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CONSPECTUS: Molecular vibrations constitute one of the smallest
mechanical oscillators available for micro-/nanoengineering. The energy
and strength of molecular oscillations depend delicately on the attached
speci� c functional groups as well as on the chemical and physical
environments. By exploiting the inelastic interaction of molecules with
optical photons, Raman scattering can access the information contained in
molecular vibrations. However, the low e� ciency of the Raman process
typically allows only for characterizing large numbers of molecules. To
circumvent this limitation, plasmonic resonances supported by metallic
nanostructures and nanocavities can be used because they localize and
enhance light at optical frequencies, enabling surface-enhanced Raman
scattering (SERS), where the Raman signal is increased by many orders of
magnitude. This enhancement enables few- or even single-molecule
characterization. The coupling between a single molecular vibration and a plasmonic mode constitutes an example of an
optomechanical interaction, analogous to that existing between cavity photons and mechanical vibrations. Optomechanical systems
have been intensely studied because of their fundamental interest as well as their application in practical implementations of
quantum technology and sensing. In this context, SERS brings cavity optomechanics down to the molecular scale and gives access to
larger vibrational frequencies associated with molecular motion, o� ering new possibilities for novel optomechanical nanodevices.
The molecular optomechanics description of SERS is recent, and its implications have only started to be explored. In this Account,
we describe the current understanding and progress of this new description of SERS, focusing on our own contributions to the� eld.
We� rst show that the quantum description of molecular optomechanics is fully consistent with standard classical and semiclassical
models often used to describe SERS. Furthermore, we note that the molecular optomechanics framework naturally accounts for a
rich variety of nonlinear e� ects in the SERS signal with increasing laser intensity.
Furthermore, the molecular optomechanics framework provides a tool particularly suited to addressing novel e� ects of fundamental
and practical interest in SERS, such as the emergence of collective phenomena involving many molecules or the modi� cation of the
e� ective losses and energy of the molecular vibrations due to the plasmon� vibration interaction. As compared to standard
optomechanics, the plasmonic resonance often di� ers from a single Lorentzian mode and thus requires a more detailed description
of its optical response. This quantum description of SERS also allows us to address the statistics of the Raman photons emitted,
enabling the interpretation of two-color correlations of the emerging photons, with potential use in the generation of nonclassical
states of light. Current SERS experimental implementations in organic molecules and two-dimensional layers suggest the interest in
further exploring intense pulsed illumination, situations of strong coupling, resonant-SERS, and atomic-scale� eld con� nement.
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1. INTRODUCTION

Molecular vibrations contain rich information about the physical
and chemical properties of molecules and their interaction with
the environment. These vibrations can be addressed optically
using Raman scattering, a powerful characterization technique in
which photons of visible or near-infrared light (energy� � las�
1.5� 2.5 eV, with� being the reduced Planck constant)
interchange energy with molecular vibrations occurring at
much lower energy� � vib � 25� 200 meV (� 200� 1600 cm� 1).
The resulting inelastic emission of Stokes and anti-Stokes
photons at slightly smaller� (� las� � vib) or larger� (� las+ � vib)
energies, respectively, leads to a characteristic� ngerprint of
peaks in the emission spectra. This� ngerprint is mostly
determined by the chemical bonds within the functional groups
but is also sensitive to the temperature, the molecular
surroundings, and the isotopic composition of the molecules,
among other in� uences.

The weak Raman scattering cross section of individual
molecules limits the performance of this spectroscopy
technique. However, the signal is hugely boosted in surface-
enhanced Raman scattering (SERS),5,6 where molecules are
placed near metallic nanostructures acting as nanoresonators
(Figure 1a). This makes it possible to characterize very small
numbers of molecules or even a single molecule.7,8 The
enhancing mechanism of SERS has been traditionally assigned
to two main sources:� rst, a chemical enhancement9 produced
by the bonding of the molecule to the metal, inducing
repolarization and/or charge transfer, and second, an electro-
magnetic enhancement, usually the largest contribution, related
to the intense plasmonic� elds excited in metallic nanostruc-
tures, which very e� ciently couple to molecular vibrations.

In this Account, we describe the recently developed quantum
optomechanical description of (nonresonant) SERS that goes
beyond this simple picture and explicitly considers the inelastic
interaction between cavity plasmons and molecular vibrations at
the origin of SERS (Figure 1a). This new approach establishes a
connection between SERS con� gurations and standard
optomechanical systems, where a mechanical oscillation of a
cavity is coupled to one of its electromagnetic modes (Figure
1b).1,10,11

2. CLASSICAL DESCRIPTION OF SERS
The electromagnetic� eld that interacts with the molecules in
SERS con� gurations arises from the excitation of localized
surface plasmon polaritons. Plasmonic resonances in metallic
nanoresonators can strongly enhance the electromagnetic� eld
at visible and near-infrared wavelengths� and con� ne it to
extremely small volumes,12,13 far below the� (� /2) 3 di� raction
limit of free photons, leading to a huge increase in the SERS
signal, as typically explained through the following classical
picture.5,14 The local electric� eld exciting the moleculeE(� las)
is enhanced by a factorK(� las) = E(� las)/ E0, withE0 being the
amplitude of the incident illumination (local intensity increased
by |K(� las)|

2). This enhanced� eld induces a Raman dipole
whose (frequency-shifted) emission rate is also strongly
enhanced by the large local density of states (LDOS) of the
plasmonic resonance.13,15When the optical reciprocity theorem
is applied, this increase in the emission rate can be related to the
square of the� eld enhancement at the Raman emission
frequency,|K(� las ± � vib)|

2. (See refs14 and16 for details.)
The classical electromagnetic enhancement of the emitted SERS
intensity EMclass

SERScan thus be expressed as

K KEM ( ) ( )class
SERS

las
2

las vib
2� � �� ± (1)

The total enhancement factor ineq 1is often simpli� ed to
|K(� las)|

4, which is useful in estimating the order of magnitude of
enhancement at the expense of accuracy: the energy of typical
vibrations� � vib can be comparable to the line width of
plasmonic resonances, soK(� vib) and K(� las ± � vib) can be
rather di� erent. We note that the SERS signal scales with the
fourth power of the� eld enhancement, i.e., the square of the
intensityenhancement, but in this classical framework, it remains
linear with the intensity of the excitation laser.

Equation 1emphasizes that a key to maximizing SERS is to
increase the� eld enhancement as much as possible. Plasmonic
structures composed of two (or more) nanoparticles separated
by nanometer gaps have proved to be particularly well suited for
this purpose.17,18A related con� guration that has the advantage

Figure 1. Comparison between molecular and conventional optomechanics. Sketch of (a) a SERS con� guration consisting of a molecular vibration
coupled to a plasmonic mode and (b) a canonical optomechanical system consisting of a Fabry� Pe�rot cavity where the motion of one of the mirrors
induced by a vibrational mode varies the cavity length.
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