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Coupling with a resonant optical cavity is well known to modify the coherence of molecular vibrations.
However, in the case of molecules coupled to a plasmonic nanocavity mode, the local mechanisms of
vibrational coherence decay remain unclear. Here, the dynamics of a few hundred molecules of
nitrothiophenol (NTP) within a single plasmonic nanocavity are studied by sum-frequency generation.
Time-resolved experiments reveal a coherence lifetime sensitive to intermolecular dipole coupling strength,
and is found to compete with cavity-induced vibrational dephasing above a threshold ~10 cm~!. Tuning of
the system dipole strength presents a quantitative means to explore the energy landscape of coherent
interactions within nanoscale vibrational platforms, relevant for studies from vibrational chemistry to cavity

quantum optomechanics.
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Molecular vibrational coherence plays a key role in
processes ranging from coherent photosynthesis [1] to the
nonradiative decay of emitters. [2] Such vibrational coher-
ences can normally only be manipulated by changing
the molecule or by coupling to resonant optical cavities.
Plasmonic nanocavity geometries, which confine light to the
deep subwavelength regime [3], exhibit extreme field
enhancements and light-matter interactions (accessing single
vibrational bonds) [4]. Controlling the vibrational coherence
of plasmonic cavity-molecule systems would impact cataly-
sis, [5] quantum optics [6,7], and photodetection [8,9].

The coherence of excited vibrations is limited by phase
memory loss due to both population decay and pure
dephasing, the latter being highly sensitive to molecule-
substrate and inter-molecular interactions. At metallic inter-
faces, ultrafast studies report coherence lifetimes of a few
picoseconds for molecule-metal coupled systems [10—13].
However, this has been little studied in nanocavities [14—16],
so mechanisms for coherence loss of tightly confined
molecules in intense highly localized optical fields remain
unclear.

Lateral interactions between molecules have been
observed in some cases to extend the lifetime of coherently
excited states [17]. For vibrations of polar bonds, inter-
molecular coupling arises from dipole-dipole interactions
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between the permanent infrared dipoles of neighboring
molecules. When closely packed together, these vibrations
hybridize to form a band with modes delocalized over
many molecules [18,19]. In the infrared spectrum, this is
identified by characteristic energy shifts and splitting of
the dressed vibration when compared to the individual
uncoupled molecules [20-22]. Collective vibrational
motion has also been observed at visible frequencies within
plasmonic nanogap geometries, where plasmon-induced
coupling of Raman-active vibrations arises via mediation of
intermolecular interactions by localized cavity modes [23].
A recent optomechanical framework describes this behav-
ior [24-26], experimentally verified by the observation of
laser-induced vibrational pumping [27], linewidth broad-
ening, and frequency shifts [28] of vibrational modes.
Here, ultrafast time-resolved sum-frequency generation
(SFG) is used to study the influence of collective motion
on vibrational dephasing within plasmonic nanogaps.
Molecules are directly excited via absorption of a midin-
frared (MIR) ps pulse. Subsequent scattering of a Raman
probe pulse upconverts this signal to the visible, producing a
spectro-temporal map of the dephasing dynamics. Plasmonic
enhancement of both visible and MIR fields within the
~1 nm nanogap cavity is achieved using a dual-wavelength
nanoparticle-on-resonator (NPoR) geometry [Fig. 1(a)] [8].
This enables detection of the coherent signal from a single
nanogap structure containing only a few hundred molecules
of nitrothiophenol (NTP). Owing to its high binding affinity
to gold, NTP forms well-ordered self-assembled monolayers
(SAMs) which support vibrational modes with simultaneous
MIR and Raman activity. The NO, stretch mode (vno, =
1340 cm™!) has a strong permanent dipole moment which
is ideal to study visible-MIR nonlinear mixing [29,30].
In tightly packed SAMs, the vibration shows strong
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FIG. 1. (a) Nanoparticle-on-resonator nanocavity comprised of
midinfrared disk resonator, nitrothiophenol molecular monolayer,
and gold nanoparticle on calcium fluoride substrate. Inset:
darkfield scattering image of single NPoR. (b) Experimental
setup with variable delay time 7 between visible and MIR pulses.
Reflective objective focuses MIR through the substrate while DF
objective focuses the visible Raman beam and collects scattered
signal, separated by the beam splitter (BS) and dispersed by
spectrometer onto CCD. (c) Illustrative phonon dispersion for
lattice of coupled vibrations with separation a and dipole moment
HNo,- In-phase mode (lattice momentum ¢ = 0) is split from out-
of-phase vibration (¢ = z/a) by frequency AS.

dipole-dipole interactions causing an energy shift of the
mode, observed in both infrared [31] and Raman spectra [32].

By temporally resolving the SFG signal, we measure
the dephasing dynamics of the nitrostretch vibration and
extract a maximum dipole coupling strength of AQ) =
18 & 1 cm~'. Tuning the strength of this coupling modifies
the dynamics of the delocalized vibration, with pronounced
motional-narrowing-induced dipolar interactions. We
observe a transition from a regime in which vibrational
dynamics are dictated by intermolecular coupling, to an
energy landscape where cavity effects dominate coherence
loss. An experimental estimation of the corresponding
optomechanical coupling strength yields 2go, ~ 13 cm™
(Supplemental Material [33] Sec. S8.2). The comparable
energy scale of these interactions demonstrates the com-
petition between these two dephasing mechanisms and the

importance of considering cavity interactions in the design
of coherent devices.

The spatial overlap and enhancement of both infrared
and visible fields is realized using a well-characterized
nanoparticle-on-resonator geometry [Fig. 1(a)]. A self-
assembled molecular monolayer (SAM) of NTP is formed
on the surface of a gold microdisk (diameter 5 pum,
thickness 50 nm) that supports resonances at MIR wave-
lengths [8]. Drop casting of 80 nm gold nanoparticles (NPs)
subsequently forms a plasmonic nanogap geometry (gap
size 1.3 nm) showing resonances in the visible region.
Molecules within the dual-wavelength resonator experi-
ence > 200 fold enhancement of both visible and MIR
fields enabling nonlinear mixing (even under continuous
wave illumination) [8]. Surface-enhanced Raman scattering
(SERS) spectra of molecules in individual NPoRs are
measured using a custom-built microscope [Fig. 1(b)]. A
tunable MIR ultrashort pulse (Aygr = 5—12 pm, duration
~2 ps) is focused from below using a reflective objective.
A coaligned high-NA objective focuses a visible laser
(Ayis = 785 nm, pulse duration ~2 ps) with variable rela-
tive delay time 7 onto the sample. Nanoparticles are located
using wide-angle darkfield (DF) scattering imaging [inset,
Fig. 1(a)]. The backscattered SERS and nonlinear mixing
signals are collected and dispersed by a spectrometer onto a
CCD camera.

The collective behavior of static dipoles within an
ordered molecular monolayer is modeled as vibrational
oscillators coupled together by nearest-neighbor Coulomb
interactions. The vibrational modes of many tightly packed
uniformly oriented molecules hybridize to form a band of
collective vibrations with a frequency splitting AQ) deter-
mined by the average interaction strength [Fig. 1(c)]. The
energy of the collective modes is shifted with respect to
the unperturbed frequency v, of an isolated molecule. The
interaction potential V, ; between two dipole moments
Hi, 1, at lattice positions r;,r; is defined as

% KR — 3(pi-rij)(mj-rij)

v dreq|ri;

= Vi (1)

where r;; is the dipole separation and g, the vacuum

permittivity. The image potential V7! includes interaction
terms that account for screening via image dipoles [32]
induced via proximity to the free electrons in the two metal
interfaces surrounding the nanogap. The frequency eigen-
states forming the cooperative band are calculated from the
resulting interaction matrix.

For a lattice with a single-molecule unit cell, symmetry
dictates that only modes comprised of in-phase vibrations
yield a net dipole moment. However, a nonvanishing dipole
moment for the antisymmetric out-of-phase vibration can
appear if the unit cell is comprised of two or more
translationally inequivalent molecules. Phenol-based mol-
ecules that undergo self-assembly on metal surfaces
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typically form a hexagonal (v/3 x v/3) herringbone struc-
ture [34] in which the in-plane rotation ¢ alternates sign for
every other molecule. A further tilt angle 6 relative to the
surface normal is also present, arising from the metal-thiol
bond. The coupling of ~350 NTP molecules is thus
modeled as a hexagonal arrangement of dipoles with lattice
constant a =0.5 nm, dipole moment |uno,| = 0.27 D [26],
in a herringbone orientation defined by the angles ¢ = 30°
and 6 = 30°. Calculation of the symmetric (++) and
antisymmetric (+—) mode energies gives a predicted split-
ting of AQ = 16.1 cm™! (Supplemental Material [33]
Sec. S2).

The dephasing dynamics of the collective NO, vibration
is measured by time-resolved SFG [Fig. 2(a)]. The incident
MIR field Eyyg(?), resonantly tuned to the energy of the
vibrational |v),_, transition, induces a time-dependent
first-order polarization P(!)(¢). This contains information
on the molecular vibrational response function R, (?),
which decays on a timescale defined by the coherent
dephasing time 7,. In the limit of purely homogeneous
broadening, the line shape of vibrational modes is assumed
to be Lorentzian and the total dephasing time determined
by the population decay time 7'y and pure dephasing time
T; as Ty'= (2T,)~' +(T3)~' [35]. The vibrational
response of n vibrational modes of frequencies ,,, ampli-
tudes A,,, phases ¢, and linewidths I',, = 1/T, ,, is given by

Rmol(t) = ANRei‘/)NR _|_ ZAneft/TZ,n eii(wnt*"/)n)’ (2)
n

where Ayg, ¢yr respectively correspond to the amplitude
and relative phase of the vibrationally nonresonant com-
ponent of the response [36,37]. Scattering via a visible
field E,;(z) subsequently upconverts this signal to a
second order polarisation P?)(z,7) with an intensity
PR (1,2)* o |Eyis(1 = 7) * [Enir (1) * Rinot (1)] [, whose

time integral is directly related to the intensity of the
SFG signal.
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FIG. 2. (a) Excitation scheme of sum-frequency generation.
(b) SERS intensities, and difference spectrum (ASERS); blue
shaded area is DF scattering spectrum. Induced peaks when MIR
laser is on corresponds to sum- or difference-frequency gener-
ation at vgpg/prg = Tvmir- (¢) Time-resolved integrated SFG
intensity with fit to the 2-Lorentzian model (orange line).
Gaussian system response of 1.01 = 0.04 ps (blue shaded).

At zero delay time, the nonlinear response of the
NTP NPoR [Fig. 2(b)] shows two induced components
at Raman shifts F vy, corresponding to scattering
processes with energy equal to the sum and difference
of visible and MIR fields. Tuning vygr across the NO,
vibration (Supplemental Material [33] Fig. S6) demon-
strates a negligible contribution to the SFG intensity from
non-resonant ~ components  (subsequently  ignored).
Scanning z produces a spectro-temporal map from which
the coherent dynamics of the vibrationally excited state is
extracted from the integrated SFG intensity. For the 16
individual NPoR structures measured, fitting each decay to
R0 (7) with a single Lorentzian mode yields an average
dephasing time 7, = 2.1 0.1 ps (T, = 2.6 £ 0.1 cm™").

Further inspection reveals an oscillating modulation of
the SFG intensity (clearly visible for ~25% of particles)
[Fig. 2(c)]. This beating signal is characteristic of the
interference between two coherent vibrations. A fit of the
data using Eq. (2) with two vibrational modes n =1, 2
separated by frequency A{) = w, — @, gives a beat fre-
quency of 16 & 1 cm™!. This is in excellent agreement with
the splitting between delocalized symmetric (++) and
antisymmetric (+—) modes estimated from the dipole-
dipole coupling model above. No additional modes are
present in the solution IR and Raman spectrum of NTP that
could account for this interference, and we note that the
appearance of this beating is unique to the NPoR structure.
An equivalent measurement of ~700 nanogaps in an
aggregated monolayer of gold NPs [38] does not reproduce
the effect (Supplemental Material [33] Fig. S7), which we
attribute to a distribution of nanogaps and molecular
arrangements averaging out collective behaviors.

The effect of delocalization on vibrational dephasing
is studied by varying the dipole-dipole coupling strength
between NO, groups. A nonpolar spacer molecule 1,1’-
biphenol-4-thiol (BPT) is partially substituted within the
NTP SAM, thus tuning the average dipole separation
[Fig. 3(a)]. The fractional surface coverage of NTP mol-
ecules x, is extracted from high-resolution CW SERS
spectra by the intensity ratio of NTP (1570 cm™') and BPT
(1585 cm™!, 1600 cm™!) ring mode vibrations [Fig. 3(f)].
Samples with increasing dilution of NTP are measured, at
average fractional coverages of X, = 0.73 (N = 16) and
0.55 (N = 13), with ~30% giving clear oscillations.

The coherent dephasing of delocalized vibrations can
also be extracted for decreasing intermolecular coupling.
Substituting BPT within the NPoR does not shift the
MIR resonance, so the cavity-enhanced population decay
time T should remain constant. A narrow distribution
of dephasing times is observed for NTP-only SAMs
[x, = 0.97, Fig. 4(a)]. In contrast, at mean fractional
coverage X, = 0.73 both a systematic decrease in dephas-
ing times (to average 7, = 1.8 & 0.1 ps) and a broadening
of the overall distribution are seen. The first is characteristic
of “motional narrowing,” previously reported in similar
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(a) Separating dipoles by diluting NTP with BPT, giving fractional surface coverage x,. (b) Oscillatory component of

measured decay for representative NPoRs at each x,, extracted from 2-Lorentzian fit by subtracting a single exponential decay.
(c) Normalized frequency-domain molecular response y o () from (b). Fill-fraction dependence of (d) T, ratio and (e) A2 between
(++) and (+—) modes, with linear fits (dashed). Data from (b),(c) indicated in corresponding colours. (f) Normalized CW SERS
intensity of NTP-BPT mixed SAM vs x,,. Symmetric mode of NO, vibration blueshifts (arrow) with increasing dipole coupling strength

whilst frequency of ring vibration at 1570 cm™!

remains constant. CW spectral collected at average laser intensity of 18 pW pm™2.

(g) Wavenumber shift Av of coupled modes vs fractional coverage. Dashed lines are expected shifts from dipole-dipole coupling model.

delocalised vibrational systems [39]. This can be under-
stood within a picture where vibrations “hop” between
molecules on a timescale o« AQ~!. If this occurs at a
rate faster than pure dephasing induces phase loss,
the coherence is protected to an extent dictated by the
degree of delocalization. Within this description, we expect
T, x AQ) [40]. Using the tuning relation in Fig. 3(e)
gives the ratio AQ(x, =0.73)/AQ(x, = 0.97) = 0.77,
comparable to the ratio of dephasing times T, (%, = 0.73)/
T,(x, =0.97) = 0.85.

Decreasing the NTP fractional coverage to X, = 0.55,
further broadens the range of measured dephasing times
[Fig. 4(a)]. Coherent oscillations persist, thus excluding
vibrational localization effects. We suggest this transition
comes from energy exchange mechanisms in such plas-
monic systems. Above a threshold AQ, ~ 10 cm™!, dipole-
dipole interactions dominate, evidenced by motional nar-
rowing of the vibrational dephasing rate. However, as the
distance between dipoles increases and the strength of this
coupling reduces, a different mechanism of energy
exchange dominates dephasing dynamics.
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FIG. 4. Distribution of measured dephasing times for (a) NTP-
BPT mixed SAMs vs NTP fractional coverage and (b) BPT-only
SAM. Scale indicated used for all plots. System resolution
indicated for each MIR frequency.
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To understand the origin of dephasing for small dipole-
dipole interactions, a comparison without dipole-dipole
coupling is made by measuring BPT-only SAMs. The
coupled ring vibration at 1585 cm™' has an IR cross
section approximately tenfold weaker than the NO, vibra-
tion of NTP [41] with negligible intermolecular coupling.
Consequently, the vibration shows no frequency shift when
tuning the average molecular separation [Fig. 3(f)].
Inserting appropriate parameters into our model of dipole-
dipole coupling predicts mode splitting of AQ = 1.6 cm™!
(Supplemental Material [33] Sec. S8.3). Tuning the MIR
frequency to the 1585 cm™! vibration of BPT (without
varying pulse intensity), the time-dependent SFG intensity
is extracted for 13 NPs (Supplemental Material [33]
Fig. S11).

The distribution of dephasing times is determined using
the single Lorentzian fit of Eq. (2) [Fig. 4(b)]. Despite its
weak infrared coupling strength, the measured 7, of the
coupled ring mode shows a similar behavior to the nitro-
stretch vibration from the X, = 0.55 NTP-BPT mixed SAM,
lying within a broad range bounded by the system resolution.
This suggests that excitation of vibrations within a plasmonic
nanogap geometry inherently gives rise to a wide range of
possible dephasing times. This intriguing result suggests that
the atomic details of molecule-metal configuration drasti-
cally change the dephasing rates.

Recent experiments in other nanogap systems have
demonstrated a coherence lifetime sensitive to the local
cavity environment, with an accelerated dephasing time
for increasing optical field strength [14,15]. A broad
distribution of lifetimes therefore can arise from variations
between individual nanocavities, originating from specific
NP geometry [42], local SAM uniformity [43], and the
heterogeneous optical field within each nanocavity [44,45].
We therefore propose that the observed drastic narrowing of
measured NTP dephasing times [Fig. 4(a)] shows the
transition to a regime where lateral dipole interactions
dominate over the cavity-molecule coupling strength, i.e.,
AQ > 2g,.. Here, vibrational delocalization plays a critical
role in mitigating dephasing, even in the presence of
structural disorder and optical field variations. This con-
dition is never met for BPT [27], and cavity interactions
dominate even for the pure SAM. In an optomechanical
picture, g, is expected to have a ,/x, dependence,
while our measurements show AQ to be linear with x,,.
Therefore, above the threshold coupling strength, where
AQ =~ 2g,,, dipole-dipole interactions will always domi-
nate (Supplemental Material [33] Sec. S8.4). Extrapolating
to a complete monolayer of NTP gives 2g,y ~ 13 cm™!,
comparable to the value predicted for our system
(Supplemental Material [33] Sec. S8.2).

In conclusion, plasmonic enhancement of visible-MIR
nonlinear processes within single nanocavities reveals the
local dephasing dynamics of a few hundred tightly confined
molecules. Dipole-dipole coupling between neighboring

molecules delocalizes the vibrations of the system.
Interference between in-phase and out-of-phase collective
vibrations is observed as coherent beating. The competition
between intermolecular dipole-dipole coupling and local
cavity-molecule interactions controls vibrational dephasing
rates. Above a threshold coupling strength AQ, > 10cm™!,
dipolar interactions extend the coherence lifetime by
~200% and reduce variations induced by plasmonic
coupling that normally obscure dephasing dynamics. The
effects observed are applicable to a wide range of molecules
[46,47] and solid-state dipoles [48,49] spanning across MIR
and THz spectral regimes. Control of vibrational coherences
in metal-molecule systems opens possibilities for testing the
role of collective vibrations on optomechanical cooling [50],
optoelectronics, and energy transfer [2], as well as plasmonic
catalysis [51], where collective dynamics can strongly
influence reaction pathways.
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