Data into Correlation

Scores

The DFPT results contain a complete picture of all atomic displacements from equilibrium for
each vibrational mode. This information was analyzed by evaluating the relative contributions
from different sub-components to the total mode displacement. The categories considered included
1) the total contributions from the silver (Ag), selenium (Se), and phenyl ring (Ph) components,
weighted by the amount of spatial displacement and the molecular weight of the component; 2)
the changes in bond displacements for several key bonds in the structure, including (Ag-Ag)1, (Ag-
AQ)2, Ag-Se, Se-C, and C-C; and 3) the degree of displacement for the Ag, Se, and Ph components
projected along each of the three Cartesian coordinate directions. Each mode and category was
evaluated independently from the others, with the contributions in each category summing to 1.

The values for all of the various contributions to each mode are listed in Table S2 and Table S3.

The correlation scores reported in Figure 3d were found by calculating the degree to which each
characteristic was correlated with IVS activity. For example, to calculate the score of 0.13 for the
strongly correlated characteristic of Ag motion in the z-direction, we start with the Ag z-Motion
Contribution column of Table S1. The values of this characteristic for the 5 I\VVS active modes (a,

B, v, 8, and {) are summed:
0.35+ 0.06 + 0.07 + 0.09 + 0.57 = 1.14. (51)
This value is divided by the total sum of all 9 modes in the column:
0.57+0.35+ 0.14 4+ 0.33 + 0.06 + 0.03 + 0.07 + 0.09 + 0.02 = 1.65, (52)

giving a value of

—— =0.69. (S3)
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Finally, the value of a perfectly uncorrelated characteristic is subtracted:

5
0.69 — 9= 0.69 — 0.56 = 0.13, (54)

resulting in the reported Ag z-Motion correlation score of 0.13. This methodology gives a
maximum correlation score of 1 — 0.56 = 0.44 and a minimum correlation score of 0 — 0.56 =
—0.56.

Normalized Intensity

20 40 60 80 100 120 140
Wavenumber (cm™)

Figure S11. Assignment of vibrational mode peaks between VS, NRRS, and calculated
Raman techniques.

Table S1. Summary of experimental and simulation results for all identified vibrational
modes in AgSePh.
Calculated Calculated VS Ag-Se

Raman Raman Lifetime at  Displacement
[raw] (cm™)  [shifted] (cm?) 5 K (ps) Contribution

Mode NRRS at IVS at5 K
Designation 78 K (cm?) (cm™)

Ag z-Motion
Contribution

Zeta (0) 255 24.1 23.7 237 - 0.33 0.57
Alpha (c)) 29.0 293 27.1 271 46 0.10 0.35
- 35.4 - 34.2 34.2 - 0.08 0.14

- 46.6 - 50.8 428 - 0.09 0.33
Beta (8) 61.2 62.1 68.2 60.2 47 0.41 0.06
Epsilon (¢) 915 - 102.7 94.7 - 0.02 0.03
Gamma (y) 99.6 98.7 110.4 102.4 2.4 0.15 0.07
Delta (5) 105.5 103.7 114.4 106.4 3.4 0.11 0.09
- 114.8 - 127.1 119.1 - 0.37 0.02
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Table S2. Simulated atomic displacements and bond length changes for all identified vibrational modes in AgSePh at 5 K. See
also Figure S16.

NRRS at 78 K Ag Se Ph (Ag-Ag)1 (Ag-AQ)2 Ag-Se Se-C Cc-C
(cm™) Contribution Contribution Contribution Displacement Displacement Displacement Displacement Displacement
255 0.85 0.10 0.05 0.45 0.20 0.33 0.01 0.01
29.0 0.62 0.15 0.23 0.30 0.55 0.10 0.02 0.03
354 0.40 0.18 0.42 0.28 0.52 0.08 0.03 0.09
46.6 0.61 0.19 0.20 0.28 0.61 0.09 0.01 0.02
61.2 0.29 0.25 0.46 0.03 0.48 0.41 0.02 0.07
91.5 0.07 0.33 0.60 0.39 0.06 0.02 0.18 0.35
99.6 0.39 0.36 0.25 0.35 0.42 0.15 0.01 0.07
105.5 0.22 0.22 0.57 0.19 0.06 0.11 0.04 0.61
114.8 0.42 0.33 0.26 0.31 0.16 0.37 0.02 0.14
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Table S3. Simulated atomic displacements along different Cartesian directions for all identified vibrational modes in AgSePh
at 5 K. See also Figure S16.

NRRS at AQ Xx- Se x- Ph x- All x- Ag y- Sey- Ph y- All y- AgQ z- Se z- Ph z- All z-
78 K (cm™)  Motion Motion Motion Motion Motion Motion Motion Motion Motion Motion Motion Motion
255 0.20 0.03 0.01 0.24 0.07 0.05 0.02 0.13 0.57 0.03 0.02 0.63
29.0 0.22 0.01 0.15 0.39 0.06 0.10 0.03 0.19 0.35 0.04 0.03 0.42
354 0.22 0.02 0.27 0.51 0.06 0.10 0.07 0.23 0.14 0.07 0.05 0.26
46.6 0.22 0.03 0.07 0.32 0.04 0.02 0.06 0.13 0.33 0.13 0.10 0.55
61.2 0.08 0.13 0.19 0.40 0.16 0.02 0.11 0.28 0.06 0.09 0.17 0.31
915 0.02 0.08 0.24 0.35 0.01 0.11 0.14 0.26 0.03 0.15 0.21 0.39
99.6 0.25 0.04 0.04 0.32 0.10 0.25 0.14 0.49 0.07 0.06 0.07 0.19
105.5 0.09 0.10 0.14 0.33 0.07 0.03 0.32 0.42 0.09 0.07 0.09 0.24
114.8 0.02 0.24 0.12 0.38 0.33 0.00 0.08 0.41 0.02 0.08 0.10 0.21
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Section D: Additional Temperature-Dependent IVS Figures
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Figure S12. IVS color maps of AgSePh measured at temperatures from 5 K to 300 K.
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Figure S13. Electronic decay dynamics of the X1 bleach feature in AgSePh at temperatures
from 5 K to 160 K. The data was well fit with a biexponential decay, with the slow decay lifetime
set to 1 ps. The fast lifetime is always found to be ~3-5 ps and does not show a clear trend with
temperature, although the relative contribution of the fast lifetime component increases with
increasing temperature. The small step in the data around 3 ps seen in some scans is due to a double
reflection of the pump beam slightly re-exciting the sample. Data above 160 K was excluded due
to increasing spectral overlap of the X1 and X> bleach features.
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Figure S14. Temperature dependence of the IVS spectrum from 5 K to 200 K. These curves
are equivalent to the data shown in Figure 5d, but separated and normalized at each temperature.
The raw data is shown in blue, with a fit to the sum of multiple Lorentzian peaks in red.
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The raw data in blue is equivalent to that shown in Figure 5a. The orange curve represents the sine
wave fit, with the extracted fit parameters shown in Table S4. The fit residual in gray is the
difference between the experimental data and fit, offset for clarity.
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Table S4. Extracted parameters from time domain fits at all temperatures.

Designation Parameter (units)

Alpha (o) Frequency (cm™)
Lifetime (ps)?
Intensity (AmOD)
Phase (deg)
Beta () Frequency (cm?)
Lifetime (ps)
Intensity (AmOD)
Phase (deg)
Gamma (y) Frequency (cm™)
Lifetime (ps)
Intensity (AmOD)
Phase (deg)
Delta (8) Frequency (cm™)
Lifetime (ps)
Intensity (AmOD)
Phase (deg)

5K

294
4.6
0.7
69

62.1
4.7
1.8

213

98.7
2.5
2.2

165

103.4

3.4
1.3

138

20 K

294
52
0.6
67

62.0
4.8
21

208

99.1
2.8
2.6

141

103.1

3.0
2.6

144

78 K

29.0
4.9
0.5
104
60.6
3.8
1.7
236
97.8
1.9
25
196
104.5
2.8
1.2
110

120 K

27.8
4.2
0.4
193
59.4
3.1
1.6
298
96.7
13
31
125
104.2
2.2
1.0
191

160 K

27.0
)
0.1
360
58.7
3.1

0.9
327

101.4
1.2
2.6
347

200 K

26.4

0.0
51
56.9

2.7
0.6

100.1
1.0
15
28

2At 160 K and 200 K, the optimal fit to the time domain data exhibited no decay in the alpha
mode over 10 ps, leading to the infinite decay lifetimes reported here.
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Section E: DFT Computation Discussion and Figures

Supplementary Note 5: Sources of Error in DFT Calculations

A possible source of calculation error is the exchange correlation (XC) approximation. In this
work, we used the PBE XC approximation, which provides a good trade-off between accuracy and
computational cost. More advanced functionals, such as hybrids, could provide more accurate
results, but at a prohibitively expensive computational cost for such a large electronic system. An
additional complication is that the relatively complex crystal structure of the material, and the
resultant large number of degrees of freedom, give rise to a “busy” theoretical spectrum with many

modes of similar frequencies and intensities.

Some of the most noticeable differences between the experimental and calculated spectra can be
found in the 150-350 cm* frequency range. While the experimental non-resonant Raman spectrum
shows some small peaks around 200 cm™ and 260 cm™, this is clearly quite different from the three
high intensity split peaks that appear in the calculated spectra at approximately 180 cm™,
230 cm, and 290 cm™* (Figure S15). When we examine the atom-projected spectra, we observe
that only the Se and Ph components of the system contribute appreciably to these peaks. This
indicates that vibrational motion of the Se and Ph components of the AgSePh system are
suppressed in the experimental case relative to the theoretical case. Calculation error from the XC
approximation’s treatment of the m — m between the phenyl groups could be one source of error
[S8], but there may also be a physical explanation for the suppression of these modes in the real
system such as interactions between adjacent phenyl rings. Both the monolayer and bulk 2D
AgSePh systems were found to have very similar spectra, and thus we conclude that inter-layer

interactions are not responsible for suppressing these phenyl vibrations.

The shifted Raman spectrum (calc.) shown in Figures 3a and S10 matches all of the most
prominent features in the experimental Raman spectrum, along with an additional Raman-active
mode at 78 cm™ that does not appear in the NRRS or IVS data. We hypothesize that this calculated
mode was not observed experimentally due to incompatibility between its symmetry and the

geometry of our measurement (light propagating normal to the 2D plane).
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Figure S16. Comparison between computational and experimental results over 0-350 cm™!
frequency range. The curves correspond to the same data shown in Figure 3a but are extended
out to 350 cm* to show higher frequency modes found in NRRS and computational results. The
calculated curves are shown here without the 8 cm™ redshift correction applied in the main text.
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Figure S17. Contributions from various vibrational mode characteristics to calculated
Raman spectrum and phonon density of states. The calculated curves are shown here without
the 8 cm™ redshift correction applied in the main text.
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