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Small numbers of surface-bound molecules are shown to behave as would be expected for opto-
mechanical oscillators placed inside plasmonic nanocavities that support extreme confinement of optical
fields. Pulsed Raman scattering reveals superlinear Stokes emission above a threshold, arising from the
stimulated vibrational pumping of molecular bonds under pulsed excitation shorter than the phonon decay
time, and agreeing with pulsed optomechanical quantum theory. Reaching the parametric instability
(equivalent to a phonon laser or “phaser” regime) is, however, hindered by the motion of gold atoms and
molecular reconfiguration at phonon occupations approaching unity. We show how this irreversible bond
breaking can ultimately limit the exploitation of molecules as quantum-mechanical oscillators, but accesses
optically driven chemistry.
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I. INTRODUCTION

The vibrational properties of molecules have long
been exploited for analytic chemical techniques, such
as infrared [1,2] and Raman spectroscopies [3–6], as well
as for coherent light emission frommasers [7]. The nature of
chemical bonds as quantum vibrational oscillators can now
be very effectively manipulated by trapping light tightly
enough around molecules [8]. Analogous optomechanical
systems use macroscopic vibrational modes such as canti-
levers [9,10], beams [11], or pillars [12–15] coupled to high-
finesse optical cavities in order to demonstrate a variety of
effects such as cooling to the quantum vibrational ground
state [16], parametric oscillation [17], and supercontinuum
comb generation [18]. Recent theory [19,20] and experi-
ments [8,21] have shown that this same optomechanical
Hamiltonian describes vibrating molecular bonds in nano-
cavities, but with single-photon coupling coefficients

ℏg0 ∼ 10–100 meV, a millionfold larger than for macro-
scopic resonators. Here, we explore how this coupling can be
used to elicit stimulated phonon scattering within vibrating
bonds, leading toward phonon lasing or “phasing,” observed
previously in microfabricated mechanical oscillators
[22–24], and we suggest how such mechanical resonances
can lead to chemical reactions [Fig. 1(a)].
Raman scattering that creates (Stokes) or annihilates

(anti-Stokes) phonons can directly probe the phonon
populations. Using an optomechanical model, it is possible
to extract the photon-phonon coupling [8,20]. When the
nanocavities are formed by ultrathin gaps between plas-
monic metal nanostructures that trap the optical field, this
strongly amplified process is termed surface-enhanced
Raman spectroscopy (SERS) of the molecules in the
gap. This process has been widely exploited for vibrational
spectroscopy by enabling tagless detection of ultrasmall
concentrations of chemical analytes [3,25–28]. Our under-
standing that molecular optomechanics and SERS corre-
spond to the same process opens up the exploration of
nonlinear Raman scattering, particularly since the well-
defined plasmonic nanocavities required have now become
available through self-assembly [29], lithography [30], and
scanning tip microscopies [21]. We note that previous
studies have been hampered by irreproducibility in the
plasmonic constructs such as micropatterned substrates
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[31], colloidal aggregates [32], and micron-sized particles
[33]. Moreover, because phonon lifetimes in molecules are
on the order of ps, building up the significant vibrational
state populations needed for nonlinear Raman favors
intense short-pulse excitation, which has not typically been
used for SERS, nor has the theory for this regime been
derived. More recently, pioneering coherent-anti-Stokes
Raman scattering (CARS) has been applied to single
plasmonic dimers [34], highlighting weak signals and rapid
damage as noted below, which make power-dependent
measurements to probe optomechanical models challeng-
ing. Here, we study intensity-dependent SERS from single
gold nanoparticles under pulsed and continuous wave
(CW) illumination.

II. EXPERIMENTAL SETUP AND RESULTS

A nanoparticle-on-mirror (NPoM) [35,36] configuration
is adopted [Fig. 1(c), inset] to provide robust reproducible

plasmon enhancements on self-assembled molecular mono-
layers (SAMs) sandwiched inside the gap. The extreme field
localization for small 1–2-nmgaps between the nanoparticle
andmetal film, as well as the orientedmolecules, makes this
geometry a perfect platform to closely investigate molecular
dynamics and local morphological reconfiguration within
the nanocavity under laser illumination. The Stokes
(S-SERS) emission is obtained for ps-pulsed as well as
CW lasers with increasing incident powers, revealing three
different regimes. Dark-field scattering and SERS measure-
ments show that at higher powers, gold atoms start to
irreversibly move around and at the same time new molecu-
lar transitions are observed. Our data imply movement of
surface Au atoms and surface-bound molecules, leading
ultimately to the breaking of molecular bonds [Fig. 1(a)].
Samples are prepared by drop casting 80-nm gold nano-

particles onto a molecular-coated gold film (Appendix A).
A biphenyl-4-thiol (BPT) SAM is used as the spacer, with
well-defined thickness d ¼ 1.3� 0.1 nm confirmed by
ellipsometry. By using a low nanoparticle density on the
sample, measurements can be performed on individual
NPoMs, initially using dark-field scattering spectroscopy
[Fig. 1(d) black line]. Typical spectra show two plasmonic
modes: the characteristic gold transverse plasmon resonance
T (λ ∼ 530 nm) and a longitudinal bonding dimer plasmon
(BDP) mode L in the near-infrared (λ ∼ 720 nm), due to
dipolar coupling between the nanoparticle and its image
charges in the metal film. After optical characterization of
each NPoM, power-controlled Raman measurements are
performed at a fixed λ ¼ 633 nm excitation wavelength,
switching between a pulsed laser source and an equivalent
CW laser [Fig. 1(b)]. In the former case, we produce 1-ps
pulses by spectrally filtering the 200-fs pulses from an
optical parametric oscillator with an acousto-optic program-
mable dispersive filter (AppendixA) to suitably improve the
spectral resolution of our system (<1 nm). A variable
neutral density filter adjusts the incident laser intensity,
with average power hIi ¼ ð1=TrÞ

R Tr
0 IðtÞdt for pulse trains

with repetition rate Tr ¼ 13 ns (much longer than the
phonon decay time).
The strongly localized electromagnetic field enhance-

ment (> 200E0) resulting from the plasmonic coupling
between the nanoparticle and the gold film [37,38] allows
the detection of the vibrational signature of BPT molecules
confined within the nanogap. The number of molecules in
each hot spot contributing to the total Raman signal is
estimated to be around 100 in this system [39]. Identical
SERS signals are obtained from each individual inves-
tigated NPoM [Fig. 1(c)], always showing three dominant
vibrational lines corresponding to the C─H rocking mode
(1080 cm−1) and to in-plane stretching of the benzene rings
(1256 cm−1 and 1585 cm−1). Using pulsed excitation gives
the same SERS spectrum for BPT [broadened by the ps
pulse, Fig. 1(e), as studied in detail in Ref. [28]], from
which we extract the total integrated SERS for each peak,

FIG. 1. Molecular optomechanics. (a) Energy diagram for
ground and excited molecular vibrational states n (top) pumped
by laser at ωl, with schematic optomechanical cavity (bottom).
The vibrational decay rate is γm. (b) SERS setup for single-
nanoparticle studies, using continuous (CW) or ps pulsed
excitation. (c) Stokes S-SERS from single 80-nm gold nano-
particle-on-mirror (NPoM, geometry in inset), with biphenyl-4-
thiol (BPT) self-assembled molecular monolayer spacer.
(d) Dark-field scattering from single gold NPoM before (black)
and after (red) 633-nm laser irradiation with average intensity
I ¼ 2 μW=μm2. Coupled plasmon mode (L) and transverse mode
(T) resonances are marked. (e) Pulsed ps S-SERS from single
NPoM, showing extraction of integrated SERS peaks and average
background. (f) Power dependence of SERS (nonlinear) and
background (linear) components.

ANNA LOMBARDI et al. PHYS. REV. X 8, 011016 (2018)

011016-2



as well as the SERS background (around 2000 cm−1),
which arises from the inelastic scattering of electrons in the
metal. The power dependence of these two components
[Fig. 1(f)] shows that the molecular Raman is nonlinear
while the electronic Raman is linear. Explaining this
observation is the main focus of this paper.

III. MODEL AND DISCUSSION

A nonlinear evolution of the Stokes Raman signal for
specific pump detuning is a strong indication that opto-
mechanical interactions between the plasmons of the cavity
and the vibrations of the molecules are occurring in our
system [19,20,40]. We describe the theoretical basis for
understanding Raman signals within pulsed molecular
optomechanics in the following. The coupling between
confined plasmons at cavity frequency ωc (with bosonic
annihilation and creation operators â, â†) and phonons of
frequency ωm (operators b̂, b̂†), driven by an external laser
at ωl of field strength AðtÞ, is governed by the nonlinear
optomechanical Hamiltonian [19,20]

Ĥ ¼ ℏωcâ†âþ iℏAðtÞðâ†e−iωlt − âeiωltÞ
þ ℏωmb̂

†b̂ − ℏg0â†âðb̂þ b̂†Þ ð1Þ

This description is completed by the inclusion of the
spontaneous decay of phonons with rate γm and plasmons
with decay rate κ (see Appendix I for details). In the weak
single-photon coupling regime (when g0 ≪ ωm, κ) the
above Hamiltonian can be linearized, and the optical degree
of freedom can be traced out [19,20,40]. As a result, a
convenient description of the dynamics of the vibrational
degree of freedom can be formulated, in which the rate of
creation and annihilation of phonons is modified by the
presence of the cavity, acting now as a reservoir of
excitations for the vibrations. Throughout this process,
the cavity is assumed to be in a coherent state, and the
phonons are in a thermal state, with negligible coherent
amplitude and dominant incoherent population (see
Appendix I for details).
We consider the response of the plasmonic cavity to

either CW or pulsed illumination. In the former case, the
cavity is assumed to be in a steady coherent state, defined
by the optical amplitude α ¼ A=½iðωc − ωlÞ þ κ=2�. On
the other hand, the temporal length of the incident pulse
used in this study falls in between the characteristic
evolution times of the cavity plasmons (few fs) and
phonons (few ps). The amplitude of the coherent state
of plasmons αðtÞ thus follows the temporal shape of
incident pulse IðtÞ ∝ jAðtÞj2 almost instantaneously.
Indeed, we verify through numerical integration of the
master equation that when illuminated by a 1-ps Gaussian
pulse, the cavity behaves as if illuminated by a CW
source with instantaneous pumping rate AðtÞ, and after

approximately 20 fs, it settles into a coherent state with
amplitude αðtÞ ¼ AðtÞ=½iðωc − ωlÞ þ κ=2�.
A similar analysis suggests that we cannot assume that the

vibrations reach a steady state when the system is illumi-
nated by a 1-ps pulse. The solution to the optomechanical
system dynamics adopted here is thus formulated in terms of
the dynamics of the mechanical degree of freedom, assisted
by the optical cavity, which has settled into a steady state. In
particular, the dynamics of the population of phonons is
described by the rate equation [40,41]:

d
dt
nphon ¼−nphonðγmþΓ−Þþðnphonþ1ÞΓþþ γmnth: ð2Þ

Here nth is the thermal population of phonons due to the
finite temperature of the environment T ¼ 300 K, varying
from nth ¼ 10−4 to 0.03 for the typical vibrational frequen-
cies of the BPT molecule we observe. The role of the cavity
is captured by the Stokes (Γþ) and anti-Stokes (Γ−) cavity-
assisted transitions rates. As each Stokes transition adds a
phonon to the molecule and each anti-Stokes transition
removes one, the optomechanical damping defined as
Γopt ¼ Γ− − Γþ describes how a plasmonic cavity can
either enhance (for positive Γopt) or suppress (for negative
Γopt) the effective decay rate Γeff ¼ γm þ Γopt of phonons.
While this behavior is reminiscent of a harmonic oscillator
resonantly coupled to a structured bath of excitations, here
the transition rates Γ� exhibit a linear dependence on the
plasmon population npl ¼ jαðtÞj2, and consequently, on the
pulse temporal evolution.
Considering first the situation of CW illumination, where

the Stokes and anti-Stokes transition rates Γþ and Γ− are
time independent, the steady-state phonon population is
found to be

nphon ¼
γm

γm þ Γopt
nth þ

Γþ
γm þ Γopt

ð3Þ

For negative optomechanical damping Γopt, this solution
exhibits a threshold behavior when the cavity amplitude
becomes large enough for the effective phonon damping
Γeff to vanish. We demonstrate this behavior in Fig. 2(a),
where we plot the phonon population and effective opto-
mechanical damping as a function of the intensity of the
CW illumination I ∝ jAj2, with solid and dashed black
lines, respectively. These plots are calculated for the
1585 cm−1 vibrational mode, with system parameters fitted
to the experimental results (see below). For the lowest laser
powers, the thermal population of phonons nth ≈ 5 × 10−4
dominates. Since in this unpumped regime the optome-
chanical damping Γopt ∝ I is negligible, the population of
phonons in Fig. 2(a) remains constant. For larger laser
powers between 101 and 103 μW=μm2, the optomechanical
pumping remains very small (−Γopt ≪ γm) so that the
normalized effective decay rate Γeff=γm ¼ ðΓopt þ γmÞ=γm
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remains unity [black dashed line, Fig. 2(a)]. However, the
vibrational pumping mechanism starts to dominate over the
thermal population, yielding a phonon population linearly
dependent on I. Finally, near the threshold, the magnitude
of optomechanical damping Γopt becomes comparable to
γm; consequently, the effective phonon damping decreases
rapidly and the phonon population reaches a regime of
nonlinear, asymptotic growth. We note that in SERS, the
rapid increase of the phonon population might then be
suppressed by the onset of anharmonicity of the electronic
potential of the molecule.
For pulsed illumination (with I redefined as the illumi-

nation peak intensity), the intensity dependence of the
phonon population is somewhat different. As shown in
Fig. 2(a) (red line), the vibrational pumping of phonons
becomes less efficient than under CW illumination, and the
system does not exhibit such a clear threshold behavior.

Instead, the phonon population becomes superlinearly
dependent on I for significantly larger peak laser powers
(around 105 μW=μm2), and asymptotically converges to an
exponential growth determined by the parameters of
illumination.
While the dynamics of vibrations is very different for

CW and pulsed illumination, in both cases the Stokes and
anti-Stokes emission intensities are determined by the
product of the laser intensity and phonon population as

SS ∝ Ið1þ nphonÞ; SAS ∝ Inphon ð4Þ

This emission is integrated over the duty cycle. In
Fig. 2(b), with solid lines, we plot the Stokes and anti-
Stokes intensities for pulsed illumination, as a function of
the peak laser intensity. In the thermal regime (below
102 μW=μm2), emission from both the Stokes and anti-
Stokes is linearly proportional to I. In the vibrational
pumping regime (between 102 and 104 μW=μm2),
nphon ∝ I, and the anti-Stokes emission has a quadratic
dependence on I. Finally, a region of significant non-
linearity of Stokes emission, for laser intensities over
104 μW=μm2, is magnified in the inset (dashed line shows
linear dependence). We note that these dependencies of
Stokes and anti-Stokes emission in Eq. (3) can also be
derived from a purely classical theory, by solving the rate
equation for the phonon population [40,41].
Such predicted behaviors are seen in the experiment.

Exciting single NPoMs with average intensities below
10 μW=μm2 (∼1013 photons=s or, given the plasmon
cavity lifetime of 20 fs and small cross section, far less
than one plasmon excited at any time), the dark-field
scattering spectrum remains unmodified [Fig. 1(d), red
line] and the SERS intensity increases linearly with laser
average intensity [regime RL in Fig. 2(c), black squares].
This is characteristic of both the thermal and vibrational
pumping regimes. Similar linear behavior is seen for pulsed
excitation with peak intensities below 104 μW=μm2 and is
well reproduced by the low-power limit optomechanical
theory of SERS [left-hand side of Fig. 2(b)]. In this regime,
as expected, absolute S-SERS intensities are similar for
CW and pulsed excitation of the same average power
(Appendix B).
A complete change is seen for pulsed peak powers

>104 μW=μm2 [Fig. 2(c)], with the Stokes SERS intensity
now showing a clear superlinear increase [Fig. 2(c), super-
linear regime RS] before saturation sets in. This nonlinear
behavior matches the molecular optomechanical model
adapted to pulsed excitation, depicted with the red line (using
phonon decay rates ℏγm ¼ 0.07 meV and single-photon
coupling parameter ℏgfit0 ¼ 6 meV, consistent with the data
obtained from dark-field spectroscopy of the cavity and
Raman spectroscopy of the molecules). Previously we
showed that anti-Stokes emission (AS-SERS) is indeed
nonlinear in the vibrational pumping regime for small

FIG. 2. Runaway molecular vibrations. (a) Comparison of the
nonlinear buildup of incoherent phonon population (solid lines)
for CW (black line) or pulsed (red line) illumination. In the latter
case with 1-ps Gaussian pulses, the peak laser intensity and
phonon population are used. Only for CW illumination does a
clear threshold arise from the vanishing effective phonon decay
rate (dashed line, normalized to the free-space phonon decay
rate), interpreted as the phonon lasing (phasing) or instability
regime. (b) Stokes (orange line) and anti-Stokes (blue line)
dependence on the peak intensity of the pulsed illumination.
Zoomed region (inset) highlights the superlinear predicted time-
integrated Stokes emission (linear shown dashed). (c) Stokes-
SERS intensity of 1585 cm−1 mode for a single NPoM vs peak
laser intensity for (red circles) ps-pulsed and (black squares) CW
excitation. Pulsed measurements on two additional particles are
also shown (red triangles, squares). Linear (RL), superlinear (RS),
and driven-chemical (RC) regimes are highlighted in blue,
orange, and red. The black dashed lines show a linear response;
the red line shows Stokes emission calculated from the model
in (b).
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populations [8], consistent with the established characteristic
of the vibrational pumping regime, but with only a linear S-
SERS signal. Here we show that at much larger peak laser
powers, the Stokes signal also becomes superlinear as the
phonon populations become nonlinear. This is a clear
signature of the amplification of the phonon population in
molecules due to optomechanical backaction coupling to the
plasmonic mode, revealing the stimulated precursor to the
parametric instability (Appendix I). This latter regime is,
however, not accessible with stronger CW pumping, as we
discuss later.
The evolution of SERS intensity in single NPoMs with

increasing laser powers is tracked for the three fundamental
Raman peaks of BPT in the case of ps-pulse excitation
(Fig. 3). It is evident that the three modes share a similar
nonlinear power dependence, with higher power onsets of
nonlinear emission for lower frequency modes, but similar
power thresholds for saturation (results on different NPoMs
give thresholds that vary �50%).
Since many molecules (Nm ∼ 100) are present in the

NPoM cavity, it is important to consider how this ensemble
couples to the plasmonic mode. The two extreme cases are
(a) that all molecules vibrate collectively or (b) that each
molecule is coupled individually to the plasmonic mode
and no coherence arises between the vibrations of mole-
cules. In the latter case, the coupling strength is simply
given by the single-molecule coupling g0, with all phonons
localized to a specific molecule. On the other hand, for the
collective vibrations of case (a), the overall coupling
strength is expected to be gN ¼ g0

ffiffiffiffiffiffiffi
Nm

p
, with the phonons

delocalized across all molecules. In more realistic systems,
however, the molecules will be dispersed inside the cavity
and exhibit a distribution of single-plasmon, single-
molecule coupling parameters g0.

The different coupling strengths in cases (a) and (b) cor-
respond to different onsets of the nonlinear Stokes emission
[19,20]. From the optomechanical parameters here (given
in Appendix I), we estimate the single-plasmon optome-
chanical coupling as ℏg0 ∼ 0.38 meV, and hence
ℏgN¼100 ∼ 4 meV. The theoretical fit to the experimental
results shown in Fig. 2(c) was calculated using
ℏgN ¼ 6 meV ¼ ℏgfit0 , which suggests that a strong col-
lective behavior is indeed observed for the first time. For
CW illumination, the nonlinear threshold is determined
directly by the ratio ðg0Þ2=γm; however, under pulsed
illumination, this onset of superlinear Stokes emission
becomes largely independent of the free-space phonon
decay rate γm for typical values of this parameter. This is
because the phonon population does not reach equilibrium
during the pulsed illumination, and its buildup is thus
governed predominantly by the coupling parameter and
illumination intensity, instead of the decay of the phonon
population. We discuss this effect in more detail in
Appendix J. We emphasize that in this power regime all
changes in experimental SERS spectra are still completely
reversible, and neither spectral shifts of the main Raman
modes nor any relative change in their intensities are
observed. A similar dependence is seen for all NPoMs.
In comparison to our previous experiments [8], in

which we used cryogenic temperatures to stabilize
“picocavities” based around single Au atom projections
within the facets of the nanogap, here we remain in the
nanocavity limit at room temperature, with optical fields
delocalized laterally ∼5 nm and probing many molecules
simultaneously. This is because we work at room temper-
ature, and we avoid such high powers that move the Au
atoms around (which is checked by dark-field scattering
before and after each experiment). At room temperature,
any picocavities are typically highly unstable, existing for
much shorter times than the integration times here. This
is confirmed from successively taken SERS spectra that
show no fluctuations in vibrational peak positions, as
expected for the 100 molecules probed, rather than the
fluctuating energies seen for single molecules in pico-
cavities [8]. It is very evident whenever a picocavity
appears, showing sharp additional Raman lines that
exhibit Stokes:anti-Stokes ratios close to unity, and we
thus avoid these [42]. Given the inverse scaling of the
optomechanical coupling g0 on the plasmon cavity
volume, we thus expect its hundredfold decrease from
the picocavity to nanocavity regimes, as is indeed
observed above (from 40 meV in picocavities to ℏg0 ∼
0.4 meV in these nanocavities).
To access the parametric instability the power is further

increased, but for peak laser intensities >106 μW=μm2

(equivalent to average powers >10 μW=μm2), the
signal decreases irreversibly. As we discuss below, this
is likely a result of chemical changes of the molecules
attached to the gold and reconfiguration of the nanoparticle

FIG. 3. Regimes for different molecular vibrations. SERS
intensity of the 1585 cm−1, 1250 cm−1, and 1080 cm−1 modes
for BPT molecules forming the plasmonic spacer, as a function of
the incident pulsed laser power: linear (RL), superlinear (RS), and
driven chemical (RC) regimes are highlighted in blue, orange, and
red, respectively. Lines show linear fits to the RL regime; arrows
show thresholds.
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shape [Fig. 2(c), chemical regime RC] [8]. We also stress
that the ever-present SERS backgrounds (here comparable
in strength to the SERS peaks, Appendix F) remain always
in the linear regime, for both pulsed and CW excitation,
confirming their separate origin to the molecular vibra-
tional peaks [43].
To isolate the effects of pulsed excitation, we also take

power dependence data on the same samples with CW
excitation at the same wavelength. As observed in previous
work [44,45], at higher intensities irreversible behaviors
appear (see Appendix E). The first effect is the appearance
of sharp extra lines alongside the three main vibrational
modes of BPT. Unlike the reversible pulsed nonlinear RS
regime, these new modes, which are not found in the
solution Raman spectra, are instead both spectrally and
temporally unstable, appearing and evolving very rapidly
(<1 s). This indicates more dramatic conformation changes
involving dynamic bending, flexing, or partial bond break-
ing of the molecules (see Appendix H). Comparable
changes are also seen in TERS [46], though driven by
current instead of light.
Simultaneously with these changes in the vibrational

spectra, the scattering spectra are observed to evolve,
with >50 nm redshifts [Fig. 4(a), black points] and
decreasing amplitude of the plasmonic coupled mode.
These spectral changes have been previously identified
with movement of the metal atoms around the nanoparticle,

increasing the width of the bottom facet in contact with the
molecules [37,47]. Diffusion of Au atoms was also sug-
gested in [44], though the mechanism suggested there
cannot apply here as our NPoM geometry constrains the
molecular layer. Recent experiments show that thiol-SAM/
gold interfaces typically reconstruct via S─Au─S staples
that pull atoms from the surface [48,49], thus mixing
molecular and metal atom dynamics. Similar effects for
both pulsed and CW excitation are seen in the Raman and
scattering, except that their threshold IC is at 100-fold
lower average power for the pulsed case compared to the
CW case [Fig. 4(b)]. This suggests that instantaneous
phonon occupations (which are larger when pulsed exci-
tation is faster than phonon decay than for CW excitation)
are more important than any equilibrium heating of the
system. In situ measurements of the temperatures of metal
and molecules show mild > 10 °C temperature rises above
the same threshold at IC (Appendix K), but these temper-
ature rises are not capable of producing the Stokes non-
linearity seen above (Appendix L). We note that broadband
CW photocatalysis of ethylene epoxidation for large
ensembles of plasmonic gaps also shows superlinear non-
linearities in its efficiency at high powers >105 μW=μm2

[50], tentatively assigned to multiexcitation that increases
occupation of higher vibrational states, and which aligns
well with the mechanism outlined here.
Our measurements thus show passage from linear to

chemical-transformation regimes under both pulsed and
CWexcitation of SERS, but with clear superlinear pumping
of the phonons in the former case starting at dramatically
lower average powers than in CW pumping. It thus appears
that there may be a link between optomechanical inter-
actions and molecule-cavity reconfiguration. We suggest
that this can arise from cooperative movement of gold
atoms and molecules seen as chemical changes in the
fluctuating vibrational spectra, but verifying this is cur-
rently challenging. A number of other mechanisms can
induce bond breaking, such as hot-electron injection
[51–54]. Indeed, the threshold for this is expected to be
lower for pulsed compared to CW excitation, and perhaps
one way to discriminate between optomechanical vs hot-
electron-driven chemistry is through detailed dependence
on the pumping wavelength.
Further progress toward phonon lasing (beyond the

nonlinear precursor observed here) is prevented by such
chemical changes. Vibrationally pumping the molecules to
approach phonon lasing will start to excite high-lying
vibrational states. Phonon populations with n̄ ¼ 0.4
(reached here for the modeled data in Fig. 2) have a 1%
chance of occupying the n ¼ 3 vibrational state. Since this
is closer in energy to the potential barrier for bond break-
ing, the process can be switched on [Fig. 1(a)]. It thus
appears that specially designed robust molecules are
required for optomechanically driven phonon lasing, which
might survive the vibrational cascade.

FIG. 4. Driven photochemical bond breaking. (a)–(b) Stokes-
SERS intensities (left axis) for persistent sharp 1585 cm−1 mode
(red points) and new SERS peaks (integrated, blue points) from a
single NPoM for increasing average laser intensity I, with (a) CW
and (b) pulsed excitation. The right axis (black points) shows the
corresponding shifts of the coupled plasmon mode in simulta-
neous dark-field scattering spectra. Lines are guides for the eye.
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IV. CONCLUSIONS

In summary, we show that ultratight confinement of
light in plasmonic cavities allows access to reversible
optomechanical driving, which shows the distinct super-
linear power dependence of the phonon population that is
the precursor to the molecular parametric instability.
Picosecond pulses that excite phonons faster than they
decay are needed to pump the vibrational population
sufficiently to observe this. We derive the optomechanical
theory for this interaction, and we show that it has
different behaviors in CW and picosecond pumping
regimes. We find that our model can account for the
nonlinear dependence of the SERS emission, and that it
suggests that ∼100 molecules act together optomechani-
cally in their interaction with the tightly confined plas-
mons. At larger pumping rates, however, permanent
molecule changes are induced that terminate this phonon
amplification process. We emphasize that very similar
effects are also observed when we use silver nanostruc-
tures, nanoparticles of different sizes, or different thiol
molecules. Our study highlights an intimate connection
between the optomechanical and chemical processes in
such highly confined plasmonic cavities. Our results
suggest new approaches for understanding the dynamics
of optomechanics in nanoscale systems, for making robust
SERS architectures for sensing (particularly at high
intensities in order to study fast dynamics) as well as
stimulating new studies of fundamental molecule-surface
interactions, for instance, in catalysis. This work also
suggests that new reaction chemistries might be accessed
by driving specific phonons optomechanically when con-
fining light tightly with molecules.
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APPENDIX A: EXPERIMENTAL METHODS

1. Sample preparation

Gold substrates are prepared by evaporating 100-nm gold
(Kurt J. Lesker Company, PVD 200) on a silicon (100) wafer

(Si-Mat, Germany) at a rate of 1 Å=s. To obtain atomically
smooth films, a standard template-stripping method is used:
silicon substrates are glued to the freshly evaporated gold
using an epoxy glue (EpoTek 377) [55] and the resulting
gold-epoxy-silicon sandwich is peeled off the silicon wafer.
Self-assembled monolayers of biphenyl-4-thiols (Sigma-
Aldrich, 97%) are formed by submerging the freshly
template-stripped substrates into a 1-mM solution in
water-free ethanol (Sigma-Aldrich, reagent grade, anhy-
drous) for 24 h (for the other SAM layers, see Ref. [39]).
The samples are subsequently thoroughly rinsedwith ethanol
and blown dry. 80-nm gold nanoparticles (BBI solutions,
UK) are deposited by drop casting from the as-received
solution. Thedeposition time is adjusted in order to obtain the
desired nanoparticle coverage. The samples are rinsed with
milliQ water in order to remove any salt residues.

2. Dark-field spectroscopy

Dark-field images are measured on a custom Olympus
GX51 inverted microscope. A focused halogen lamp is
used for illumination. The scattered light is collected
through a 100 × dark-field objective (LMPLFLN-BD,
NA ¼ 0.8) and analyzed with a fiber-coupled (50-μm
optical fiber) Ocean Optics QE65000 cooled spectrometer.
A standard diffuser is used as a reference to normalize the
white light scattering.

3. Power-dependent SERS measurements

SERS experiments are performed on the same modified
Olympus GX51 inverted microscope used for dark-
field spectroscopy. The laser beam is focused down
to approximately a 1-μm spot size on the sample using a
100 × objective (NA ¼ 0.8). Raman scattering is collected
through the same objective and analyzed with a Shamrock
SR-303i fully automated spectrometer coupled with an
EMCCD camera cooled to −85°C. For the current experi-
ments, we use a 600-lines/mm 650-nm-blazed grating.
Rayleigh scattering is filtered out with a replaceable set
of three long pass (for Stokes measurements) or short pass
(for anti-Stokes measurements) linear variable filters
(DELTA). This spectral filtering system allows the detection
of a minimum Raman shift of 400 cm−1 over the studied
spectral range. The system is calibrated using a silicon
substrate as a reference. We use a He-Ne 633-nm laser and a
tunable ultrafast optical parametric oscillator (Spectra
Physics Inspire) tuned to 633 nm for continuous and pulsed
excitation, respectively. The parametric oscillator is pumped
by a 200-fs Ti:sapphire oscillator (Spectra Physics MaiTai
delivering 200-fs pulses, FWHM 10 nm, at an 80-MHz
repetition rate). The monochromaticity of the output beam
is reduced below 1-nm spectral bandwidth using an aco-
usto-optic programmable dispersive broadband filter
(AOPDF, Dazzler, Fastlite [56]). This filter uses interactions
between polychromatic acoustic and optical waves within a
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birefringent crystal, is fully automated, and provides average
output powers of several mW for the ps pulses.

4. SERS time series

SERS time series (integration time 1 s) are recorded
using a modified Olympus BX51 microscope equipped
with a long-working-distance 100× (NA ¼ 0.8) objective.
Nanoparticles are identified by dark-field microscopy. To
record the SERS spectra, a fully motorized homebuilt
Raman spectrometer is coupled to the microscope. A
spectrally filtered 632.8-nm He-Ne laser (maximum output
21 mW) is used as the excitation source. The elastically
scattered laser light is filtered with two Semrock 633-nm
StopLine single-notch filters. The signal is coupled into an
Andor Shamrock i303 spectrograph and Newton EMCCD.
The laser is focused to a diffraction-limited spot on the
sample, and the laser intensity is adjusted through a
motorized ND filter wheel.

APPENDIX B: LASER-POWER-DEPENDENT
RAMAN STUDY OF SILICON

The Raman signal from a silicon sample is measured
for increasing laser powers. We use a continuous-wave
633-nm He─Ne laser and repeat with a pulsed tunable
optical parametric oscillator tuned to the same wavelength
(Fig. 5). In both cases, the Raman signal increases
linearly with laser power, and identical signal amplitudes
are obtained. This linear dependence is preserved also in
the “nonlinear” and “chemically driven” regions observed
in the NPoM geometry at the same powers. This differ-
ence cannot be explained by any simply classical theory
of heating (according to which a nonlinear increase
should be observed for increasing laser powers in all
cases), but only by considering the absence of a plas-
monic cavity and strong optomechanical coupling in the
bulk silicon case.

APPENDIX C: LASER-POWER-DEPENDENT
RAMAN STUDY OF BULK

BIPHENYL-4-THIOLS

The vibrational Raman signal of bulk biphenyl-4-thiol
powders is detected, and its intensity is plotted as a function
of laser power. Because of the small Raman cross section of
such samples, only CWexcitation is used since it has higher
spectral resolution. In this study, we can apply much higher
powers (up to 2 mW=μm2) as compared to the NPoM
geometry, without observing any decrease in the Raman
signal. The Raman increase follows a perfectly linear
dependence on laser power up to the maximum power
applied (Fig. 6).

APPENDIX D: TGA MEASUREMENTS

Thermogravimetric (TGA) analysis for a BPT sample is
realized in an oxygen environment (Fig. 7). Evidence of a
phase change is observed at 360 K, while an endothermic
melt happens at 390 K. Evaporation, with consequent mass
loss, starts around 450 K.

FIG. 5. Raman intensity of a silicon sample, as a function of
excitation power for both CW and pulsed 633-nm excitations.
Raman signal is plotted as a function of average laser intensity.

FIG. 6. Raman intensity of a bulk biphenyl-4-thiol sample, as a
function of 633-nm CW excitation intensity.

FIG. 7. TGA results for BPT powder. Measurements are
realized in oxygen.
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APPENDIX E: CW SERS TIME SERIES IN AIR
AND VACUUM CONDITIONS

The chemical transformation regime observed for pulsed
excitation is seen also for CW pumping >200 μW=μm2.
We track the time evolution of S-SERS for individual gold
NPoMs with BPT spacers in the CW case, identifying how
new Raman lines appear sequentially [Fig. 8(a), red arrows
on grey spectra]. Such behaviors have been seen previously
in tightly confined plasmonic geometries [44,45]. The
linear increase of the Raman transition signals with incident
power already discussed at low intensities [Fig. 2(c)] is
preserved up to 130 μW=μm2 [Fig. 8(b)]. For higher
intensities, the first effect is the appearance of sharp extra
lines alongside the three main vibrational modes of BPT
[Figs. 8(a),(c)–(e)]. The reversible pulsed nonlinear RS
regime for pulsed excitation does not apply to these new
modes, which are instead both spectrally and temporally
unstable. They appear and evolve very rapidly, often lasting
only a few seconds [Figs. 8(a) and 8(d), vertical arrows].

These new vibrational frequencies are not found in solution
Raman spectra and indicate more dramatic conformation
changes involving dynamic bending, flexing, or partial
bond breaking of the molecules [57].
Despite their intensity and spectral position changing

dramatically for subsequent acquisitions (on the same
particle), the intensity threshold for the chemical regime
at which these lines start is very consistent (IC ≈
300 μW=μm2) for different nanoparticles.
Repeating these measurements under vacuum gives iden-

tical results with identical rates. The SERS time series are
realized on single NPoMs at low-pressure (<1 mbar) con-
ditions,with increasingCWlaserpowers (Fig.9).Despite the
strong reduction of oxygen from the system (although
surface bound oxygen might still be present), strong addi-
tional Raman lines rise at the same power threshold as
recorded in ambient conditions, and at the same rate. This
experiment suggests that the observed extra lines in the
Raman spectrum are unlikely to be due to chemical products
from oxidation reactions within the plasmonic nanogap.
The extra Raman lines arise at the same IC if a

conducting BPDT molecular spacer is used, suggesting
that the precise nature of the spacer has little influence on
the final activation of the chemical regime. Gradually with
further dosage, the extra lines start to fill the entire window
between the initial Raman peaks, giving rise to a smooth
background that must arise from the different configura-
tions and chemical states of the 100 or so molecules in the
plasmonic gap [Fig. 8(e)]. No such Raman effects are seen
if bulk BPT powder is irradiated (Appendix C), indicating
the importance of the plasmonic nanocavity in reaching the
chemical regime. Previous work [44] has suggested the
emergence of repeatable and correlated peaks, implicating a
specific chemical reaction, in contrast to the appearance of
lines in each case at different vibrational energies that we
observe here.

FIG. 8. Appearance of new Stokes-SERS lines in driven
chemical regime. (a) S-SERS spectra at increasing times (3 s
apart) from a single 80-nm gold nanoparticle-on-mirror showing
evolution of new Raman modes (red arrows) for I ¼
600 μW=μm2 CW 633-nm excitation alongside main BPT
Raman modes. S-SERS time series for the same NPoM for
increasing intensities (in μW=μm2): (b) 130, (c) 260, (d) 600,
(e) 1200. The box in (d) shows spectra selected in (a).

FIG. 9. SERS time series from a single 80-nm gold nanoparticle
on mirror for 300 μW=μm2 CW 633-nm laser excitation. Strong
additional Raman lines (vertical arrows) arise and disappear in
time, existing alongside the constant main BPT Raman modes.
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As new Raman lines appear, filling in the gaps between
thevibrational resonances of the pristinemolecular layer, the
original SERS lines drop in intensity (red points in Fig. 4). It
appears that the ordered molecules in the gap are thus
gradually transformed into new species, with the delocalized
π-orbitals successively being saturated. However, the SERS
spectrum of every molecule is different, indicating their
heterogeneous environments and bonding. This creates a
final Raman continuum that resembles that of amorphous
carbon (Fig. 10). In Appendix H, we provide density
functional theory (DFT) calculations that show how differ-
ent torsions, reconfigurations, and reactions can produce
newRamanmodes that sit in the spectral regions observed in
the data (Figs. 8 and 9). Most surprising is the fact that the
total integrated Raman emission increases through this
process (see the blue points in Fig. 4), which suggests that
the Raman cross sections of the molecules grow as their
bonds reconfigure. These results thus suggest the many
ways that permanent molecular changes give rise to the new
modes observed.

APPENDIX F: SERS POWER SERIES
ON DIFFERENT PARTICLES

(CW EXCITATION)

The relative intensities of the 1580-cm−1 Raman mode
detected from several isolated nanoparticles on the mirror
are extracted and plotted as a function of increasing average
laser power for CW excitation (Fig. 11, left axis). All
particles show a similar decrease in Raman intensity above
a specific power threshold. The SERS background, on the
other hand, always shows a linear increase with laser power
(Fig. 11, right axis).

APPENDIX G: SINGLE-PARTICLE
SEM-OPTICAL MEASUREMENT

CORRELATIONS

The scattering spectrum of each measured gold nano-
particle is characterized through dark-field spectroscopy. A
typical optical image of the sample is shown in Fig. 12(a).
Each spot corresponds to an isolated particle on the gold
substrate. The isolated nature of each particle is verified
through scanning electron microscopy (SEM) measure-
ments [Fig. 12(b)].

APPENDIX H: DFT CALCULATIONS

DFT calculations were performed to understand how
modified molecules in the SAM can give rise to new
vibrational lines in the regions observed. Structures were
optimized and vibrational spectra were calculated using the
Gaussian implementation of the B3LYP hybrid functional,
augmentedwith a damped empirical dispersion term (GD3),
using the LANL2DZ basis set (Fig. 13). The polarizable
continuum model (CPCM) source field for water was used
as a solvation model to simulate the possible presence of
water in the system. The torsion range in the geometry was
realized by fixing the dihedral angle between the two phenyl
rings during geometry optimization. The proposed cross-
linked structures are in part based on the cross-linking of
BPT, forming carbon nanomembranes, known from liter-
ature [58].

FIG. 10. SERS spectra from a single 80-nm gold nanoparticle-
on-mirror for a CW 633-nm low-power I ¼ 260 μW=μm2 (black
curve) and high-power I ¼ 1200 μW=μm2 (red filled curve)
excitation. Raman of a 1-nm-thick amorphous carbon layer on
gold is also shown (blue line) as a comparison.

FIG. 11. Extracted relative intensity of the 1580-cm−1 Raman
mode detected from five individual NPoM (solid dots, left axis)
and SERS background extracted at 2000 cm−1 (open dots, right
axis), as a function of increasing CW laser power. Points of
different color correspond to different nanoparticles.

FIG. 12. (a) Dark-field optical image of a gold film with 80-nm
gold nanoparticles deposited on top. (b) SEM image of the single
particle highlighted in (a).
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APPENDIX I: MOLECULAR OPTOMECHANICS:
THEORETICAL FRAMEWORK

Recently, Roelli et al. [19], Schmidt et al. [20], and Benz
et al. [8] suggested that the SERS process can be described
in terms of a mechanical oscillator coupled to a cavity. In
brief, Schmidt et al. considered the full optomechanical
Hamiltonian given in Eq. (1) and provided a straightfor-
ward analytical solution in the case that the coupling
strength of the oscillator to the cavity g0 is much smaller
than both the energy of the molecular vibration ωm and the
spectral width of the cavity κ (which is the case in our
system) [8,20,40]. We show here the equations required to
reproduce Fig. 2 (main text) for CW as well as for pulsed
illumination.

Within the theoretical framework of molecular optome-
chanics, the Stokes and anti-Stokes intensities SS and SAS
are given by

SS ∝ ðωl − ωmÞ4Γþðnphon þ 1Þ ðI1Þ

SAS ∝ ðωl þ ωmÞ4Γ−nphon; ðI2Þ

where nphon is an incoherent phonon population
(see discussion below), and parameters Γ� ¼
g20nplκ½ðωc−ωl�ωmÞ2þðκ=2Þ2�−1 describe the rates of
Stokes and anti-Stokes transitions mediated by the plasmon
in a single-cavity mode limit. The parameter npl describes

FIG. 13. Simulated 3D molecular structures for different BPT configurations and their corresponding Raman activity (below).
(a)–(g) Molecular torsion (0–90°) around central carbon linker for a single molecule. (h) Effect of the addition of an extra gold atom.
(i)–(l) Possible cross-linked structures between neighboring BPT molecules after irradiation: (i) C8-C9 dimerization, (j) C1-C8
dimerization, (k) C8-C11 dimerization, and (l) C1-C8-C9 with ring-opening dimerization.
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the plasmon population in the nanocavity. To good
approximation, if the coherent pumping A is approximately
constant on the time scale of the plasmon lifetime (i.e., for
CW illumination or for 1-ps Gaussian pulses incident on a
typical plasmonic cavity), this population is given by [40]

nplðtÞ ¼ jαðtÞj2 ¼ jAðtÞj2
Δ2 þ ðκ=2Þ2 ðI3Þ

with the laser detuning from the plasmonic cavity Δ ¼
ωc − ωl (with ωc cavity resonance frequency and ωl laser
frequency), the spectral width of the cavity κ, so that the
coherent pumping AðtÞ drives the cavity into a coherent
state with amplitude αðtÞ. In the case of pulsed illumina-
tion, the Stokes and anti-Stokes transition rates Γ� are
therefore implicitly time dependent through the evolution
of nplðtÞ, and follow closely the temporal shape of the
pulse. We illustrate the effect of such a pulsed illumination
on the dynamics of phonons in Appendix J.
The coherent pumping amplitude AðtÞ can be calculated

using the effective mode volume of the plasmonic cavity
Veff , the permittivity of the molecular layer ϵg, the
maximum near-field enhancement of the electric field in
the plasmonic cavity K, and the laser power density I [59]:

A ¼ κ

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϵgϵ0Veff

2ℏωc

s
K

ffiffiffiffiffiffiffiffiffi
2I
ϵ0c

:

s
ðI4Þ

Here we use the following parameters for our exper-
imental setup: laser wavelength 633 nm, cavity resonance
wavelength 720 nm (bonding-dimer plasmon mode),
ℏκ ¼ 0.2 eV, permittivity of ϵg ¼ 2.10, Veff ¼ 153 nm3,
and K ¼ 206 (determined carefully from finite difference
time-domain (FDTD) simulations at this wavelength).
Because of the spontaneous nature of the Stokes and

anti-Stokes emission (albeit initiated by the absorption of a
real cavity plasmon), the vibrations will be in a displaced
thermal state, with a negligible coherent amplitude β and a
thermal-like incoherent population nphon evolving in time
according to the rate equation given in Eq. (2) (note that
jβj2≪nphon; see [40] for a detailed discussion). The con-
tribution to population due to the finite temperature of the
environment is given by nth ¼ ½expðℏωm=ðkBTÞÞ − 1�−1
(with kB the Boltzmann constant, and T the absolute
temperature). Under CW illumination, Eq. (2) can be
solved to yield the steady-state phonon population given
in Eq. (3), with the second term often expressed as

Γopt

γm þ Γopt
nrad; where nrad ¼

ðΔ − ωmÞ2 þ ðκ=2Þ2
4Δωm

:

1. Calculation of the coupling strength

The coupling strength g0 is determined both by the
properties of the molecules and the properties of the cavity.

Assuming that the molecule is optimally positioned and
oriented in the cavity, the maximum coupling parameter is
defined as

g0 ¼
1

2

ffiffiffiffiffiffiffiffiffi
ℏRk

2ωm

s
ωc

ϵ0ϵgVeff
ðI5Þ

with Raman activity Rk, and the vacuum permittivity ϵ0
[20]. From DFT simulations, we find that the Raman
activity of the mode used here (1585 cm−1) is
Rk ¼ 5085 Å4=amu. We note that this formula includes
an additional factor of ½ absent in previous formulations
[8,19,20] as we did not account there for the fact that the
Raman dipole is not a permanent dipole, but is rather
induced by the electric field of the plasmonic cavity. This
calculation yields the single-plasmon optomechanical cou-
pling ℏg0 ¼ 0.38 meV.

2. Effects of collective coupling

For a distribution of Nm molecules coupled to the cavity,
one can expect the formation of a superradiant phononic
system with effective coupling given by g0

ffiffiffiffiffiffiffi
Nm

p
[19].

Furthermore, the Raman emission linewidths should then
become γm þ Nγopt. For Nm ¼ 100 molecules, we would
then have a coupling strength of ℏg0

ffiffiffiffiffiffiffi
Nm

p ¼ 3.8 meV. This
coupling is much smaller than both the spectral width of the
cavity (200 meV) and the vibrational energy of the
molecular vibration considered here (197 meV); therefore,
for such small values of collective coupling, we can apply a
linearization procedure and obtain the corresponding laser
power thresholds for superlinear behavior. Such an esti-
mation, however, provides threshold values for the critical
laser intensity that are Nm times smaller than those
corresponding to the single-molecule coupling. The exper-
imental threshold found in our NPoMs under pulsed
illumination [Fig. 2(c) of the main text] matches the
estimated collective single-photon coupling g0 with
Nm ≈ 220, supporting our previous assertion that the
coherent coupling between molecular vibrations in distinct
molecules is observed. The overestimate in g0 (by around
50%) is likely due to the dependence on the estimated
Raman activity, which is notoriously difficult to calculate
for molecules positioned near metallic interfaces.
Inaccuracies in g0 can also arise from the estimate of the
mode volume used.

APPENDIX J: OPTOMECHANICAL
DYNAMICS UNDER PULSED

ILLUMINATION

In this section, we discuss the relationship between the
characteristics of the SERS system observed under CWand
pulsed illumination. The length of the optical pulses
(approximately 1 ps) falls in between the temporal char-
acteristics of the evolution of plasmons and phonons. In
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Fig. 14, we show the evolution of plasmon and phonon
populations as the system (which remains in thermody-
namic equilibrium with the environment) is illuminated by
a coherent 1-ps Gaussian pulse. The populations of
phonons are calculated by solving the relevant rate equa-
tions derived from the linearized master equation given in
the main text. On the other hand, the population of
plasmons npl is calculated by a rate equation accounting
only for the coherent pumping and cavity decay:

d
dt

αðtÞ ¼ ð−iΔ − κ=2ÞαðtÞ þ AðtÞ. ðJ1Þ

This description is correct for the weakly coupled opto-
mechanical system with the hierarchy of lifetimes as in
molecular optomechanics.
From the results in Fig. 14, it is clear that the vibrations

of the molecule will not be able to reach a steady state when
illuminated by a 1-ps pulse, irrespective of its temporal
shape. However, the effect of reducing the decay rate of
phonons, which leads to the nonlinearities observed in the
S-SERS experiments, does not require the vibrations to
reach the steady state. In fact, as we discuss elsewhere in
detail [40], this effect arises from the modification of the
Stokes and anti-Stokes transition rates due to the coupling
of the molecule to the plasmonic cavity. A convenient
description of this modification of the phonon transition
rates, expressed through Γeff , requires only that the plas-
monic cavity remains in a coherent state.
We note that the largest peak intensities yielding the

peak optomechanical damping −ΓoptðtÞ=γm > 1 describe a
situation in which phonons are generated faster than they

decay. In consequence, in the CW case, the system reaches
instability. However, for pulsed illumination, this effect
simply accelerates the phonon buildup, but the system
remains stable [Fig. 2(b)]. In this case, the free-space
phonon decay rate γm does not govern the onset of the
nonlinearity, as the buildup of the phonon population
over the pulse length is determined by the effective
pumping g0AðtÞ, rather than the steady-state expression
Γopt=ðΓopt þ γmÞ [see Eq. (2)]. We illustrate this effect by
comparing the phonon populations for the largest peak
laser intensity in Fig. 14(b) calculated for the free-space
phonon decay rate ℏγm ¼ 0.07 meV (red solid line), ℏγm ¼
0.14 meV (red dotted line), and ℏγm ¼ 0.045 meV (red
dashed line). The lines diverge only after the pulse begins to
decay, and therefore, they have little effect on the overall
intensity of the Raman emission. This observation suggests
interesting probes more generally of optomechanical sys-
tems under pulsed illumination.

APPENDIX K: ESTIMATION OF LOCAL
TEMPERATURE WITHIN THE PLASMONIC

NANOGAP

To understand fully the thermal state of the system,
local temperature changes are extracted from anti-
Stokes spectra measured at room temperature on single
NPoMs [Fig. 15(a)]. The gold electron temperature (pre-
sumed equilibrated to the lattice) is estimated by fitting
the anti-Stokes background to IbgdAS ðΔωÞ ∝ ½expðℏΔω=
kBTÞ − 1�−1 for a frequency difference Δω from the pump
ωl. The power regime where SERS increases linearly

FIG. 14. Evolution of the optomechanical SERS system excited by a 1-ps Gaussian pulse. (a) Evolution of plasmon population for five
peak intensities of the incident laser, logarithmically increasing from 6 × 102 μW=μm2 (yellow line) to 2.5 × 104 μW=μm2 (red line).
The shaded area shows normalized optomechanical damping −ΓoptðtÞ=γm, proportional to the instantaneous intensity of the incident
pulse. ΓoptðtÞ is negative, indicating that the system operates in the amplification regime. The plasmonic cavity reacts almost
instantaneously to the coherent pump, with the plasmon population closely following the shape of the incident pulse. (b) Phonon
population calculated in the same setup, obtained by solving the phonon rate equations. For the largest incident laser intensity, we
consider three values of the free-space phonon decay rate: ℏγm ¼ 0.07 meV is used for all the solid lines, while ℏγm ¼ 0.14 meV
(dotted) and ℏγm ¼ 0.045 meV (dashed) are also plotted. In all the cases, the buildup of phonons is much slower than that of plasmons,
as the vibrations do not reach a steady state during the duration of the pulse. All the remaining parameters are as discussed in the text.
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[Fig. 15(b) blue region RL] shows a negligible temperature
increase for both CW (white circles) and pulsed (red
squares) excitation. By contrast, in the nonlinear RNL
regime [Fig. 15(b) orange region], a linear temperature
increase is observed, reaching 380 K (CW) and
420 K (pulsed) for 300 μW=μm2 excitation. A different
“molecular temperature” within the plasmonic nanogap is
extracted from the anti-Stokes/Stokes ratio of the strongest
line (Fig. 15 arrows), using [8,20,40]

IAS
IS

¼
�
ωl þ Δω
ωl − Δω

�
4

× exp

�
− ℏΔω
kBTeff

�

for the CW case (Fig. 15, black points), which yields the
clearest emission peaks. Teff is the effective temperature of
the vibrational modes and can differ from the actual sample
temperature T. This marked temperature increase for
>150 μW=μm2 laser intensities is consistent with previous
literature [60–63] and thought to be from local heating of
the substrate and analyte due to light absorption in the
metal [64]. This thermal heating is unable to account for the
nonlinear increase in pulsed Stokes emission (see
Appendix L).
The anti-Stokes molecular signals for the phonon occu-

pations here are predicted to be >100-fold weaker than the
Stokes emission, making them difficult to see in the pulsed
regime except for very long integration times, which can
lead to degradation of the NPoM structure.
Such data in Fig. 16 show that the ratio of Stokes to

anti-Stokes is approximately 160 near the highest powers
of the superlinear regime. Comparing to Fig. 2(b) shows
this is in line with that expected from the optomechan-
ical model.

APPENDIX L: ESTIMATION OF HEATING
CONTRIBUTIONS TO S-SERS

We will explore an alternative explanation to molecular
optomechanics for the superlinear dependence of the
Stokes intensity on the peak laser power, in which the
nonlinearity is instead due to the strong localized heating of
the molecule by the laser, leading to the onset of phonon-
stimulated Stokes emission, rather than the vanishing of
the effective decay rate. In that case, the deviation of the
power dependence of the Stokes emission follows
SS ∝ Ið1þ nthÞ. Notably, we neglect any contribution from
the vibrational pumping, as well as the change in the
effective phonon damping rate. Consequently, by inves-
tigating the superlinear growth of the Stokes emission, we
can estimate the effective molecular temperature. For the
points marked in Fig. 2(c) with red circles, the extracted
temperatures are given in Fig. 17. As the derived temper-
atures would need to be in excess of 4000 K, we conclude

FIG. 15. (a) SERS intensities from a single NPoM at
100 μW=μm2 (blue curve) and 300 μW=μm2 (red curve)
633-nm CW excitation, normalized to a 475-cm−1 AS peak.
Stokes and corresponding anti-Stokes peaks used in calculations
are highlighted with arrows; anti-Stokes background fits are
dashed lines. (b) Local temperature increase vs laser intensity for
both CW (lower axis, circles) and pulsed (upper axis, squares)
excitation. Temperature is extracted from the Stokes to anti-
Stokes ratio (CW-black circles) or from the anti-Stokes back-
ground (white circles for CW, red squares for pulsed). Reference
temperatures from the bulk silicon are shown in grey. Shading
shows linear (blue) and nonlinear (orange) Stokes regimes in the
pulsed excitation case.

FIG. 16. Comparison of pulsed SERS from single BPT NPoM for anti-Stokes and Stokes contributions in the nonlinear regime.
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that the superlinear Stokes signal cannot be explained as an
emission stimulated by the incoherent population of ther-
mal phonons.
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