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Addressing molecular optomechanical eﬀects in
nanocavity-enhanced Raman scattering beyond
the single plasmonic mode†‡
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The description of surface-enhanced Raman scattering (SERS) as a molecular optomechanical process
has provided new insights into the vibrational dynamics and nonlinearities of this inelastic scattering
process. In earlier studies, molecular vibrations have typically been assumed to couple with a single plasmonic mode of a metallic nanostructure, ignoring the complexity of the plasmonic response in many
conﬁgurations of practical interest such as in metallic nanojunctions. By describing the plasmonic ﬁelds
as a continuum, we demonstrate here the importance of considering the full plasmonic response to properly address the molecule-cavity optomechanical interaction. We apply the continuum-ﬁeld model to calculate the Raman signal from a single molecule in a plasmonic nanocavity formed by a nanoparticle-ona-mirror conﬁguration, and compare the results of optomechanical parameters, vibrational populations,
and Stokes and anti-Stokes signals of the continuum-ﬁeld model with those obtained from the singlemode model. Our results reveal that high-order non-radiative plasmonic modes signiﬁcantly modify the
optomechanical behavior under strong laser illumination. Moreover, Raman linewidths, lineshifts,
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vibrational populations, and parametric instabilities are found to be sensitive to the energy of the molecular vibrational modes. The implications of adopting the continuum-ﬁeld model to describe the plasmo-
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nic cavity response in molecular optomechanics are relevant in many other nanoantenna and nanocavity
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conﬁgurations commonly used to enhance SERS.
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1.

Introduction

Surface-enhanced Raman scattering (SERS) denotes the
enhancement of the Raman signal emitted by molecules that
are located near metallic nanostructures.1 The SERS enhancement, which can be of many orders of magnitude, is partially
due to the molecule-metal chemical interaction,2 but the main
mechanism is due to electromagnetic eﬀects produced by
metallic resonators that induce a tightly-confined and
enhanced electromagnetic field.3 The latter is induced by the
collective motion of conduction electrons in metallic nanostructures, known as localized surface plasmon-polaritons.
The classical electromagnetic theory of SERS states simply
that the SERS signal is approximately proportional to the
fourth power of the enhancement of the electric near
field acting on the molecules. On the other hand, a quantum
theory of SERS4,5 recently put forward, has established an
analogy of the SERS process with cavity optomechanics.6,7 This
molecular optomechanics description allows the analysis of
many intriguing phenomena, such as nonlinear eﬀects4,8–10
(including diverging Raman intensities, known as
parametric instability in quantum optomechanics), corre-
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lations of the emitted photons,5 frequency up-conversion,11
high-order Raman scattering,9,12 or heat transfer.13
Furthermore, this description also suggests that the molecular
vibrations can couple with each other via their interaction with
the surface plasmon polariton, and the resulting collective
response10,14,15 leads, for example, to a reduction of the laser
power required to reach parametric instability,4 and to a quadratic superradiant scaling of SERS with the number of
molecules.15
In most of previous studies, a model of molecular optomechanics based on a single optical mode has been adopted,
which assumes that a single plasmonic mode dominates the
electromagnetic response of the optical resonator, in close
similarity with the typical situation in standard cavity
optomechanics.6,7 In realistic SERS experiments, however, the
molecules interact with multiple plasmonic modes. For
example, any molecule close to a metallic surface interacts
eﬃciently with a collection of high-order plasmonic resonances that behave as a pseudomode.16 Although the eﬀect of
these high-order modes on fluorescence has been studied in
detail,17–19 their eﬀect on SERS has not been fully explored in
the context of molecular optomechanics.4,5,20,21 Nevertheless,
we would like to point out that the classical SERS theory
usually incorporates the influence of high-order plasmonic
modes in typical calculations of the electromagnetic enhancement of SERS22 (through the standard 4th-power dependence
of the local field enhancement), however such approach does
not capture the non-linear evolution of the vibrational population and thus of the Raman spectrum, as predicted in the
optomechanical model.
To understand the impact of the high-order plasmonic
modes on the SERS signal, we apply a continuum-field
model of molecular optomechanics, which treats the electromagnetic field of the optical ( plasmonic) nanoresonator as a
continuum, and accounts for its full response via the dyadic
Green’s function of the system.23 To show the practical
importance of considering the full plasmonic response of a
nanosystem, we use the continuum-field model to analyze
the SERS signal of a single biphenyl-4-thiol (BPT) molecule
located in the gap of a plasmonic nanocavity formed by a
NanoParticle-on-a-Mirror (NPoM) structure, as shown in
Fig. 1. This molecule has been shown to exhibit large optomechanical interaction in the NPoM system.8 Here, we
assume the molecule to be located in the middle of the gap,
as a representative position which can be experimentally realized by holding the molecule in a matrix formed by a selfassembled molecular layer, or by DNA origami-directed positioning.24 The central location of the molecule within the
nanogap is an optimal one for optomechanical interaction
via the relevant plasmonic modes, however our model can
tackle any position of the molecule in the nanocavity, as far
as the electromagnetic properties of that particular point
(near field, Green’s function and emission) are conveniently
addressed, as described in the next section. The NPoM construct can be reliably fabricated and has been previously
employed to explore charge transfer plasmons25 and single-
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Fig. 1 Schematic of the NanoParticle-on-a-Mirror (NPoM) construct.
(a) Single biphenyl-4-thiol (BPT) molecule situated inside a 1.3 nm thick
gap of dielectric permittivity 2.1 formed between a gold nano-sphere
and a gold substrate. The nanosphere has a 35 nm radius and is truncated at the bottom by a ﬂat facet of 5 nm radius. The molecule is tilted
15 degrees with respect to the substrate normal (z). A laser ﬁeld of
amplitude E0, wavevector k0 and frequency ωl is enhanced by the metallic nano-structure and couples with the molecular vibration of frequency ωv. The laser is described as a p-polarized plane-wave incident
at an angle of θ = 55° with respect to z. The photons scattered at lower
ωl − ωv (Stokes scattering) and higher frequency ωl + ωv (anti-Stokes
scattering) are captured by a detector (on the upper-right corner)
located 1 μm away from the molecule along the reﬂection path of the
incoming plane-wave. (b) Zoom-in of the gap region near the molecule,
where the optomechanical coupling between the local ﬁeld and the
induced Raman dipole of the BPT molecule (treated as inﬁnitesimally
small and represented by the thick arrow) results in vibrational frequency



1 þ
, and in pumping or damping of the vibrational
shifts
Ωvv þ Ω
vv
2

population by rates Γþ
vv and Γvv , respectively. The superscripts “+” (“−”)
indicate parameters associated with the Stokes (anti-Stokes) scattering.
For more details, see text.

molecule redox chemistry.26 This configuration has also
been a key to reveal molecular-optomechanics eﬀects in
SERS.8,10
We compare the results obtained with a single optical
mode and those obtained within the continuum-field model,
and find that the consideration of the full plasmonic response
of the NPoM configuration leads to substantial modification in
the sign and magnitude of the key optomechanical parameters
governing the dynamics of the molecular vibrations. For large
laser intensity, these eﬀects strongly influence the linewidth
and spectral shifts of the Raman lines, as well as the
vibrational population and the intensity of the emitted signal.
Importantly, we find that the conditions to reach parametric
instability in SERS become much more stringent because of
the influence of the plasmonic pseudomode, with a strong
dependence of the optomechanical dynamics on the energy of
the vibrational modes considered. The influence of the full
optical response of a lossy plasmonic resonator can thus substantially modify the properties of optomechanical eﬀects in
practical situations in SERS.
The paper is organized as follows. We first present the
molecular optomechanical model in section 2, and afterwards
analyze the properties of the molecular vibrations and those of
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the plasmonic nanocavity in sections 3 and 4, respectively. The
combined eﬀect of molecular and cavity properties on the
optomechanical parameters is presented in sections 5 and 6.
The consequences of considering the full plasmonic response
in the dependence of the vibrational population and the
Raman emission on the laser intensity is analyzed in detail in
section 7. Last, we summarize and discuss the importance and
implications of our findings.

2. Continuum-ﬁeld model
We next describe briefly the molecular optomechanical model
used in this paper, which is based on the approach addressed
by M. K. Dezfouli and S. Hughes.23 This approach considers
non-resonant Raman, and treats the molecule as infinitesimally small ( point-like) with the vibrations as quantized harmonic oscillators. To model the optomechanical coupling
between the molecular vibrations and the NPoM structure, the
localized plasmonic electric field is quantized as a continuum
of modes, according to the quantum theory of electromagnetic
fields in dispersive and lossy media.27–29 The coupling is linearized within the rotating wave approximation by treating the
laser-induced local field acting on the molecule as a classical
field, and the remaining field degrees of freedom in the resulting Hamiltonian are eliminated adiabatically to obtain an
eﬀective master equation for the reduced density operator ρ̂ of
the molecular vibrations. A more detailed discussion of
the derivation and the approximations involved in this
theoretical framework are presented in section S1 of the ESI.†
There, we have also generalized this continuum-field formalism to the case of many vibrational modes, and verified that
the correlations of the vibrational modes are very small when
their frequencies are suﬃciently diﬀerent (as they are in our
system) so that we can treat the molecular vibrations
independently.
We present next the main results obtained by following this
approach, for vibrational modes of frequency ωv and Raman
$
tensor Rv , labeled by the symbol “v”. First, we obtain the
equations for the evolution of the vibrational population
〈b̂†v b̂v〉:





†
†
@
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v
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Paper
vibrational decay at rate γv and the thermal pumping, and the
second (third) term describes the vibrational pumping

(damping) at rate Γþ
vv (Γvv ) due to the Stokes (anti-Stokes) scat
tering. The vibrational pumping Γþ
vv and damping rate Γvv are
a consequence of the optomechanical coupling, and are given
by the expressions
Γ+
vv



$
1
ωl + ωv 2 *
¼
pv  ImfGðr m ; r m ; ωl + ωv Þg  pv ;
2ℏε0
c0

ð2Þ

with ε0 the dielectric function of vacuum, c0 the speed of
light in vacuum, where the induced Raman dipole,
$

pv ¼ αv Eðr m ; ωl Þ

ð3Þ

depends on the local classical electric field E(rm, ωl ) at the
position of the molecule
rm andﬃ on the Raman polarizability
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
$
$
tensor αv ¼ Q0v Rv . Q0v ¼ ℏ=ð2ωv Þ is the zero-point amplitude,
and ωl is the angular frequency of the laser excitation. Last,
$
Gðr m ; r m ; ωÞ is the classical dyadic Green’s function, denoting
the dipole self-interaction, where the double argument on rm
indicates that the field at position rm is induced by the pointlike molecular Raman dipole located at the same position.
$
We refer to Gðr m ; r m ; ωÞ in the following as the near-field
dyadic Green’s function and, according to eqn (2), it needs to
be evaluated at the Stokes ωl − ωv and anti-Stokes ωl + ωv
frequencies.
þ
The factor −(γv + Γ
vv − Γvv ) that multiplies the vibrational
†
population 〈b̂v b̂v〉 on the right side of eqn (1) indicates that the
eﬀective optomechanical damping rate, defined as Γopt
= Γ
v
vv −
þ
Γvv , modifies the total vibrational decay rate. In the steady

†
@
state, i.e.
b̂v b̂v ¼ 0, a simple analytical expression for the
@t
vibrational population is obtained


th opt
†
Γþ
vv  nv Γ v
b̂v b̂v
¼ nth
;
v þ
γ v þ Γ opt
v
ss

ð4Þ

Here, b̂†v , b̂v are the bosonic creation and annihilation oper

†
ators of the molecular vibrations, and the trace b̂v b̂v ¼

†
tr ρ̂b̂v b̂v of the number operator b̂†v b̂v describes the mean

where the second term addresses the increase of the
vibrational population caused by the optomechanical coupling-induced vibrational pumping,20,30–33 and the sub-index
“ss” indicates the steady-state.
In typical Raman experiments, the magnitude of interest is
the diﬀerential scattered power dP/dΩ in the direction of the
detector (the diﬀerential Raman cross-section is simply the
ratio of this scattered power to the laser intensity
1
Ilas ¼ ε0 c0 E02 , where E0 is the amplitude of the laser field).
2
dP/dΩ is obtained from the correlations of the electric field
operator at position rd of the detector. These correlations can
be related to the correlations of the creation and annihilation
operators of the molecular vibrations via the classic dyadic

population of the vibrations. γv is the intrinsic vibrational
ħωv/kBT
decay rate and nth
− 1]−1 is the thermal vibrational
v = [e
population (with Boltzmann’s constant kB and temperature T ).
The first term on the right-hand side of eqn (1) describes the

Green’s function Gðr d ; r m ; ωÞ that connects the induced
Raman dipole of the molecule at rm with the electromagnetic
field at position rd of the detector (denoted as the far-field
dyadic Green’s function in the following).
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To obtain the equations for the correlations, we first derive
the equations for the vibrational amplitude 〈b̂v〉 (or 〈b̂†v 〉),
which become:

 D E
@D E
1
1

b̂v ¼ i ωv  Ωþ
γ v þ Γ opt
b̂v :
vv þ Ωvv  i
v
@t
2
2

ð5Þ

These equations indicate that the frequency of the

1
þ Ωþ
vibrational modes are shifted by  Ω
vv due to the
2 vv
optical spring eﬀect,7 with Ω+
vv defined as
Ω+
vv



$
1
ωl + ωv 2 *
¼
pv  RefGðr m ; r m ; ωl + ωv Þg  pv ;
2ℏε0
c0

ð6Þ

and their dephasing rate is modified by Γopt
v /2.
Finally, by applying the quantum regression theorem34 to
eqn (5), we obtain the following expressions for the diﬀerential
power of the Stokes (st) and anti-Stokes (as) scattering:


 
þ þ
†
dP st X
Kvv
γ v =2
;
¼
2 1 þ b̂v b̂v
þ 2
þ
dΩ
ss
v ðω  ωv Þ þ ðγ v =2Þ

ð7Þ



 
†
dP as X
Kvv
γ v =2
;
¼
2 b̂v b̂v
 2

dΩ
ss
v ðω  ωv Þ þ ðγ v =2Þ

ð8Þ

3. Vibrational frequency and Raman
tensor
The properties of the molecular vibrations can be computed
with density functional theory (DFT). We consider the biphenyl-4-thiol (BPT) molecule (in vacuum) and the same molecule
after binding the sulfur atom to a gold atom (insets in Fig. 2).
The latter serves to partially account for chemical enhancements due to charge transfer.2,10,35 We carry out the DFT calculations with the Gaussian 16 package and utilize the B3LYP
hybrid functional and 6-31G (d,p) basis set for the carbon,
sulfur and hydrogen atoms, but the LANL2DZ basis set for the
gold atom.
Fig. 2 shows the Raman activity for various vibrational modes
in the wave-number range between 400 cm−1 and 1700 cm−1.
The Raman activity is computed from the components of the
$
Raman tensor Rv in such a way that the molecular orientations
are averaged, and thus captures the Raman spectrum of randomly-oriented molecules measured in free-space.1 Here, we
consider Raman activity only as an indicator for the overall
strength of the Raman response and use the full Raman tensor
(shown in Table 1) for the calculations. Fig. 2(a) shows that the

with K± the propagation factors that account for the emission
of the scattered photons to the far-field detector, defined as
2

+
Kvv
¼

c0 r 2 ðωl + ωv Þ2 $
Gðr d ; r m ; ωl + ωv Þ  pv ;
2πε0
c20

ð9Þ

where rd is the distance from the molecule to the detector.
Crucially, eqn (7) and (8) indicate that the Stokes and antiStokes Raman lines have a Lorentzian shape, that their fre
1 þ
quencies
ωþ
Ω þ Ω
ω
v ¼ ωl  ωv þ
vv ,
v ¼ ωl þ ωv 
2 vv




 þ

1 þ


þ

1
1
2 Ωvv þ Ωvv are shifted by 2 Ωvv þ Ωvv and  2 Ωvv þ Ωvv ,

opt
are
respectively, and that their line-widths γþ
v = γv = γv + Γv
opt
modified by Γv .
The diﬀerential scattering power integrated over frequency,
Ð1
Sk¼st;as ¼ 1 dωdP k =dΩ, follows
Sst ¼ π

X



 
†
þ
;
Kvv
1 þ b̂v b̂v

Sas ¼ π

ð10Þ

ss

v

X
v



†

Kvv
b̂v b̂v :

ð11Þ

ss

For simplicity, we call Sst and Sas the integrated Stokes and
anti-Stokes intensity in the following. We note that a semi-classical approach allows one to reach similar results when the
appropriate removal of the phonons due to the anti-Stokes processes is considered in the vibrational population equation
rate.9,30,33 However, the vibrational frequency shift due to the
optical spring eﬀect is not captured even in that case.

Nanoscale

Fig. 2 Raman activity of (a) biphenyl-4-thiol molecule and (b) the same
molecule, except that the sulfur atom binds to a single gold atom. Insets
show three main Raman-active vibrational modes (gray, white, yellow
and brown spheres for carbon, hydrogen, sulfur and gold atoms,
respectively). The vibrational frequencies are scaled by a factor of 0.967
to match with the experimental result,10 and the Raman activity of
diﬀerent modes is broadened by a Lorentzian function of width 2 cm−1.
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Table 1 Raman tensor components Rij (i, j = x, y, z in units ε0 Å2 amu−1/2)
of the three main Raman-active vibrational modes at frequencies ωv of
the BPT molecule binding with a single gold atom. The results for the isolated BPT-molecule are given in Table S1 of the ESI†

ωv

Rxx

Rxy,Ryx

Rxz,Rzx

Ryy

Ryz,Rzy

Rzz

1066 cm−1
1269 cm−1
1586 cm−1

3.9
3.9
2.6

−0.3
−0.5
2.7

11.8
−15.4
−7.5

11.5
8.2
−6.5

16.0
5.9
22.9

141.5
127.9
277.1

isolated BPT molecule has three main Raman active vibrational
modes at wave-numbers around 1066 cm−1, 1269 cm−1, and
1586 cm−1, which correspond to vibrational patterns with
C–H rocking, and two in-plane stretches of the benzene rings,
respectively (see insets). We note that the mode at 1066 cm−1
is the least active of the three modes according to these calculations, which diﬀers from recent SERS experiments with
NPoMs.10 On the other hand, Fig. 2(b) shows that the Raman
activity of the 1066 cm−1 mode becomes larger than that of the
1269 cm−1 mode when the molecule binds to a gold atom, a
result which agrees with these SERS experiments.10 The
Raman activity of these modes at 1066 cm−1, 1269 cm−1 and
1586 cm−1 is enhanced by 16, 3.3, and 5.4 times, respectively.
This chemical enhancement can be partially attributed to the
change of molecular configuration, but mainly to the charge
transfer induced by the gold–sulfur bond (see Fig. 13 of ref.
10). The largest chemical enhancement is produced for the
least intense Raman active mode of the isolated molecule (of
the three considered), in agreement with previous studies.35 In
addition, we also find that the vibrational frequencies are
slightly shifted for the isolated molecule without a gold atom.
Since this shift is very small, we ignore it in the following for
simplicity.
In Table 1 we collect the computed Raman tensor for the
gold atom-bonded molecule. For the calculation of the
diﬀerent tensor elements, the orientation of the molecule
becomes important. We assume that the molecule stands up
at an angle of 15° with respect to the z-axis perpendicular to
the substrate36 (Fig. 1(b)). The zz-component Rzz has the
largest value for all three modes because the atomic displacement is mainly along the positive and negative z-direction
for these vibrational modes (see the vibrational patterns in
Fig. 2(b)). Comparing the Raman tensor components in
Table 1 with the corresponding values for the isolated molecule (Table S1 in the ESI†), we find that the component Rzz is
enhanced by about 4.4, 1.9, and 2.4 times due to the binding
with a single gold atom. These values are consistent with the
enhancement of the Raman activity since the latter is roughly
proportional to the square of Rzz. The eﬀect of such chemical
enhancement, i.e. the modification of the Raman activity, can
facilitate the appearance of optomechanical eﬀects. All the calculations of optomechanical eﬀects in this paper use the
Raman tensor in Table 1 for the BPT molecule bonded to the
gold atom, except in section 7.3 and section S4.7–S4.9 of the ESI,†
where the Raman tensor of the isolated molecule is used

This journal is © The Royal Society of Chemistry 2021

(Table S1 of the ESI†) to normalize the SERS signal and
compute its enhancement. In addition, we also provide the
atomic coordinates of the BPT and the gold-bonded BPT molecule used in our DFT calculation in Table S2 of the ESI.†

4. Plasmonic response: local ﬁeld
and dyadic Green’s function
The properties of the plasmonic nano-cavities in the absence
of the molecule can be evaluated with classical electromagnetic simulations. We consider a NPoM plasmonic nanocavity
formed by a truncated gold nano-sphere of radius 35 nm and a
bottom facet of 5 nm radius, deposited over a gold substrate.
The width of the gap between the bottom facet and the substrate is 1.3 nm, as set by a layer of relative dielectric permittivity εgap = 2.1 covering the whole gold substrate. A sketch of the
system under study is shown in Fig. 1. We study such plasmonic nano-cavities here since they have been shown to be an
eﬀective configuration boosting the Raman signal in several
SERS experiments.8,10,25,37–40 We carry out the simulations of
the field enhancement and near-field Green’s function with
the use of the boundary element method41,42 as implemented
in the MNPBEM toolkit43,44 and use the dielectric permittivity
εAu of gold given by Johnson–Christy.45 For the calculation of
the far-field Green’s function, the COMSOL Multiphysics
toolkit is used.46 The full NPoM system is placed in vacuum
(or air).
To mimic the experimental conditions,8,10,25,37 we illuminate the system with a plane-wave (laser) at an incident angle
of 55° relative to the z-axis normal to the substrate (Fig. 1(a)).
Fig. 3(a) shows that the far-field scattering spectrum (computed by integrating the real part of the Poynting vector of the
fields scattered from the nano-particle over a closed surface in
the far-field43), is dominated by two peaks (black solid line),
which are often identified as the bonding dipolar plasmon
(BDP) mode (at λBDP ≈ 720 nm) and the bonding quadrupole
plasmon (BQP) mode (at λBQP ≈ 580 nm).8,10,47,48 We show the
spatial near-field distribution of these modes in Fig. S3 of
section S4.2 of the ESI,† which are consistent with those in
previous work.49 The spectrum of the near-field enhancement
along the z-axis calculated in the middle of the nanocavity
(blue circles in Fig. 3(a)) shows also the same two modes, with
enhancements as large as 400 for the BDP mode. In addition,
the enhancement is 138 and 170 for illumination wavelengths
of 633 nm and 785 nm, respectively, corresponding to lasers
commonly used in SERS experiments.8,10
To compute the components of the dyadic Green’s function
Gij (r′, r, ω), we excite the system with a point dipole at position
r of dipole moment μj along the j-axis with frequency ω, and
compute the near-field component Ei (r′) along the i-axis at
position r′. Then, we extract the Green’s function according to
the relationship Ei (r′) = (ω2/(ε0c02))Gij (r′, r, ω)μj. The dyadic
Green’s function can be decomposed into a contribution that
corresponds to the radiation of an isolated dipole in a homogeneous bulk material of relative dielectric permittivity εgap,
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Fig. 3 Electromagnetic response of the plasmonic NPoM nanocavity.
(a) Far-ﬁeld scattering spectrum (black solid line), and near-ﬁeld amplitude enhancement Ez(rm,ω)/|E0| as calculated within the continuumﬁeld model considering the full optical response of the cavity (blue
circles), and when only a single-mode is considered (solid blue line), at
the molecular position (center of the plasmonic nanocavity). (b) Real
(blue circles and line) and imaginary (red circles and line) parts of the
dyadic Green’s tensor component (ω/c0)2Gzz(rm,rm,ω) at the molecular
position, within the continuum-ﬁeld model (marked with c in the
legend) and within the single-mode model (marked with s in the
P
2
Gjz ðr d ; r m ; ωÞ
legend). (c) Sum of the tensor components ðω=c0 Þ4
j

that describes the emission from the molecule to the detector within
the continuum-ﬁeld model (blue dots), and within the single-mode
model (blue line). Dashed vertical grey lines indicate the bonding dipolar
plasmon (BDP) mode (at λBDP ≈ 720 nm), the bonding quadrupole
plasmon (BQP) mode (at λBQP ≈ 580 nm), and the plasmon pseudomode
(PSM) (at λPSM ≈ 520 nm). The ﬁtting of the BDP mode with the single
Lorentzian mode is described in the text and in section S2 of the ESI.†

and the contribution of the scattering field from the NPoM.
The real part of the former at the position of the dipole is infinite, and requires a careful regularization procedure.50,51 We
thus focus on the scattering field contribution throughout the
paper.
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Fig. 3(b) shows the real (blue circles) and imaginary (red
circles) parts of the zz-component of the near-field dyadic
Green’s function Gzz(rm,rm,ω) (multiplied by ω2/c20 ) for the
molecular dipole located in the middle of the nanocavity. We
focus on the zz-component because it dominates the optomechanical response, due to the strong polarization of the plasmonic fields along the z-axis and to the dominant zz-component of the Raman tensor in Table 1.
The real part of Gzz(rm,rm,ω) is associated with the parameters Ω+
vv that describe the vibrational frequency shift and
thus the spectral shift of the Raman lines (eqn 6). It is always
positive for our system and, notably, it remains roughly constant for wavelengths larger than 600 nm, with a relatively
shallow Fano-like feature near ≈720 nm. This spectral dependence can be understood as a consequence of the excitation of
the BDP mode and the so-called plasmonic pseudomode16,52
(arising from the overlap of many high-order plasmonic
modes49).
The imaginary part of Gzz(rm,rm,ω) governs the vibrational

pumping Γþ
vv and damping rate Γvv (eqn (2)). As observed from
the red circles in Fig. 3(b), this imaginary part shows one spectral peak at around 720 nm corresponding to the BDP mode,
and a small bump at around 580 nm due to the BQP mode.
The latter is however superimposed with a strong peak around
520 nm due to the pseudomode. The near-field dyadic Green’s
function is thus strongly aﬀected by the pseudomode, which is
typically ignored in SERS studies. In section S3 of the ESI,† we
discuss how this contribution from the pseudomode can be
associated with the optical response for large k-vector of the
metal–insulator–metal configuration.
To conclude the analysis of the plasmonic response,
Fig. 3(c) shows the spectral sum of the squared absolute value
of the far-field dyadic Green’s tensor components
P
2
Gjz ðr d ; r m ; ωÞ (blue circles, multiplied by ω4/c40 ). This
j

response function is required to evaluate the propagation
factor that describes the emission towards the detector, as
given by eqn (9), from a point source polarized along the z
direction (the dominant polarization of the induced Raman
dipole pv of the molecule in the nanocavity). The calculated
spectrum resembles that of the local field enhancement
(squared) shown in Fig. 3(a), as expected from the optical reciprocity theorem.1,53
To illustrate the influence of the high-order plasmonic
modes on SERS, we compare the results obtained within the
continuum-field model which considers the full plasmonic
response, with those obtained using a single optical reference
mode. The latter is the treatment commonly used in descriptions of molecular optomechanics, where the field of a single
optical mode is treated as a quantized harmonic oscillator and
included in the optomechanical Hamiltonian. In particular, if
one focuses on the near-field enhancement as typical in SERS
studies, it might be expected from Fig. 3(a) that optomechanical phenomena will be dominated by the BDP mode near
720 nm. We thus focus on this resonance as a reference for the
single-mode treatment, and fit the field enhancement and
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Green’s function components to single Lorentzians (or modiκ c =2
fied
Lorentzian)
according
to
A
,
ωc  ω  iκc =2
ωc =2
ω4
ðωc =2Þ2
B
, respectively.
, and C 4
ωc  ω  iκc =2
ωc ðωc  ωÞ2 þ ðκc =2Þ2
Here, ωc, κc are the frequency and damping rate of the reference single plasmonic mode, and the values of A and B, and C
determine the maximum value of each of the expressions
above. These fits are implemented from careful comparison of
the continuum-field and single-mode models (section S2 in
the ESI† for a more detailed description of the procedure to
obtain the fitting functions). We note that for the near-field
dyadic Green’s function, shown in Fig. 3(b), the real part
diﬀers dramatically from a Lorentzian, indicating the strong
influence of the plasmonic pseudomode. Thus, we do not
directly use this magnitude for the fitting.
Once A and B are obtained from the fittings, they can be
used to extract the physical properties of the reference single
optical mode, such as its corresponding eﬀective mode volume
Veﬀ, the plasmon-laser coupling ħΩexc and the optomechanical
coupling gv. For our reference single mode, we obtain a value
of Veﬀ around ≈227.5 nm3, ħΩexc ≈ 2 meV for a laser intensity
of 1 μW μm−2, and ħgv ≈ 0.032 meV, 0.027 meV, 0.052 meV for
the 1066 cm−1, 1269 cm−1, 1586 cm−1 vibrational modes,
respectively (see ref. 4 and 5 for a detailed discussion of these
parameters). We discuss in section S2 of the ESI† the details
about how the fitting is performed and how the expressions
from the fittings are connected with the reference Lorentzian
mode adopted in the single-mode model.
The blue and red solid lines in Fig. 3 correspond to the
results of the reference single-mode model as obtained from
the fitting for the amplitude of the near-field enhancement (a),
the imaginary part of the dyadic Green’s function (b) and the
far-field dyadic Green’s function (c). These were obtained with
the plasmon energy ħωc = 1.726 eV (wavelength ≈718 nm), the
plasmon damping rate ħκc = 0.136 eV, and the maximal local
field enhancement K = 391. We observe that the fittings agree
well with the exact results for longer wavelengths (except for the
real part of the near-field dyadic Green’s function, as discussed
previously). For shorter wavelengths however, the diﬀerences
can be more pronounced since the reference single-mode
model does not take into account the high-order modes. We
find a particularly large discrepancy for the imaginary part of
the near-field dyadic Green’s function, which is very strongly
aﬀected by the plasmonic pseudomode.16,52

5. Optomechanical parameters Γ+
vv ,
+
+
Ωvv and propagation factors Kvv
We can now determine the key magnitudes which govern the
vibrational dynamics and thus the emission of the Raman
process, namely the vibrational pumping (damping) rate Γþ
vv
+
(Γ
vv ), and the vibrational frequency shift parameters Ωvv , as
well as the propagation factors K+
vv , according to the prescrip-
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tions introduced in section 2. In Fig. 4, we show the dependence of these parameters on the incident laser wavelength λl
for a laser intensity of Ilas = 1 μW μm−2, as an example, and for
vibrational modes at 1066 cm−1 (upper panels a–c) and
1586 cm−1 (lower panels d–f ). Since these parameters are linearly proportional to the laser intensity Ilas ¼ 12 ε0 c0 E02 (via eqn
(3)) one can easily obtain their values for other laser intensities. We plot the results obtained within the continuum-field
model (solid lines) and those within the reference single-mode
model (dashed lines), which we label with the superscripts “c”
and “s”, respectively, throughout the manuscript.
+;s
Fig. 4(a and d) show the spectral dependence of Ω+;c
vv , Ωvv ,
as given by eqn (6). These results depend on the product of the
local field at the laser frequency ωl (via the Raman-induced
dipole, eqn (3)) and the real part of the near-field dyadic
Green’s tensor (with the zz-component dominating the
response) at either the Stokes ωl − ωv or the anti-Stokes frequency ωl + ωv. For the continuum-field model, the depen;c
dence of Ωþ;c
vv and Ωvv on λl resembles that of the near-field
enhancement (circles in Fig. 3(a)), because the real part of the
near-field dyadic Green’s function depends relatively weakly on
the wavelength. For the single-mode model, the absolute value
|Ω+;s
vv | follows a similar λl-dependence as in the continuumfield model, but is about 10 times weaker. Furthermore, Ω;s
vv
near the resonant BDP peak at 720 nm, presents a negative
minimum instead of the positive peak observed in the continuum-field model. We thus find a first remarkable diﬀerence
between the continuum-field model and the reference singlemode model, which can be attributed to the large diﬀerence
between the value of the real part of the near-field dyadic
Green’s function obtained within each of the models (compare
the blue solid line with the blue circles in Fig. 3(b)). As discussed in the previous section, this discrepancy arises from
the very large influence of the high-order plasmonic resonances, i.e. the pseudomode, in the continuum-field results,
related to the local short-range response of the metal–insulator–metal configuration, (see section S3 in the ESI†), which
adds a strong and nearly constant positive contribution to the
real part of Gzz(rm,rm,ω). We discuss in section 7 the importance of this eﬀect on the frequency shift of the Raman lines
for strong laser illumination. We note finally that Ω+
v is about
two times larger for the vibrational mode at 1586 cm−1
(Fig. 4(d)) than for 1066 cm−1 (Fig. 4(a)) mostly because of the
larger Raman tensor of the former.
Fig. 4(b and e) show the laser wavelength λl-dependence of
Γþ;c
and Γþ;s
(Γ;c
and Γ;s
vv
vv
vv
vv ). These parameters are proportional to the product of the local field E(rm,ωl ) (with z-component dominating) at the laser frequency ωl and the imaginary part of the near-field dyadic Green’s functions,
$
$
ImGðr m ; r m ; ωl  ωv Þ, or ImGðr m ; r m ; ωl þ ωv Þ, evaluated at the
Stokes ωl − ωv or anti-Stokes frequency ωl + ωv, respectively
(eqn (2)) (with the zz-components dominating). The latter are
shifted by −ωv or +ωv relative to the illumination frequency,
+,s
;s
þ;c
and thus Γ;c
because the
vv and Γvv diﬀer from Γvv and Γvv
dyadic Green function is evaluated at a diﬀerent frequency,
which changes the spectral dependence significantly, as

Nanoscale

View Article Online

Open Access Article. Published on 26 November 2020. Downloaded on 1/14/2021 3:57:57 PM.
This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Paper

Nanoscale

+;s
þ;c
þ;s
Fig. 4 Dependence of (a and d) the vibrational frequency shift parameters Ω+;c
vv , Ωvv , (b and e) the vibrational pumping Γvv , Γvv and damping
−2
;s
+;c
+;s
Γ;c
,
Γ
rates,
and
(c
and
f
)
the
propagation
factors
K
,
K
,
on
the
wavelength
of
the
illuminating
laser
of
intensity
I
=
1
μW
μm
and Ramanlas
vv
vv
vv
vv
−1
−1
active vibrational mode of wave-number (a–c) 1066 cm and (d–f ) 1586 cm . The solid lines are computed with the continuum-ﬁeld model
(labeled by “c”) while the dashed lines are calculated with the single-mode model (labeled by “s”). In (b and c), the dots from right to left mark the
st
laser wavelengths where the anti-Stokes emission (λas
BDP = 780 nm), the excitation (λBDP = 720 nm), and the Stokes emission (λBDP = 669 nm) are maxist
=
618
nm,
λ
=
580
nm,
λ
=
546
nm)
for
the
BQP mode. In (e and
mized due to the BDP mode. The squares mark the same information (λas
BQP
BQP
BQP
f ), the dots and the squares mark the same information as in (b and c) for the high-energy vibrational mode with values of λas
BDP = 813 nm, λBDP =
as
st
720 nm, and λst
BDP = 646 nm for the BDP mode, and λBQP = 639 nm, λBQP = 580 nm, and λBQP = 531 nm for the BQP mode. The diﬀerence between
the wavelengths marked in (b and c) and (e and f ) are due to the diﬀerence in the vibrational energy, which aﬀects the Stokes and anti-Stokes frequencies. The results for the 1269 cm−1 mode are shown in Fig. S4 of the ESI.† Other parameters are speciﬁed in the text.

observed in the figure. We again consider the vibrational
modes at 1066 cm−1 (Fig. 4(b)) and 1586 cm−1 (Fig. 4(e)), and
discuss first the continuum-field model (solid lines). To understand these results, we note that |E(rm,ωl )| presents a
maximum for illumination wavelengths around λBDP = 2πc0/
ωBDP ≈ 720 nm and a weaker one near λBQP = 2πc0/ωBQP =
580 nm due to the excitation of BDP and BQP modes, respectively. The imaginary part of the near-field Green’s function
$
ImGðr m ; r m ; ωÞ peaks also at approximately the same wavelength. Thus for the 1066 cm−1 vibrational mode
$
$
ImGðr m ; r m ; ωl þ ωv Þ and ImGðr m ; r m ; ωl  ωv Þ peak for illumination wavelength around λas
BDP = 2πc0/(ωBDP − ωv) ≈ 780 nm
and λst
BDP = 2πc0/(ωBDP + ωv) ≈ 669 nm. The corresponding
values for the BQP mode are λas
BQP = 2πc0/(ωBQP − ωv) ≈ 618 nm,
λst
BQP = 2πc0/(ωBQP + ωv) ≈ 546 nm. These wavelengths are
marked in Fig. 4(b) by dots and squares, respectively, allowing
for a straightforward identification of the origin of the peaks
and shoulders of the optomechanical pumping and damping
rates in Fig. 4(b and e).
þ;c
st
The maxima of Γ;c
vv near λBDP ≈ 720 nm and Γvv at λBDP ≈
669 nm for the low-energy vibrational mode at 1066 cm−1,
occur when both the local field E(rm,ωl ) and the near-field
$
dyadic Green’s function ImGðr m ; r m ; ωl + ωv Þ are significantly
enhanced by the BDP mode. The peak of Γ;c
vv is red-shifted

Nanoscale

compared to the peak of Γþ;c
vv because the latter depends on
$
ImGðr m ; r m ; ωl  ωv Þ, which is increased for shorter laser wave$
lengths compared to ImGðr m ; r m ; ωl þ ωv Þ. On the other hand,
þ;c
the maxima of both Γ;c
vv and Γvv at λBQP = 580 nm occur
mainly because the local field is strongly enhanced by the excitation of the BQP mode. Moreover, Γ;c
vv is significantly larger
than Γþ;c
vv at this wavelength because it depends on the nearfield dyadic Green’s function at shorter wavelengths, where the
influence of the pseudomode is significantly stronger.
Furthermore, for the high-energy vibrational mode at
þ;c
1586 cm−1, the diﬀerence between Γ;c
vv and Γvv becomes more
pronounced, as shown in Fig. 4(e). In this case, the Stokes and
anti-Stokes frequencies are more separated spectrally from
each other. As a result, Γ;c
and Γþ;c
reach maxima (or
vv
vv
shoulders) for the laser wavelengths that optimize either the
local field induced by the laser or the near-field dyadic Green’s
þ;c
function. The features of Γ;c
vv and Γvv near λBDP = 720 nm and
λBQP = 580 nm can thus be associated with the excitation of the
BDP mode and the BQP mode. On the other hand, the signature of the BDP in the near-field dyadic Green’s function
as
explains the shoulder of Γ;c
vv at λBDP = 813 nm and the peak of
þ;c
st
Γvv at λBDP = 646 nm. The presence of the plasmonic pseudomode again aﬀects the damping rate Γ;c
vv more strongly than
the pumping rate Γþ;c
vv , and this eﬀect is even more pro-
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nounced than for the low-energy vibration (Fig. 4(b)) due to
the larger separation between the Stokes and anti-Stokes freþ;c
quencies. As a consequence, Γ;c
vv is larger than Γvv for all
laser wavelengths considered here, which is in contrast with
the behavior for the low-energy vibrational mode at 1066 cm−1,
;c
where Γþ;c
vv is larger than Γvv in a small laser wavelength range
[654.7 nm, 705.4 nm]. As discussed in section 7, this contrast
leads to qualitatively diﬀerent optomechanical behavior under
strong illumination.
The results for the single-mode model (dashed lines) are
diﬀerent in key aspects. The parameters Γ+;s
are generally
vv
smaller than Γ+;c
although the exact diﬀerence depends on
vv
the laser wavelength. The dashed lines in Fig. 4(b) show that
;s
the spectral dependence of Γþ;s
vv and Γvv are mirror-symmetric
with respect to the resonant wavelength 720 nm of the BDP
mode. This behavior reflects the underlying symmetry of the
single resonant peak considered, as well as the fact that the
Stokes and anti-Stokes emission occur at ωl − ωv and ωl + ωv,
respectively. Importantly for the upcoming analysis, Γ;s
is
vv
larger than Γþ;s
vv only when ωl > 720 nm. More generally, the
results for the single-mode model are only similar to those of
the continuum-field model at long wavelengths where the BDP
mode dominates the response. Crucially, the diﬀerences can be
very pronounced at shorter wavelengths, where Γ
vv can be much
larger within the continuum-field model than within the singlemode model. These diﬀerences are due to the importance of
the high-order plasmonic modes (the pseudomode), which are
completely ignored in the single-mode model.
Last, Fig. 4(c and f ) show the dependence of the propaþ;c
;c
gation factor K+;c
vv on the laser wavelength λl. Kvv (Kvv ) depend
on the local field E(rm,ωl ) at the laser frequency ωl and
$
on the far-field dyadic
Green’s function Gðr d ; r m ; ωl  ωv Þ


$
Gðr d ; r m ; ωl þ ωv Þ at the Stokes frequency ωl − ωv (antiStokes frequency ωl + ωv), as indicated by eqn (3) and (9).
$
Importantly, both E(rm,ωl ) and Gðr d ; r m ; ωl + ωv Þ are not significantly aﬀected by the plasmonic pseudomode. In this case,
the main diﬀerence between the results of the continuum-field
model (solid lines) and those of the single-mode model
(dashed lines) is mostly associated with the influence of the
BQP mode, which can make the former substantially larger.
For completeness, we also show the results for the
1269 cm−1 vibrational mode in Fig. S4 in the ESI.† The dependence of this mode resembles that of the low-energy
vibrational mode at 1066 cm−1 in Fig. 4(a–c), but the wave−1
;c
length range where Γþ;c
vv > Γvv narrows for the 1269 cm
þ;c
;c
mode. It appears that the wavelength window for Γvv > Γvv
becomes narrower as the vibrational frequency ωv increases.

6. Vibrational frequency shift and
eﬀective optomechanical damping
rate
After analyzing the individual contributions, here we address
the wavelength-dependence of the eﬀective optomechanical
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Fig. 5 (a) Vibrational frequency shift (Ωþ
vv + Ωvv )/2 and (b) eﬀective

þ
=
Γ
−
Γ
as
a function of the laser
optomechanical damping rate Γopt
v
vv
vv
wavelength for the 1586 cm−1 vibrational mode (blue lines) and the
1066 cm−1 vibrational mode (red lines). The solid and dashed lines are
the results from the continuum-ﬁeld model (labeled as “c”) and the
single-mode model (labeled as “s”), respectively. The vertical lines indicate wavelengths at 633 nm, 670 nm, 705.9 nm and 785 nm used for
later simulations. The laser intensity is 1 μW μm−2 and other parameters
are speciﬁed in the text.


opt
þ
parameters, δωv = (Ωþ
= Γ
vv + Ωvv )/2 and Γv
vv − Γvv (Fig. 5). As
shown in section 2, these parameters describe the shift and
the broadening (or narrowing) of the Raman lines, respectively.
The parameter Γopt
also plays a key role in the evolution of the
v
vibrational population (and thus of the integrated
Raman intensity) for suﬃciently strong laser illumination
(denominator in eqn (4)), as discussed in detail in the next
section.
Fig. 5(a) shows that within the single-mode model (dashed
lines), the shift δωv changes sign several times because Ωþ;s
vv
and Ω;s
vv possess similar spectral dependence with laser wavelength but with opposite sign (Fig. 4(a and d)). Hence the sign
of δωv depends on which one is slightly larger. In contrast, in
;c
the continuum-field model (solid lines), Ωþ;c
vv and Ωvv have
the same positive sign in the wavelength range under study, so
that δωv (solid lines) is always positive and reaches a
maximum around 720 nm. These general trends hold for both
the 1066 cm−1 (red lines) and the 1586 cm−1 (blue lines)
vibrational modes. According to the single-mode model, the
Stokes Raman lines are then blue- or red-shifted (due to the
decrease or increase of the vibrational frequencies) depending
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on the detuning of the laser wavelength, while the continuumfield model predicts that these Raman lines are always blueshifted due to the decrease of the vibrational frequency
(i.e. lower emission wavelength). The anti-Stokes Raman lines
always show a shift of opposite sign and equal absolute value
compared to the Stokes lines. Also importantly, the shift in the
continuum-field model is significantly larger than that
given by the single-mode model, both because the individual
Ω+
vv terms are about 10 times larger, and because they have
the same sign leading to shifts in the same direction,
instead of largely cancelling each other as occurs in the singlemode model. As described in the previous section, the behavior of Ω+
vv is related to the presence of the plasmon pseudomode, which contributes with large and positive values to the
real part of the Green’s function at all wavelengths
(see Fig. 3(b)).
Furthermore, regarding the optomechanical broadening/
narrowing, Fig. 5(b) shows that according to the single-mode
model (dashed lines) the eﬀective optomechanical damping
rate Γopt
is (i) negative for illumination blue-detuned with
v
respect to the BDP mode (laser wavelength smaller than the
plasmonic resonant wavelength), (ii) zero when the laser is perfectly tuned to the resonant single optical mode and (iii) it
becomes positive for red-detuned illumination. This relatively
simple behavior of Γopt
occurs for all vibrational modes and
v
has been much studied in standard cavity optomechanics6,7
and molecular optomechanics.4,5,8–10,15,17 However, Fig. 5(b)
indicates that this behavior can change radically when the
plasmonic cavity is more properly described within the continuum-field model (solid lines). For this more suitable
description of the NPoM plasmonic response (or any
similar plasmonic system), Γopt
for the 1066 cm−1 mode
v
(red solid line) is positive for both short and long
wavelengths, and only becomes negative in a narrow wavelength window [654.7 nm, 705.4 nm]. Thus, the single-mode
model predicts that the Raman lines become narrower or
broader for shorter or longer laser wavelengths, respectively,
while according to the continuum-field model these lines
become narrower only in a relatively small wavelength
window. Moreover, for the 1586 cm−1 mode, Γopt
(blue solid
v
line) is always positive in the continuum-model, and thus
high-energy vibrational modes never get narrower. Overall, the
larger value of Γopt
within the continuum-field model is
v
mainly caused by the larger imaginary part of the Green’s
function at short wavelengths caused by the plasmonic pseudomode (see red circles in Fig. 3(b)), which enhances the
vibrational damping rate, particularly at short laser wavelengths. The eﬀect of the pseudomode can be combined with
that from other modes of the system, for instance the BQP,
giving rise to extra features, as observed with the emergence of
a second peak in Γopt
at around 580 nm in Fig. 5(b) (solid red
v
and blue lines).
The consequences of the behavior of Γopt
for the depenv
dence of the vibrational population and the integrated SERS
intensity on the incident laser intensity are explored in detail
in the next section.
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7. SERS versus incident laser
wavelength and intensity
Once the optomechanical parameters and the propagation
factors are obtained, the evolution of the vibrational population, the integrated intensity, the linewidth and the line-shift
of the SERS lines can be studied as a function of the incident
laser intensity. For this study, we focus on four laser wavelengths at 633 nm, 670 nm, 705.9 nm, and 785 nm (marked by
vertical lines in Fig. 5 of the previous section). The first and
last wavelengths are commonly used in SERS experiments8,10,39,40
and lead to a positive eﬀective optomechanical damping rate
Γopt
v . The second and third wavelengths serve to illustrate the
eﬀect of negative and zero eﬀective optomechanical damping
rate (specifically for the 1066 cm−1 mode), as shown in
Fig. 5(b).
7.1

General trends within the single-mode model

To understand the evolution of the SERS signal with laser
intensity, Ilas, it is worthwhile to summarize briefly the predictions of the single-mode model. According to earlier
studies,5,6,9,15 there exist three distinct regimes of optomechanical interaction that correspond to diﬀerent ranges of laser
intensity. These regimes follow directly from eqn (4), (10)
and (11) and can be appreciated in the evolution of the
vibrational population and of the Stokes and anti-Stokes signal
with increasing Ilas (dashed lines in Fig. 6(a and b) for the
1066 cm−1 vibrational mode and in Fig. 6(e and f ) for the
1586 cm−1 vibrational mode).
The thermal and vibrational-pumping regimes occur for
weak and moderate laser intensities, where the intrinsic
vibrational decay rate γv is larger than the optomechanical
opt
damping rate Γopt
can be ignored in the
v , and thus Γv
denominator of eqn (4). In the thermal regime, for weak Ilas
(light blue-shaded region in Fig. 6), the vibrational population
is dominated by the thermal value, 〈b̂†v b̂v〉 ≈ nth
v (dashed lines,
hidden under the solid ones in Fig. 6(a and e)). In such a situation, the integrated anti-Stokes and Stokes SERS intensities
scale linearly with laser intensity (dashed lines in Fig. 6(b and
st
th
f ) and Fig. S5 in the ESI†), according to Sas ≈ K
vv nv and S ≈
þ
th
+
Kvv (1 + nv ) (notice that Kvv ∝ Ilas).
As Ilas increases one reaches the vibrational pumping
regime (red-shaded region in Fig. 6), where the vibrational
population acquires an extra contribution due to creation of a
vibration quantum by each Stokes-scattering event (vibrational
pumping). As a consequence, the vibrational population
(dashed lines in Fig. 6(a and e)) acquires a term proportional
þ
þ
to the laser intensity 〈b̂†v b̂v〉 ≈ nth
v + Γvv /γv (notice that Γvv ∝ Ilas)
and the anti-Stokes intensity scales super-linearly and eventually quadratically with increasing Ilas (dashed lines in Fig. 6
th
þ
(b and f )), according to Sas ≈ K
vv (nv + Γvv /γv). The Stokes signal
(Fig. S5 in the ESI†) also acquires a quadratic component Sst ≈
th
þ
Kþ
vv (1 + nv + Γvv /γv), but it only becomes significant when the
increase of the vibrational population due to the vibrational
pumping Γþ
vv /γv reaches a value close to 1, which in our system
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Fig. 6 Evolution of (a) the vibrational population 〈b̂†v b̂v〉 and (b) the frequency-integrated intensity Sas, (c) the line-width ħγ
v = ħ(γv + Γv ), and (d)
−1
þ

the line shift ħ[ω
−
(ω
+
ω
)]
=
−ħ(Ω
+
Ω
)/2
of
the
anti-Stokes
lines
for
the
1066
cm
vibrational
mode,
as
a
function
of
the
laser
intensity
Ilas
l
v
v
vv
vv
and for wavelengths λlas = 633 nm (black lines), 670 nm (red lines), 705.9 nm (blue lines) and 785 nm (green lines). The solid and dashed lines are the
results based on the continuum-ﬁeld model and the single-mode model, respectively. In (d) all lines (except for the black and red dashed lines for
laser wavelength 633 nm and 670 nm) are multiplied by minus one to be able to plot in logarithmic scale, while the horizontal dotted line indicates
the intrinsic vibrational decay rate ħγv = 0.07 meV for reference. The light blue, red and green background colors indicate the laser intensity ranges
corresponding to the thermal regime for weak Ilas, the vibrational pumping regime for moderate Ilas, and the regime with large Ilas, respectively (the
exact boundaries between these regimes depend on the vibrational mode and laser wavelength under consideration). The temperature is T = 293 K
−3
resulting in thermal vibrational populations nth
v = 5 × 10 . The other parameters are speciﬁed in the text. We show the integrated intensity of the

Stokes lines in Fig. S5 in the ESI† [the linewidth of the Stokes emission is the same as that of the anti-Stokes line because ħγþ
v = ħγv , and the lineþ

shift is also of equal amplitude but in the opposite direction ħ[ωþ
v − (ωl − ωv)] = ħ(Ωvv + Ωvv )/2]. (e) and (f ) show equivalent results as in (a) and (b) but
for the 1586 cm−1 vibrational mode.

occurs for laser intensities larger than those of the vibrational
pumping regime. Furthermore, the modification of the Raman
linewidth and spectral position remain negligible for moderate
laser intensities (thermal and vibrational pumping regimes),
where the intrinsic linewidth of the Raman line, given by the
intrinsic vibrational decay rate γv, remains larger than the
eﬀective optomechanical damping rate Γopt
and the optomev

chanically-induced Raman line shift |(Ωþ
vv + Ωvv )/2| (dashed
lines in Fig. 6(c and d), some of them hidden by the solid
lines).
The vibrational pumping regime is achieved when the
vibrational population induced by the Stokes scattering, which
opt
equals Γþ
≪ γv in this
vv /γv (second term in eqn (4), with Γv
regime), becomes larger than the thermal value nth
v . Thus, we
can define the laser threshold Ithr,1 to achieve this regime as
th
the laser intensity satisfying Γþ
vv /γv ≈ nv . We estimate from
Fig. 6(a and e) that Ithr,1 can be as low as 3 × 103 μW μm−2,
which can be achieved with both pulsed and continuous-wave
laser.10 These values are estimated at room temperature, but
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could be further reduced by increasing the vibrational frequency or by lowering the temperature, i.e. lowering nth
v (see
Fig. S6 in the ESI† for more details).
In the regime of large laser intensity Ilas (green-shaded
region in Fig. 6) a qualitatively diﬀerent behavior occurs for
diﬀerent laser wavelengths. In this regime, the eﬀective optomechanical damping rate Γopt
becomes comparable to γv and
v
thus it cannot be neglected in the denominator of eqn (4).
Crucially, the laser wavelength determines the sign of Γopt
(see
v
Fig. 5(b)). If the laser is blue-detuned with respect to the BDP
mode (corresponding to the cases of λlas = 633 nm, 670 nm
and 705.9 nm in Fig. 6), Γopt
is negative (red dashed line in
v
Fig. 5(b)) and the denominator in eqn (4) approaches zero as
Ilas increases. As a result, the vibrational population increases
super-linearly and finally diverges (black, red, and blue dashed
lines in Fig. 6(a and e)). This divergent behavior, which is also
observed in the integrated anti-Stokes and Stokes scattering
(black, red and blue dashed lines in Fig. 6(b and f ) and Fig. S5
in the ESI†) due to their dependence on the vibrational popu-
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lation, is known as parametric instability in cavity-optomechanics.7 In this situation the SERS lines become narrower, as
their linewidth is given by Γopt
+ γv (Fig. 6(c)), and they also
v

experience a relatively small frequency-shift (Ωþ
vv + Ωvv )/2 with
a sign that depends on the laser wavelength (the anti-Stokes
lines shift towards larger frequencies at laser wavelengths of
633 nm and 670 nm, but towards smaller frequencies at
705.9 nm). The shifts are shown in Fig. 6(d). The Stokes lines
show the same shift but with opposite signs.
If the laser is red-detuned from the BDP mode (λlas =
785 nm, green dashed line in Fig. 6), Γopt
is positive (red
v
dashed line in Fig. 5(b)). The SERS lines then become broader
(Fig. 6(c)) and the denominator in eqn (4) becomes larger as
Ilas increases. Since the numerator in eqn (4) also grows with
increasing Ilas, the vibrational population eventually saturates
(green dashed line in Fig. 6(a)), leading to a linear scaling of
the SERS signal with Ilas (green dashed line in Fig. 6(b) and
Fig. S5 in the ESI†). Thus, as the laser intensity is increased,
the integrated anti-Stokes signal (Fig. 6(b)) changes from
linear (thermal regime) to quadratic (vibrational pumping
regime) and again to linear (very large intensities) scaling with
Ilas. The Raman lines also experience a frequency shift (Ωþ
vv +
Ω
vv )/2 for this laser wavelength (Fig. 6(d)), but it is a factor 3
smaller than the optomechanicaly-induced broadening Γopt
v .
Finally, if the laser is tuned to the exact frequency of the
BDP mode (zero-detuned), Γopt
is precisely zero. As a result,
v
the SERS lineshape does not change (neither in linewidth or
frequency) and the trends discussed for the vibrational
pumping regime continue to govern the response (not shown):
the vibrational population increases linearly with increasing
Ilas, i.e. 〈b̂†v b̂v〉 ≈ Γþ
vv /γv, and both the integrated Stokes and
anti-Stokes SERS intensity scale quadratically with increasing
þðÞ
Ilas, i.e. Sst(as) ≈ Kvv Γþ
vv /γv. Last, we note that the results of the
single-mode model do not depend qualitatively on the actual
vibrational frequency, and therefore the same trends are
obtained in Fig. 6(a–f ) for the 1066 cm−1 and 1586 cm−1
vibrational modes.
The vibrational population saturation and the parametric
instability are achieved when the absolute value of the eﬀective
optomechanical damping rate becomes comparable to the
intrinsic vibrational decay rate, i.e. when |Γopt
v | ≈ γv. By applying this condition, we can estimate the laser threshold Ithr,2
to achieve these two eﬀects (we use here the subindex “2” to
distinguish this threshold from the one established to reach
the vibrational pumping regime, labeled by subindex “1”). We
estimate from Fig. 6(a and f ) that Ithr,2 could get values as low
as 3 × 106 μW μm−2, which could be reached by using a pulsed
laser.10
7.2

Trends within the continuum-field model

We demonstrate here the importance of using the continuumfield model to capture the influence of the full-plasmonic
response on the SERS response. We first consider a low-energy
vibrational mode at 1066 cm−1, and focus on the anti-Stokes
Raman line for simplicity, but similar conclusions can be
obtained for the Stokes scattering (shown in Fig. S5 in the
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ESI†). The dependence on the energy of the vibration will be
considered at the end of the section (subsection 7.2.3).
7.2.1 Vibrational population and Raman intensity. Fig. 6(a
and b) show that for weak and moderate laser intensity Ilas, the
evolution of the vibrational population (a) and the integrated
anti-Stokes scattering (b) obtained with the continuumfield model (solid lines) agree qualitatively with the prediction
of the single-mode model (dashed lines) in both the thermal
(blue-shaded region) and vibrational pumping regimes (redshaded region). Slightly quantitative diﬀerences can still be
observed, for instance, a factor of 2 diﬀerence in the integrated
anti-Stokes intensity, and also a small diﬀerence in the
laser intensity threshold Ithr,1 to reach the vibrational
pumping regime. These diﬀerences depend on the particular
plasmonic configuration with respect to the illuminating
wavelength.
The diﬀerence between the results from both models (solid
versus dashed lines in Fig. 6(a and b)) becomes more dramatic
in the regime of large laser intensity Ilas (green-shaded area).
This is the regime where the complex spectral structure of the
eﬀective optomechanical damping rate Γopt
becomes relevant
ν
in the continuum-field model, as compared to the simple
negative and positive spectral oscillation of the single-mode
model (compare the red dashed and solid lines in Fig. 5(b)).
The influence of high-order plasmonic modes increases the
values of Γopt
for shorter wavelengths, and even reverses its
ν
sign from negative to positive, thus turning situations of optomechanical pumping (blue-detuned) in the single-mode
model into a situation of optomechanical damping (eﬀective
red-detuned case) in the continuum-field model. We can
observe this situation, for instance, at a short laser wavelength
of λlas = 633 nm in Fig. 6(a) (black lines). The reverse of sign of
Γopt
at this wavelength turns the divergent behavior of the
ν
vibrational population with laser intensity within the singlemode model (black dashed line) into a saturated one (black
solid line) within the continuum model. A similar diﬀerence
can be observed for the anti-Stokes intensity (black solid and
dashed lines) in Fig. 6(b) where the divergent behavior within
the single-mode model turns into a linear dependency within
the continuum-field model.
For large incident wavelengths, spectrally detuned from all
the high-order cavity modes, where the BDP mode of the cavity
is the main spectral feature, for instance for λlas = 785 nm
(green lines in Fig. 6(a and b)), the values of Γopt
are very
v
similar in both models, therefore the populations and Raman
lines show the same qualitative and quantitative dependency
with incident laser intensity (compare green dashed and solid
lines). For intermediate incident wavelengths, which spectrally
fall in the middle of the modal structure of the cavity, any behavior can be found when the continuum of electromagnetic
field is properly accounted for. This can be observed, for
instance, in the diﬀerences between the solid and dashed
lines for λlas = 670 nm and λlas = 705.9 nm in Fig. 6(a and b):
the tendency of the vibrational population and Raman signal
with incident laser can remain unchanged sometimes when
comparing the results from the single-mode and continuum-
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field models (red lines in Fig. 6(a and b)), or changed into a
special dynamics if the condition Γopt
= 0 is fulfilled (blue
ν
lines in Fig. 6(a and b)).
Last, we note that the laser threshold intensity Ithr,2 needed
to reach the vibrational population saturation and the parametric instability (which occur at similar intensity) is of the
same order of magnitude in the single-mode model and in the
continuum-field model for the laser wavelengths considered in
Fig. 6 (except for the special case of λlas = 705.9 nm). However,
this could vary significantly for other laser wavelengths, as
detailed in Fig. S7 in the ESI.†
7.2.2 Raman lineshape and line-shift. The modification of
the optomechanical parameters when the complexity of the
plasmonic mode structure is considered within the continuum-field model not only influences the Raman signal as a
function of the incident laser intensity, but it also modifies
the spectral position and width of the Raman lines. Fig. 6(c
and d) considers the same wavelengths as in the previous sections and shows that the continuum-field model (solid lines)
predicts significant diﬀerences of the (c) broadening and (d)
spectral shift of the Raman lines (vibrational frequency shift),
as compared to the reference single-mode model (dashed
lines). These eﬀects are proportional to the laser intensity Ilas,
according to eqn (7) and (8), and can be directly compared to
the intrinsic vibrational decay rate γv of the molecule (horizontal dotted line in Fig. 6(d)), which reveals that very intense
laser illumination is required to appreciate these changes in
the Raman lines.
The linewidth of the Raman lines is given by the sum of the
intrinsic losses and the eﬀective optomechanical damping rate
γv + Γopt
v . Thus, the large diﬀerence in Fig. 6(c) between the
broadening calculated with the continuum-field and with the
single-mode models follows directly from the large diﬀerence
in the values of Γopt
v , as discussed in Fig. 5(b) (the values in
this figure were calculated for Ilas = 1 μW μm−2 but they can be
scaled to an arbitrary laser intensity).
Both models exhibit diﬀerences for the evolution of the
linewidth of the Raman lines, which are consistent with those
found for the vibrational population and the Raman intensities in Fig. 6(a and b). For large illumination wavelength
(green lines) both models show similar quantitative broadening as a function of incident laser intensity (similar Γopt
v ).
However, for small incident wavelength (black lines), the behavior is reversed from an increasing narrowing within the
single-mode model to an increasing broadening within the
continuum-field mode model, as a consequence of the reverse
of sign of Γopt
discussed in the previous section. For interv
mediate illumination wavelengths (red and blue solid lines), in
the middle of the spectral response of the cavity, the results
from the continuum-field model, can show a quantitative softening of the narrowing (red lines), or an invariance for specific
wavelengths (blue line, to be compared with the narrowing
within the single-mode mode).
Significant spectral shifts can also be identified in
the Raman lines for suﬃciently large incident laser intensity.
The shift of the Raman lines in Fig. 6(d) is directly given by
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|(Ωþ
vv + Ωvv )/2| (Fig. 5(a)) (conveniently scaled for the particular
value of Ilas considered). It follows from the results in section 6
that the continuum-field model predicts shifts of ≈2 orders of
magnitude larger than those given by the single-mode model.
According to the latter, the Raman line shifts are generally
smaller than the optomechanically-modified linewidth γv +
Γopt
vv . However, the results from the continuum-field model
(solid lines in Fig. 6(d)) suggest that spectral shifts significantly larger than γv + Γopt
vv are feasible for large enough laser
intensities. Furthermore, the sign of the spectral shifts
depends on the laser wavelength when applying the singlemode model, but the continuum-field model indicates that the
Stokes (anti-Stokes) lines always shift towards larger (smaller)
emission frequencies (the sign of the shift cannot be directly
read from Fig. 6(d), as it shows the absolute value, but it can
be deduced from Fig. 5(a)).
7.2.3 Influence of the vibrational mode energy. The behavior of vibrational populations and Raman intensity also
depends on the energy/frequency of the vibrations. We consider in this subsection a larger vibrational energy and show
its influence on the Raman signal. The prediction of the continuum-field model for a high-energy vibrational mode at
1586 cm−1 (solid lines in Fig. 6(e and f )) shows significant
diﬀerences when compared to the results of the low-energy
vibrational mode at 1066 cm−1 (solid lines in Fig. 6(a and b)).
First, the higher the vibrational energy the less intense illumination is required to reach the vibrational pumping regime
(red-shaded region), due to the smaller thermal vibrational
population. More surprising changes can be observed at large
laser intensity due to the diﬀerent behavior of the eﬀective
optomechanical damping rate Γopt
(always positive for the
v
large-energy 1586 cm−1 vibrational mode, but with a sign that
depends on illumination wavelength for the low-energy
1066 cm−1 vibrational mode, see Fig. 5(b)). For the high-energy
vibrational mode, the vibrational population always saturates
in the continuum-field model description, and the integrated
SERS intensity always scales linearly with Ilas for suﬃciently
intense illumination, independently of the wavelength λlas
(additionally the Raman line always broadens, not shown
here). In contrast, the response calculated for the low-energy
vibrational mode at large laser intensities was shown to
depend on λlas, so that either saturation or divergence of the
vibrational population was possible. We thus observe that, contrary to the expectation from the single-mode model, the application of the continuum-field model shows that the qualitative
trends of the SERS signal for large Ilas can strongly depend on
the vibrational frequency.
All in all, our results suggest that the behavior of SERS in
the regime of large illumination intensity depends on a delicate interplay between the plasmonic response of the nanocavity (BDP, BPQ and plasmonic pseudomode), and the frequency
of the vibrational modes. The application of the reference
single-mode model easily leads to wrong predictions, and
therefore it is necessary to model the full plasmonic response
of each particular system to describe the nonlinear response of
SERS.
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7.3 Spectral dependence of the SERS enhancement for
diﬀerent laser intensity regimes
We address next the enhancement of the Raman signal as a
function of incident laser wavelength for the large-energy
vibrational mode at 1586 cm−1, as it shows the strongest diﬀerence between the single-mode and the continuum-field model.
In Fig. 7(a–c) we show the Stokes (red lines, left axis) and antiStokes (blue lines, right axis) SERS enhancement as a function
of laser wavelength, for diﬀerent illumination intensity
regimes, and compare the predictions obtained from the continuum-field model (solid lines) with those from the singlemode model (dashed lines). We consider the enhancement

Fig. 7 Enhancement of the Stokes (red lines, left axis) and anti-Stokes
scattering (blue lines, right axis) as a function of incident wavelength for
the BPT 1586 cm−1 vibrational mode at (a) weak (Ilas = 1 μW μm−2), (b)
moderate (Ilas = 105 μW μm−2) and (c) large (Ilas = 8 × 106 μW μm−2) laser
intensity. Solid and dashed lines show the results from the continuumﬁeld model and from the single-mode model, respectively. All the other
parameters are considered to be same as in Fig. 6.
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with respect to the Raman signal obtained from an isolated
BPT molecule with the same relative orientation in vacuum
(see values of the Raman activity in Table S1 of the ESI†). In
other words, our estimation of the SERS enhancement
includes both the electromagnetic and the chemical
enhancement.
In the thermal regime, with weak laser intensity Ilas = 1 μW
μm−2 (Fig. 7(a)), the enhancement of both the Stokes and antiStokes scattering predicted by the continuum-field and by the
single-mode model reaches 11 orders of magnitude. The spectral shape and relative strength of the enhancement resemble

that of the propagation factors Kþ
vv , Kvv in both models (see
Fig. 4(f )), because the SERS signal for weak Ilas is mainly determined by these factors.
In the vibrational pumping regime with moderate Ilas =
105 μW μm−2 (Fig. 7(b)), the enhancement of the Stokes
scattering does not vary compared to that in the thermal
regime, while the enhancement of the anti-Stokes scattering
increases about 30 times with respect to the thermal regime
for a laser wavelength of 720 nm, and shows a spectrally
sharper shape. This extra enhancement can be explained by
the increase of the vibrational population due to the
vibrational pumping. The sharper spectral shape occurs
because the vibrational pumping and the propagation of the
anti-Stokes photons are optimized for a wavelength around
720 nm in this case, consistent with the results of the
maxima of the optomechanical parameters displayed in
Fig. 4(e).
In the large laser intensity regime, Ilas = 8 × 106 μW μm−2
(Fig. 7(c)), the enhancement of the anti-Stokes scattering
increases further and reaches 14 orders of magnitude, while
that of the Stokes scattering shows a 1.7 times extra enhancement with respect to the thermal and vibrational pumping
regimes within the continuum-field model. As observed in
Fig. 7(c), the single-mode model (dashed red line) can overestimate the Stokes enhancement by almost 4 times with
respect to the result of the continuum-field model (red solid
line).
Indeed, the SERS enhancement shows a sharp peak at
around 650 nm in the single-mode model because the parametric instability is allowed at this wavelength within this
model and thus the vibrational population increases dramatically before the parametric instability is reached. In
contrast, in the continuum-field model, the SERS enhancement remains relatively broad (solid lines in Fig. 7(c)) since
the vibrational population saturation is produced at all laser
wavelengths, and thus the vibrational population stops
increasing with laser intensity. For lower vibrational frequency, for instance for the 1066 cm−1 vibrational mode,
the parametric instability is actually allowed for laser wavelengths slightly blue detuned from the BDP mode (here at
720 nm). An example of this can be observed in Fig. S9 of
the ESI.†
We have also compared the results of the continuum-field
model in Fig. 7 with those predicted by the classical SERS
theory,1 as shown in Fig. S8 of the ESI.† We found that both
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frameworks show the same spectral shape and similar values
of the SERS enhancement in the thermal regime. However, the
classical description does not capture the spectral change produced in the vibrational pumping regime or in the high intensity regime because it does not incorporate the nonlinear behavior of the vibrational population, and thus of the Raman
scattering, in those regimes. Nevertheless it is possible to
capture the nonlinear behavior of the SERS enhancement in
the vibrational pumping regime at large laser intensity with a
semi-classical description of SERS if appropriate modified rate
equations are used.9,20,30
In short, the SERS enhancement can vary orders of magnitude and show modified spectral shape for diﬀerent incident
laser intensities and frequencies of the vibrational modes.
Therefore it is important to correctly identify the laser operation regime as well as the particular vibrational modes when
interpreting the SERS enhancements obtained in an
experiment.

8 Discussion and conclusion
We have applied a molecular optomechanical model of
surface-enhanced Raman scattering (SERS) based on a continuum-field description of the plasmonic response to study
SERS from a single biphenyl-4-thiol molecule located in the
gap of a NanoParticle-on-a-Mirror (NPoM) plasmonic nanocavity. This approach goes beyond the single-mode model to
describe the optical nanocavity,4,9,15 and accounts for the full
response of the metallic nanostructure via the classical dyadic
Green’s function,23 and thus allows us to examine the influence of the high-order plasmonic modes on the optomechanical interaction of SERS. We focused on NPoMs as a particular
system of current experimental interest, but many of our conclusions can be extended to other plasmonic configurations,
including single nanoparticles, where the role of high-order
modes is important.
We compare the results from the continuum-field model
with those obtained when only considering the bonding
dipolar plasmon (BDP) mode that dominates the local field
induced by the laser. We find that the vibrational population
and SERS signal of our system are weakly aﬀected by the highorder plasmonic modes in the thermal and vibrational
pumping regime, corresponding to relatively weak and moderate laser intensity Ilas. However, in the regime of large laser
intensity, we obtain that the optomechanical response is dramatically aﬀected by the presence of the cavity bonding quadrupole plasmon (BQP) mode and, most notably, by the pseudomode that originates from the superposition of many highorder plasmonic modes. The latter can lead to a very eﬃcient
interaction with the molecule for short laser wavelengths,
which can strongly increase the optomechanically-induced
shift of the Raman lines.
The plasmonic pseudomode also aﬀects the optomechanical damping rate Γopt
that governs the vibrational population,
v
the intensity of the emitted Raman signal and the Raman line-
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width in the regime of large laser intensity. The plasmonic
pseudomode can change not only the value of Γopt
but also its
v
sign, which leads to qualitative diﬀerences in the optomechanical interaction compared to a description based on a single
cavity mode. For instance, it is possible to find a saturation of
the vibrational population and a broadening of the Raman
lines with increasing Ilas, for conditions where a single-mode
model would indicate a divergence and narrowing, respectively. Furthermore, contrary to the prediction from the singlemode model, the sign of Γopt
within the continuum-field
v
model depends on the vibrational energy, so that two diﬀerent
molecular vibrations can experience qualitatively diﬀerent
behaviors. As an example, for the BPT 1066 cm−1 vibrational
mode, there is a laser wavelength window where it is possible
to achieve the divergence of the Raman signal ( parametric
instability), but this is not possible for the larger-frequency
vibrational mode at 1586 cm−1.
Furthermore, the implementation of the continuum-field
model to describe the quantization of the electromagnetic
field in a complex lossy plasmonic cavity as described here,
allows for obtaining more accurate values of the laser intensity
thresholds to observe optomechanical eﬀects in molecular
SERS (see sections S4.5 and S4.6 in the ESI†). The laser
threshold intensity to achieve the vibrational pumping regime
is estimated to be about 5.1 × 104 μW μm−2, and 2.7 × 103 μW
μm−2 for the 1066 cm−1 and 1586 cm−1 BPT vibrational
modes, respectively, at room temperature T = 293 K. These
intensities can be experimentally achieved for instance with
pulsed laser illumination,10 or even with continuous laser illumination,8 and can be further reduced by working at low
temperature. In contrast, the laser threshold intensity to
achieve the vibrational population saturation and the parametric instability is of the order of 3.17 × 106 μW μm−2 (considering a moderate chemical enhancement). To reduce this intensity threshold, one could optimize the molecular vibrational
response or implement specially-designed plasmonic systems
such as pico-cavities formed by atom-sized structures.8
Another possibility might rely on exploiting resonant SERS
enhancement occurring for incident lasers in resonance with
electronic excitations in the molecule,54,55 or to profit from the
collective response in the optomechanical coupling of many
molecules with the plasmonic structure.4,9,10,15 Some of these
implementations could enable the observation of the characteristic optomechanical phenomena in SERS pointed out here
for intense lasers, but at that point, further advances in the
description of the interaction might require to consider the
eﬀect of vibrational anharmonities, the influence of the electronic structure of molecules, or to develop models beyond the
rotating wave approximation.
Last, the continuum-field model allows us to straightforwardly examine how the SERS enhancement, which is
usually discussed in the context of weak laser intensity, can
be strongly modified for moderate or large laser intensity.
Our calculation shows that the anti-Stokes SERS enhancement can increase by 10–103 times when the system goes
from the thermal regime to the regime of large laser
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intensity, producing variations in the position and width of
the spectral peaks of enhancement. In summary, our results
unravel the importance of considering the full plasmonic
response, which includes high-order modes ( pseudomode),
when addressing molecular-optomechanical eﬀects, particularly for strong laser illumination, and provide accurate
identification of unusual optomechanical nonlinear phenomena in SERS.
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