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Abstract
Recent years have seen spectacular developments in the domain of nano-optics. Alongside

the well-known techniques of super-resolution microscopy progress in nanofabrication has

enabled important improvements in the fields of optical imaging and spectroscopy. Nowadays

enhancements of specific near-field interactions by nano-antennae/cavities allows the optical

readout of single molecule properties in a number of different systems. The observation of

normal modes of vibration for example carries essential information on the orientation, link

to the interface and environment in which the molecule is embedded.

This thesis develops firstly a novel theoretical frame for these vibration-cavity interactions by

following the optomechanical formalism, which has proven to be an accurate treatment of a

wide variety of mechanical systems interacting with a laser field. By leveraging this framework,

we investigate on the one hand several quantum limits. On the other hand, for the parameter

space experimentally available and for well-designed cavities, novel regimes of interaction

between the collective mode of vibration of an ensemble of molecules and an optical tone

seem within reach both in the visible and the infrared.

In parallel, this thesis experimentally explores one specific realization of such a system. In col-

laboration with the group of Christophe Galland we constructed the optical setups necessary to

interrogate our nanostructures. The class of structures constructed, known as self-assembled

nanojunctions or nanoparticles on mirror, reaches confinement of electric fields via plasmonic

modes close to its fundamental limit and enables the study of many different mechanical

systems whose thickness consist in a single molecule. Along this research we have developed

techniques to characterize mechanical, electronic and thermal observables of nanojunctions

interacting with an optical field.

Our experimental study has enabled the discovery of a novel effect related to the electronic

confinement of these quasi-0-dimensional structures. The characteristic photoluminescence

of metallic nanostructures is found to consistently blink in nanojunctions akin to other quan-

tum emitters. The mechanisms explaining in detail this blinking remain debatable but the

numerous experimental data collected highlight the key role of the interface in the specificities

of the blinking observed. This finding opens novel ways to characterize the important and to

date ill-described question of the interfaces in nanojunctions. The observed modifications of

the nanojunctions optical properties might constitute an interesting step towards the devel-

opment of a novel class of functional materials (’gap-materials’) with enhanced and tailored

electro-optical properties.

The last part of this thesis considers one technological application for this class of material
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Abstract

by conceptually developing a new kind of detector based on the upconversion of an infrared

photon to the visible; exploiting thus in a unique way the optical properties of the molecular

system. The study of the quantum noises of these detectors highlights two exciting and

technologically relevant directions for such devices : at room temperature these systems

operate with levels of noise below state of the art devices, at lower temperatures these systems

open an unexplored path towards single photon detection in a spectral range where this

technology remains unavailable to date.

key words : optomechanics, plasmonics, sideband thermometry, Hermite-Gaussian exci-

tation, nanojunction, photoluminescence blinking of metals, Mid-IR to NIR up-conversion,

single photon detector
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Résumé
Ces dernières années ont vu des développements spectaculaires dans le domaine de la nano-

optique. Outre les techniques de super-résolution bien-connues, les progrès de nanofabri-

cation ont permis l’amélioration des techniques de spectroscopie et d’imagerie du champ

proche par l’utilisation de nano-antennes/cavités qui permettent de nos jours l’observation

de propriétés d’une simple molécule. Un grand nombre d’informations sur ces systèmes sont

accessibles via une lecture optique de leurs modes de vibrations.

Cette thèse s’articule premièrement autour de l’élaboration d’un cadre formel des interactions

vibration-cavité en suivant le formalisme de l’optomécanique déjà valide pour décrire la

physique d’un large nombre de systèmes mécaniques interagissant avec un faisceau laser.

Tirant parti de ce formalisme, certaines limites inexplorées peuvent être mises en exergue. De

plus, les paramètres accessibles expérimentalement à cette catégorie de système suggèrent la

possible observation de nouveaux régimes d’interactions entre le mode collectif de vibration

d’un ensemble de molécules et la cavité par pilotage optique aussi bien dans le visible que

dans l’infrarouge moyen.

En parallèle, cette thèse explore les défis et opportunités apportés par de tels systèmes à la

lumière de l’expérience. Pour cela, nous avons développé aussi bien les plateformes expéri-

mentales que les échantillons avec la collaboration du groupe du professeur Galland. Le type

de structure fabriquée, connu sous le nom de nano-jonction, confinent de manière inégalé

les champs électriques issus d’une excitation optique via des modes collectifs d’oscillations

d’électrons appelés plasmons et permettent ainsi l’interrogation de systèmes mécaniques

dont l’épaisseur se limite à une unique molécule. Au travers de cette thèse nous avons déve-

loppé les systèmes permettant l’identification, la caractérisation et l’étude des observables

mécaniques, électroniques et thermiques de ces nanostructures lors d’une excitation optique.

L’étude de ces systèmes nous a par ailleurs permis l’identification d’un nouvel effet intrinse-

quement lié au confinement de ces structures quasi-0-dimensionelles. La photoluminescence

caractéristique des nano-structures métalliques se trouve ici fluctuer de manière similaire

à des émetteurs quantiques. Les mécanismes gouvernant ce scintillement restent encore

discutables mais les importantes données expérimentales collectées soulignent l’importance

de l’interface et le rôle de l’illumination optique dans le type de scintillement observé. Cette

découverte témoigne de la richesse de la physique impliquée dans ces systèmes et de la

nécessité de développer de nouveaux outils rendant compte des propriétés de l’interface

afin d’atteindre au niveau de contrôle souhaité de ces nanojonctions. À l’instar des explora-

tions sur les matériaux 2D, les modifications des propriétés optiques des nanojonctions que
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Résumé

nous observons ouvrent peut-être la voie à une nouvelle classe de matériau fonctionnel, les

’gap-materials’.

La dernière partie de cette thèse envisage une telle application technologique de ces matériaux

en conceptualisant un nouveau type de détecteur basé sur la conversion ascendante d’un

photon infrarouge vers le visible ; exploitant de manière unique les propriétés optiques de cette

nouvelle classe de matériau. L’étude des bruits quantiques de ces détecteurs permet de mettre

en avant deux régimes où ces structures ouvrent des possibilités nouvelles : à température

ambiante ces systèmes fonctionnent avec des seuils de bruit inégalés, à basse température ces

systèmes deviennent une alternative plausible à la détection directe de photon unique sur

une plage spectrale où cette technologie n’a jusqu’alors pas été envisagé.

mot clés : optomécanique, plasmonique, thermométrie par bandes latérales, excitation

Hermite-Gaussien, nano-jonction, scintillement de la photoluminescence de métaux, conver-

sion ascendante du MIR vers le visible, détecteur à photon unique
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1 Constitutive elements of the nano-
junction

1.1 On molecular vibrations

The study of molecular vibrations has a long history and is commonly used in uncountable

scientific areas. Their description at its fundamental level, usage in spectroscopy as well

as the typical enhancement descriptions of their interaction with light can be found in nu-

merous textbooks [1–3]. It should be noted than from the early days of quantum mechanics

molecules and their vibrational modes have been a subject of conceptual developments [4–9].

Among other particularities these early investigations relied on the low occupancy at room

temperature of the vibrational modes enabling investigations of several aspects like their

anharmonicity [10, 11]. or measurements of the motional sideband asymmetry generated by

the modulation of the incoming optical tone by the vibration.

We first describe elemental electronic properties of a molecule whose variations enable the

understanding of both absorption and Raman scattering spectroscopy. Fig. 1.1 illustrates

an example of such absorption and Raman spectra for a numerically simulated molecule.

Then we address several aspects specific to the study of systems where a small number of

molecules are interacting with a laser tone. Such systems have recently achieved outstanding

experimental results such as the visualization of single molecules with optical illumination or

more accurate understanding of the physics at the interface between the molecule and the

substrate [12–14].

All these aspects will be exemplified around the biphenyl-4-thiol (BPT) molecule which is used

in our laboratory. It might however be interesting to start with a few elementary numbers to

remind the reader about several characteristics of these mechanical modes in order to enable

a comparison with other mechanical systems and to motivate the discussions that follows. The

63 vibrational modes of a BPT molecule cover a spectral range of almost 100 THz starting at

0.5 THz (18-3200 cm−1). The effective mass of these modes consists in a few atoms (1-9 amu)

resulting in a zero-point motion between 4 and 40 picometers. Finally, as mentioned earlier,

the high frequency of these modes results in low thermal occupation ranging from 0.09 to 75.4

average phonon(s) at room temperature. These first numbers and the following quantitative

1



Chapter 1. Constitutive elements of the nanojunction

(a)

(b)

Figure 1.1 – Numerical calculation of the IR absorption (a) and Raman spectra (b) on a
logarithmic scale for a BPT molecule linked to a gold atom. The modes profiles are represented
by Lorentzians with a fixed ad hoc linewidth of 15 cm−1. The configuration θ = 0 and ψ= 0
accounts for a molecule with its main axis parallel to the EM field involved in the interaction.

investigations of the variations of the electronic properties of a molecule are obtained through

density functional theory (DFT) calculations. A short user guide of its implementation through

a dedicated software is available in the Appendix B. The DFT calculations and analysis have

been performed with the help of Zsuzsanna Koczor-Benda (King’s college, London).

1.1.1 Mode absorption via induced dipole variation

One first way to obtain information on some modes of vibrations of a molecular ensemble

consists in calculating the absorption of an incoming light beam when crossing a medium

containing the molecules of interest. In DFT calculations, the infrared absorption intensity

related to a fundamental vibrational transition I IR
ν [1, 15] is obtained via the calculation

of derivatives of electric moment components µi
ν with respect to the normal coordinates

representing the vibrational mode of interest Qν. For historical reasons they are usually

expressed in [km·mol−1]. For a non-degenerate and harmonic vibrational mode the absorption

intensity calculated by DFT software corresponds to absorption intensities averaged over all

orientations and given by :

〈I IR
ν 〉 = NA

12ε0c2

3∑
i=1

(
∂µi

ν

∂Qν

)2

, (1.1)

with NA the Avogadro number.

2



1.1. On molecular vibrations

More interestingly, the GAUSSIAN software gives access to the derivatives of the electric dipole

with respect to the i-th component of the displacement in Cartesian coordinates of the n-th

atom. These derivatives can then be converted to derivatives with respect to the normal

coordinates of a vibrational mode ν. All calculated quantities are expressed in atomic units,

i.e. the electric moment is given in Bohr-electron (2.54 Debye / 8.48 · 10−30 C·m) and the

displacement in Bohr (0.529 Å). The quantities ∂~µν
∂Qν

can easily be converted to other systems of

units : (
∂~µν

∂Qν

)2

[D2 ·Å−2 ·amu−1] =
[

2.54

0.53

]2

·
(
∂~µν

∂Qν

)2

[atomic units], (1.2)

and finally linked to the absorption intensity I IR
ν for an incoming field of arbitrary polarization

~ei

I IR
ν [km ·mol−1] = 126.8 ·

(
~ei · ∂

~µν

∂Qν

)2

[D2 ·Å−2 ·amu−1]. (1.3)

Cross-section : This expression can be linked to the well-known absorption cross-section

I IR
ν = NA

∫
σν′,abs dν′. If we assume a Lorentzian profile for the vibrational mode considered

(with ων/(2π) the vibrational mode resonance frequency and Γtot its damping rate), the on-

resonance value of its cross-section is
∫
σν′,abs dν′ = π

2σabs
(
ν′ = ν)

δν= π
2σabs

(
ν′ = ν) Γtot

2πc .

Thus, the absorption cross-section can be inferred from DFT calculations:

σν,abs [cm2] = 4c

NAΓtot
I IR
ν [km ·mol−1] ·107. (1.4)

Effective dipole moment : Accordingly we can also describe an effective dipole moment

dν to characterize the vibrational transition and link it explicitly to the electronic moment

derivatives found in DFT calculations [16]

dν =
√

3~ε0cΓtotσν,abs

2ων
=

√
6~ε0c2103

NA

√
I IR
ν [km ·mol−1]

ων
(1.5)

In Chapter 5 we will illustrate how the coupling between an incoming IR electromagnetic field

and a vibration can be formally introduced and calculated. We shall also illustrate its strength

with a few examples.

1.1.2 Mode scattering via polarizability variation

Another complementary approach to investigate molecular vibrations consists in analyzing

the optical spectra resulting from the inelastic scattering (Raman scattering) of light by the

different vibrational modes. The quantity describing the strength of this process is derived

from the vibrational modes Raman tensor and can be calculated from the derivatives of the

polarizability tensor with respect to the normal coordinates of the vibrational mode ∂αν
∂Qν

.

3



Chapter 1. Constitutive elements of the nanojunction

To simplify the following expressions we introduce the Raman tensor Rν = ∂αν
∂Qν

and we refer to

the scalar
(
~ei ·Rν ·~ej

)
as R i j

ν . The total Raman scattered power arises from the contributions of

the two possible outgoing polarizations. Averaging over random orientations of the molecules

one can obtain [17]

〈
∣∣∣R i i

ν

∣∣∣2〉 =
√

45ᾱν2 +4γ̄ν2

45
(1.6)

〈
∣∣∣R j i

ν

∣∣∣2〉 =
√

3γ̄ν2

45
, (1.7)

with

ᾱ2
ν =

1

9

[
Rxx
ν +R y y

ν +Rzz
ν

]2
(1.8)

γ̄2
ν =

1

2

[(
Rxx
ν −R y y

ν

)2 + (
R y y
ν −Rzz

ν

)2 + (
Rzz
ν −Rxx

ν

)2
]
+3

[(
Rx y
ν

)2 + (
Rxz
ν

)2 + (
R y z
ν

)2
]

. (1.9)

These quantities do not depend on the two orthogonal orientations of the field chosen as

polarisation basis but only on the intrinsic properties of the molecule. In that situation Raman

scattering can be described by a scalar named the magnitude of the Raman tensor

R2 = 〈
∣∣∣R i i

ν

∣∣∣2〉+〈
∣∣∣R j i

ν

∣∣∣2〉 = 45ᾱ2
ν+7γ̄2

ν

45
(1.10)

The DFT software results are directly related to this averaged quantity. In fact, the values

calculated correspond to 45R2 and are expressed in atomic units
[
Å4amu−1

]
when we would

prefer an expression in SI units (
[
ε2

0m4kg−1]). The correspondence between the two systems

is given by

R2[SI] = (4πε0)2
[

10−40

1.66 ·10−27

]
R2[g.u.] (1.11)

In order to obtain a first estimate of the interesting case of surface-enhanced Raman scattering

(SERS) we also introduce the depolarization ratio ρ = 〈
∣∣∣R j i

ν

∣∣∣2〉/〈∣∣R i i
ν

∣∣2〉 that evaluates the

importance of the cross-polarized component of the Raman-scattered field (with respect to

the incoming field) and that is bounded by 0 ≤ ρ ≤ 3/4. In the SERS scenario the outgoing

field is solely polarized along the direction of the local cavity field~eL. For randomly oriented

molecules the magnitude of the Raman tensor is thus rescaled by a factor that depends on the

depolarization ratio:

〈∣∣RLL
ν

∣∣2〉 =R2 1

1+ρ , (1.12)

that would take the value
4

7
R2 in the worst depolarization case.

Again it is possible to go beyond this averaged calculation by extracting from the DFT calcula-

tions the derivatives of the polarizability with respect to the i-th component of the displace-

4



1.1. On molecular vibrations

ment in cartesian coordinates of the n-th atom. Reexpressing these quantities with respect

to the normal modes of vibrations as explained in the Appendix B it is possible to evaluate

the complete Raman tensor Rν for each normal mode and its projection along incoming and

outgoing fields with arbitrary polarizations R i j
ν . Chapter 2 will show how the coupling between

an optical localized electromagnetic mode and a vibration is linked to the calculation of this

tensorial quantity.

(a)

(b)

Figure 1.2 – Numerical calculation of the IR intensities of a BPT molecule linked to a gold atom
(BPT-S-Au) (a) and of a BPT molecule linked to a hydrogen atom (BPT-S-H) (b). The inset in
(a) depicts the BPT molecule and the two rotational angles considered. The modes profiles
are represented by Lorentzians with a fixed ad hoc linewidth of 15 cm−1. The configuration
θ = 0 and ψ= 0 accounts for a molecule with its main axis parallel to the IR field.

1.1.3 A note on the linkage of the molecule

In this thesis the experimental studies will be performed on samples built with a single layer

of BPT molecules by self assembly. The choice of the substrate enabling the creation of the

self-assembled monolayer (SAM), the concentration of molecules in the solution and the

incubation time have to be taken with great care in order to reach the expected SAM layer. In

our case, the BPT molecule is linked to gold by the removal of an hydrogen-sulfur bond and

its replacement with an Au-sulfur bond. In Figures 1.2 ( 1.3), we show the normal modes IR

intensity (Raman activity) of the initial molecule and their values when linked to a gold atom.

In both cases, specific modes will in an experiment enable the identification of the molecular

layer and will thus enable DFT simulations to describe with better accuracy the electronic

properties of the experimental layer.
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(a)

(b)

Figure 1.3 – Numerical calculation of the Raman activities of a BPT molecule linked to a gold
atom (BPT-S-Au) (a) and of a BPT molecule linked to a hydrogen atom (BPT-S-H) (b). The
modes profiles are represented by Lorentzians with a fixed ad hoc linewidth of 15 cm−1. The
configuration θ = 0 and ψ= 0 accounts for a molecule with its main axis parallel to the optical
field involved in the interaction.

It is important to note that the electronic properties of one mode might significantly change

when creating a self-assembled layer so that an accurate control of the linkage would be

required to match accurately numerical simulation with experimental observations. Following

previous studies [15, 18], we are currently investigating numerically and experimentally differ-

ent molecular layers and different bonding types to improve the assembly of our structures

and maybe identify the atomic link with optical measurements.

1.1.4 A note on the orientation of the molecule through optical measurements

Fig. 1.4 illustrates in two different spectral ranges another intriguing question explored in

previous studies [19, 20]: the molecule orientation dependence of the resulting Raman activity

(a similar dependence can be observed for IR measurements, Fig. 1.6). For these calculations

we chose the coordinate frame so that the main axis of the BPT molecule is parallel to both the

z-axis and the local field and so that θ describes a rotation of the molecule around the x-axis

and ψ describes a rotation around the main axis of the molecule.

In addition to the usual Raman range explored experimentally, the high shift region repre-

sented in Fig. 1.4b and 1.5e offers an alternative range to evaluate the orientation of a molecule.

The two numerical spectra represented here differ only by the ad-hoc linewidth used to rep-
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(a) (b)

Figure 1.4 – (a-b) Calculated Raman activities for two different ranges of vibrational frequen-
cies and for a subset of possible molecule orientations. The modes profiles are represented
by Lorentzians with a fixed ad hoc linewidth of 15 cm−1. The configuration θ = 0.5π, ψ= 0π
depicts a local electric field perpendicular to the main plane of the molecule.

(a) (b)

(c) (d)

(e)

Figure 1.5 – (a-d) Polar representations of the Raman activity in the configuration space for
the high wavenumber modes of BPT-S-Au (3086 cm−1 (a), 3096 cm−1 (b), 3107 cm−1 (c), 3110
cm−1 (d)). (e) Calculated Raman activities in the same range as Fig 1.4(b) with fixed linewidths
of 1 cm−1. The configuration θ = 0.5π, ψ= 0π depicts a local electric field perpendicular to
the main plane of the molecule.

resent the different modes. Its choice has to be adapted to the resolution limiting factor of

a specific experiment (vibrational mode decay rate on a substrate, inhomogeneous Raman

linewidth or optical setup resolution). The high frequency of these modes can for example be

associated to tightly localized normal modes or involve different types of bonds. In the case

of BPT, the higher frequency modes are involve C-H bonds while lower frequency modes are

associated for example to C-C bonds. As can been seen in 1.5a-d, it translates into very distinct

Raman activity patterns in the (θ, ψ) configuration space, that could be used efficiently to trace

out the orientation of a molecule. In the case of an ensemble of molecules different possible

7



Chapter 1. Constitutive elements of the nanojunction

configurations can be weighted numerically in order to simulate the expected spectrum.

(a) (b)

Figure 1.6 – (a-b) Calculated IR intensities for two different ranges of vibrational frequencies
and for a subset of possible molecule orientations. The modes profiles are represented by
Lorentzians with a fixed ad hoc linewidth of 15 cm−1. The configuration θ = 0.5π, ψ = 0π
depicts a local electric field perpendicular to the main plane of the molecule.

Both the linkage and orientation questions are not only exciting in terms of improved visualiza-

tion of molecular layers with optical measurements but also in an engineering point of view in

order to control and tailor the electronic properties of these single-molecule layers. It should

finally be noted that the experimental data would need to be processed in order to recover the

native Raman activity of the molecules[21] and correct for the frequency dependent part of

the enhancement provided by typical plasmonic antennae.

1.2 On plasmonics

One could think that the sub-wavelength cavities are exactly described in the same way

as textbooks optical cavities. However the level of losses of these cavities are motivating a

different treatment than the one followed usually for high-Q cavities. It is thus interesting

to remind a few basic aspects of plasmonics and explain which concepts departs from the

common concepts introduced in the realm of high-Q cavities. Finally I will introduce two

specific sub-wavelength structures of interest for what follows.

1.2.1 Sub-wavelength confinement of EM field

A simple model - The Drude model

We first describe the relation between the conduction electrons and the electromagnetic field

through the Drude model. Our purpose here is to remind how the local permittivity function

is found from a classical approximation of the interaction between the molecular orbitals and

the electric field and then illustrate how the value of the permittivity found in metals leads to
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1.2. On plasmonics

the appearance of resonant behaviours which will be referred to as a plasmonic mode.

We describe the displacement of the electrons as a classical damped oscillator, the electric

field being only a small external perturbation [3, 16]:

m

(
d2~r

dt 2 +ω2
0~r +κ

d~r

dt

)
=−e~E (1.13)

with ω0 the energy between two electronic levels, κ the damping due to non-described inter-

actions. So that the solution can be written as:

~r0 = −e/m

ω2
0 −ω− iκω

~E0 (1.14)

Next, we introduce again the definition of the dipole moment and compare it to the induced

electric dipole in order to identify the expression for the polarizability:

α (ω) = e2/m

ω2
0 −ω2 − iκω

(1.15)

Both the permittivity of a dilute solution and the one of a metal can be described with this

approach. In the first case, considering that the solute optical properties are dominated by

a single electronic transition, we can link the expression of the macroscopic polarizability:
~P = nα (ω)~E (n being the number of molecules per unit volume) with the equivalent one using

this time the definition of the permittivity: ~P = ε0 (ε (ω)−1)~E . We find the relation:

ε (ω) = 1+ nα (ω)

ε0
(1.16)

For metals, we are allowed to reduce the expression of the polarizability by assuming that

the electrons are not constraint by a restoring force into a harmonic motion, i.e. ω0 = 0

(free-electrons contribution). Adding to this term corrections for inter-band transitions (en-

compassed in εb) we find :

ε (ω) = εb

(
1−

ω2
p

ω2 + iκω

)
with ωp =

√
ne2

mε0εb
(1.17)

ωp being the intrinsic oscillation frequency of the material electronic plasma. The permittivity

of the material can be divided in its real and imaginary parts :

Re(ε) = εb

(
1− ω2

p

ω2+κ2

)
Im(ε) = εbω

2
pκ

ω(ω2+κ2)

(1.18)

In the simplest case of a metallic spherical nanoparticle of diameter d interacting in air with
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an incoming electromagnetic field at wavelength λ the total internal electric field can easily

be calculated analytically in the electrostatic approximation (d ¿λ) to obtain the expression

[16]:

Ein = 3

ε (ω)+2
E0 (1.19)

with E0 the incoming electric field. We observe that when ε (ω) '−2 the field inside the metal

is only limited by the imaginary part of the material permittivity. This condition can be met

in metals at optical frequencies. This resonant process constitutes the simplest example of

a plasmonic resonance where part of the incoming electromagnetic wave energy is stored

inside the metal in the form of a collective motion of electrons whose spatial extent is limited

along one direction by the penetration depth inside the material and, for sufficiently small

structures by theirs lateral dimensions.

It has to be noted that in this limit of small structures (d ¿ λ) the resonance frequency is

independent of the geometry of the nanoparticle and is dominated by the material permittivity

alone. For larger systems the complexity of the problem increases and one uses numerical

methods to evaluate with precision the different modes and their dependence on geometrical

factors.

Energy in metallic system

The general expression for the electrostatic energy density for a lossy material is given by [22] :

uE = 1

2
ε0

d(ωε (ω))

dω
|E |2 (1.20)

The familiar expression of the energy density of a dielectric uE = 1
2ε0ε|E |2 is found again for a

material with frequency independent permittivity, i.e. a material with negligible dispersion. In

the case of metals (where absorption has also to be taken into account) the expression can be

extended [23] to highlight the part of the energy density located inside the metal um :

um = 1

2
ε0

(
Re(ε)+ 2ωIm(ε)

κ

)
|E |2 (1.21)

It should be noted that the energy is not parted equally between the field inside and outside

the metal [24] so that the knowledge of the field outside the nanostructure is in general not

sufficient to evaluate some characteristics of the structure.

1.2.2 Cavity framework for a sub-wavelength metallic system

The simple model introduced in the previous section already presented the important role

played by the imaginary part of the permittivity. This quantity describes the absorption of the

material and is linked to the decay rate of a plasmonic mode on resonance. Fig. 1.7 illustrates
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1.2. On plasmonics

the frequency dependence of the plasmonic losses. These losses are here separated into

radiative and intrinsic channels. It is important to notice that in the near-infrared range

structures fabricated with gold show radiative losses comparable if not bigger than intrinsic

losses close to the plasmonic mode resonance.

Figure 1.7 – Numerical calculations of optical parameters of a gap structure (formed by a gold
film, a gap material and a perfectly spherical nanoparticle). A Drude-Lorentz model describes
the electromagnetic response of gold fitted from experimental data [25] and the gap material
is described by a dielectric with refractive index n = 2.1. Right axis : enhancement of the
emission of a point-dipole located in the middle of the gap material (Purcell factor) from the
calculation of the power emitted outside of two numerical shells enclosing the nanostructure
and located in the near- (dashed purple line) and far-field (yellow line). Left axis : ratio of the
power radiated in the far-field to the power dissipated in the metallic structure (green line).
The absorption (blue line) and radiative losses (red line) are depicted in arbitrary units. The
wavelength scan is obtained by a modification of the dipole oscillation frequency.

The importance of both of these decay channels in comparison with the familiar losses of high-

Q optical cavities is intrinsic to the sub-wavelength nature of the cavity [26] as a substantial

part of the energy inside such cavities is contained in the form of kinetic energy of electrons.

One immediately sees that the oscillations of the electrons leads both to higher radiated and

absorbed powers. For a given material, the intrinsic ratio between the stored energy and

the energy loss per cycle is given by the quality factor and can be calculated at its resonance

frequency ω/(2π) through the generalized expression for leaky materials [24]:

Q = ω

2Im(ε)

dRe(ε)

dω
(1.22)
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It should be noted that the specific mode quality factor would not necessarily be limited to the

intrinsic quality factor of the material considered to build the cavity but would depend on the

specific distribution of the field inside the cavity.

This class of lossy resonators motivated thus the extension of the formalism used to describe

the normal modes of high-Q cavities to cavities made of dissipative and dispersive materials.

QNM formalism

Many different groups specialized in the techniques required to handle the decomposition

of the optical response of nanostructures through a quasi-normal mode formalism and the

different basic concepts I present here are described in extenso in Ref.[27]. In this formalism

one leaky mode is described by complex frequency ω̃m =Ωm − iΓm/2 where the imaginary

part Γm represents the leakage rate of the mode. It should however be noted that the exis-

tence of steady state field distributions inside such leaky resonators requires an amplification

mechanism. It can be shown that the imaginary part of the mode plays that role and com-

pensate for the leakage inside the cavity. Outside the cavity this amplification results in an

exponential divergence of the field which yields the normalization difficulties encountered

with quasi-normal modes and the requirement to modify the definitions and calculations of

related quantities (quality factor, Purcell factor, mode volume).

In this formalism the quality factor can be generalized to quasi-normal modes without addi-

tional assumptions on the energy balance encountered in such resonators :

Qm =− Re(ω̃m)

2Re(ω̃m)
(1.23)

Mode volume

The definition of a proper mode volume for dispersive and dissipative cavities is a challenging

computational task as the techniques used for high-Q cavities will in general fail. Formally by

decomposing the response in quasi-normal modes one sees that the mode volume becomes a

complex quantity defined by [27]:

Ṽm = 1

2ε0n2
(
Ẽm (r0) ·u

)2 (1.24)

with Ẽm the normalized complex electric field of the QNM and u the dipole direction. In this

expression the mode volume is defined with the electric field intensity at the emitter position.

Only the real part of the mode volume enters the Purcell factor expression. The role of the

imaginary part can be appreciated from the ratio Im(Vm)/Re(Vm) =− tan
(
2arg

[
Ẽm (r0) ·u

])
which reveals that the phase of the QNM mode impacts the calculation of these quantities.

In order to evaluate the mode volumes of several relevant systems, we use the numerical tool

12



1.2. On plasmonics

COMSOL 1 based on finite element method to simulate optical properties of the nanostructure

and collaborated on advanced designs with several collaborators (Huatian Hu in Wuhan

University and Diego Martin-Cano in MPI Erlangen). Simulations use the electromagnetic

waves module to perform frequency domain study of the fields. The metal nanoparticles are

defined by their relative permittivity using the Drude model description while the outermost

layer consists in a perfectly matched layer (PML). Then we use the method presented in

Ref. [28] where a classical dipole oscillating at a frequency ωd is inserted at a specific position

of the cavity so that cavity-enhanced emission of the dipolar source can be compared to its

free space value to extract the Purcell factor and relate it to the real part of the mode volume

[27, 29] :

P = 2πc3

ω3
d

Q

Re(V )
(1.25)

This method is valid only for modes spatially or spectrally far apart with spectral profiles

well-represented by Lorentzian distributions. In the more complex cases, the decomposition

in QNM modes of the nanostructure response and the calculation of their individual char-

acteristic would be required. Several works implemented such approaches to revisit cavity

physics in sub-wavelength and dispersive optical systems [30–33].

1.2.3 Example I : Nanoparticle on mirror (NPOM)

The nanoparticle on mirror assembly has been the subject of a large variety of studies high-

lighting the very tight level of confinement of the electric field in such structures and their

interest in enhancing light-matter interactions [34].

We summarize hear a few properties of such structures with the help of a simple analytical

model enabling to identify the mode of interest in experimental works.

Mode families of a faceted NPOM

It is enlightening to consider the model suggested in Ref. [36] to introduce the different

plasmonic modes appearing in NPOM structures. When brought close to the mirror layer

the nanoparticle collective charge oscillations couple to their mirror image creating a family

of longitudinal plasmonic modes labelled Lmn with m the azimuthal number describing the

cylindrical symmetry and n the radial symmetry of the mode. In addition, as evidenced in

Fig. 1.8, the nanoparticles are faceted and their morphology close to the gap is similar to a

metal-insulator-metal (MIM) multilayer [36, 37]. The behaviour of these modes ressemble

the one of Fabry-Pérot cavity modes. As the edges of the MIM act as partial reflectors for the

field located inside the MIM, standing waves appear at discrete wavelengths creating a second

family of modes inside the gap. These transversal modes are labelled Smn and do not depend

on the nanoparticle height while the modes sustained by the nanoparticle itself are height

dependent. The distribution of the electric fields inside the gap for the three modes of interest

1http://www.comsol.com/
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Chapter 1. Constitutive elements of the nanojunction

Figure 1.8 – False colors TEM image of a representative nanoparticle on mirror (NPOM)
structure. The separation between the faceted gold nanoparticle and the template-stripped
gold film is constituted by a single MoS2 layer. This gap supports several modes that can be
activated by optical illumination. Original picture from [35] modified with the courtesy of W.
Chen.

in our experiments are illustrated in Fig. 1.9.
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Figure 1.9 – Electric field distribution for the three main modes of a faceted nanoparticle on
mirror. The structure has been simulated by our collaborator H. Hu in Wuhan University.

It is important to note that the difference in the fields spatial distributions results in different

radiation patterns and incoupling ratios. Fig. 1.10 illustrates for example the radiation pattern

of the L01 mode and the related collection efficiency depending on the objective used. Inter-

estingly the modes L01 and S02 share the same axial symmetry so that these modes couple

when spectrally overlaping. Depending on the specific parameters of the nanostructure the

phase relationship between the two individual modes might be modified and impact the

resulting hybridization of the modes.

14



1.2. On plasmonics

Figure 1.10 – Numerical calculation of the collection efficiency of a signal emitted by a local
emitter located in the middle of a self-assembled nanojunction constituted with a perfect
nanosphere by an ideal lens as a function of its numerical aperture. The inset illustrates the
calculated radiation pattern of the antenna mode (L01) of a typical nanoparticle on mirror.

1.2.4 Example II : Dual plasmonic antenna

L
Sl

D

W
t

YZ-view XY-view Zoom in

n=1.47

Figure 1.11 – Geometry of the dual antenna. The following parameters W = 70 nm, L = 2.25µm,
l = 90 nm, S = 25 nm, are used to run the numerical simulations and evaluate the performance
of our conversion scheme. The antenna edges were rounded with 4 and 1.3 nm radii of
curvature for the optical and IR antenna, respectively. The dual antenna has been simulated
by our collaborator D. Martin-Cano in MPI Erlangen

Our dual antenna consists of two gold bowtie structures. We set the gap between the tips
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Chapter 1. Constitutive elements of the nanojunction

of both antennae (S = 25 nm) so that the current design could be developed using current

nanofabrication techniques such as focused ion beam milling or advanced e-beam lithography.

We select the other structural parameters (Fig. 1.11) in order to obtain appropriate resonances

both in the mid-IR (length L and width W ) and in the optical domain (short length l ). In our

design the 24 nm high nanostructure lays on top of a gold substrate. They are separated by

an inactive dielectric layer (n = 1.47) of 8 µm. This substrate reflects the incoming field and

creates an interference pattern that improves the absorption of the IR incoming field as shown

in a previous study [38].

We use a 3D FEM software (COMSOL MULTIPHYSICS) to evaluate our dual antenna design. A

Drude-Lorentz model describes the electromagnetic response of gold fitted from experimental

data [39]). For the calculation in the optical range a dielectric layer (ITO) with refractive index

n = 1.94 and thickness 52 nm was added below the antenna [40].

(a) (b)

Figure 1.12 – Normalized decay rate of an emitter placed at the center of the dual antenna in
the mid-IR (a) and in the visible range (b).

A dipolar emitter is placed in the center of our structure to evaluate the local density of electro-

magnetic states inside the antenna. Figure 1.12 shows the modification of the radiated power

as a function of the oscillation frequency of the dipole. Based on these plots, we modelled

the response of the structure to an incoming optical field at 374 THz and to an incoming

mid-IR field at 32 THz as being dominated by the contribution from a single resonance with

Lorentzian profile. We thus used a multi-Lorentzian fit to extract the relevant linewidths

and total decay rates (see Fig 1.13). Through the Purcell formula [41], we could estimate the

corresponding effective mode volumes. Additional integrals were computed to determine the

losses originating from absorption in the metal and determine the ratio between intrinsic and

radiative losses at the resonance frequencies. All parameters are shown in Table 1.1.
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1.2. On plasmonics

(a) (b)

Figure 1.13 – Normal modes decomposition of the dual-antenna response in the mid-IR (a)
and in the visible range (b).

Parameter mid-IR VIS/NIR

κ/2π [THz] 3.2 26.7

η 0.52 0.73

V [m−3] 2.6 ·10−21 1.0 ·10−21

Table 1.1 – Antenna parameters as obtained from our FEM simulations

(a) (b)

Figure 1.14 – Normalized distribution of the norm of the local electric field at the IR (a) and
optical (b) resonances of the dual-antenna.

Spatial overlap - ηmode

It is remarkable to note how this architecture enable the combined sub-wavelength confine-

ment of two electromagnetic fields whose wavelengths are separated by more than one order
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of magnitude in free space (see Fig. 1.14). There are however several factors that prevent a

perfect overlap of the distributions of the two vectorial fields. First, from the mode volume

calculation it can be seen that the spatial extend of the two modes differ. Part of this scalar

mismatch can be attributed to the portion of the fields outside of the central region for both

fields and inside the metal for the optical field (cf. Fig. 1.14).

A detailed calculation requires however to take into account the polarization of both fields in-

side the antenna. From the fields orientations inside the gap region of the structure (Fig. 1.15a-

b) it can be seen that the incoming optical and IR fields should be polarized along the main

axis of their corresponding part of the antenna to achieve highest incoupling efficiency. This

condition can be simply implemented with standard optics elements. Despite this cross-

polarized configuration of the incoming beams both fields are mixing inside the dual-antenna

structure so that both fields are collinear in the regions where the fields are greatly confined

(cf. Fig 1.15c).

(a)

(b)

(c)

Figure 1.15 – Fraction of the electric field along the x axis in the IR range (a) and in the optical
range (b). (c) Local overlap between the polarizations of the IR and optical fields inside the
antenna

(∣∣~Eopt ·~E IR

∣∣/∥∥~Eopt
∥∥∥∥~E IR

∥∥)
. The metallic regions are excluded from the calculation

and are depicted in black.

The spatial overlap between the two electromagnetic modes is thus computed numerically

from the vectorial field distributions of both modes outside the metallic parts and according
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to : (∫ ∣∣Re
(
~EIR

) ·Re
(
~Eopt

)∣∣dA

)2

(∫ ∣∣Re
(
~EIR

) ·Re
(
~EIR

)∣∣dA

)(∫ ∣∣Re
(
~Eopt

) ·Re
(
~Eopt

)∣∣dA

) (1.26)

Over the full structure we calculate an intensity overlap of 0.58 while the vectorial calculation

described by the previous formula results in a mode overlap of 0.44 between the two electro-

magnetic fields inside such an antenna. Beyond possible simplifications in the numerical

treatment of this nanostructure, the quality of the overlap allows to envision schemes where

both fields could interact via an additional layer that would act as a mixer.
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2 An optomechanical description of the
nanojunction driven by light

In 1973 Fleischmann et al. first reported the dramatic enhancement of the Raman scattering

cross-section of molecules on rough metal surfaces [42], an effect confirmed in 1977 by Van

Duyne et al. [43]. Two decades later, this technique known as surface-enhanced Raman

scattering (SERS) enabled the detection of single molecules [44, 45]. Enhancement factors

in the range of 1010 - 1014 have been reported to occur at “hot-spots” [46], regions of high

electromagnetic fields associated with localized plasmonic resonances. Using the plasmon

at the tip of a scanning tunnelling microscope [47] has led to a powerful analytical tool for

sensitive Raman imaging: TERS (tip-enhanced Raman scattering). SERS and TERS both rely

on the phenomenon of plasmon-enhanced Raman scattering, which is today widely employed

in the fields of material and surface science [47], nanotechnology [48], chemistry [44] and

even in-vivo biomedical applications [49].

The generally accepted model for SERS invokes the combined enhancement by the plasmonic

hot-spot of the incoming electromagnetic field and the Raman scattered field [46, 50]. It

predicts an enhancement of the Raman cross-section proportional to the fourth power of the

field enhancement. Although this “E 4 law" has been verified experimentally, the observation of

even larger enhancements and of an anomalous anti-Stokes/Stokes intensity ratio [51, 52] have

suggested that a “vibrational pumping" mechanism was involved in cases where large pump

intensity contributions were overcoming thermal ones [53]. Moreover, in recent experiments

the maximal enhancement was achieved when the laser was blue-detuned from the plasmon

resonance by the vibrational frequency (exciting the anti-Stokes vibrational sideband) [12, 54].

Under these conditions large nonlinear effects were also evidenced in Refs. [12, 55]. These

observations are calling for a new theoretical understanding and for further investigations

[56].

Here we show for the first time that SERS scenarios can be mapped onto the canonical model

of cavity optomechanics [57] (Fig. 2.1a), in which a dynamic and coherent interaction takes

place between two parametrically coupled and non-resonant harmonic oscillators, namely

the molecular vibration and the plasmonic cavity. The optomechanical coupling rate can be

computed from the Raman activity and the plasmonic field distribution, from which we derive
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the Raman cross-section and recover conventional results.

The novel enhancement mechanism revealed by our approach is dynamical backaction am-

plification [58] of the vibrational mode due to the non-vanishing plasmon lifetime. This

effect was first evidenced by the amplification of mechanical breathing modes in silica toroid

microresonators [59] under blue-detuned excitation, leading to a range of new phenomena as

reviewed in Ref. [60]. We find that SERS systems (i) can equally feature the suitable dissipation

and frequency hierarchies (despite short plasmon decay times, i.e. low quality factors), and (ii)

exhibit exceptionally large vacuum optomechanical coupling rates [61], so that under suitable

conditions dynamical backaction amplification of the vibrational mode can occur via Raman

scattering and lead to rich new physics, such as nonlinear dynamics and out-of-equilibrium

vibrational occupancies.

2.1 Optomechanical model of the plasmon-vibration interaction

The plasmon mode is formally equivalent to an optical cavity and is modelled by a har-

monic oscillator of frequency ωp with bosonic creation â† and annihilation â operators and

the Hamiltonian Ĥp = ~ωp â†â (Fig. 2.1a). Each normal vibrational mode of a molecule is

described by an effective mass mν, a frequencyΩν and a normal coordinate xν with the cor-

responding position operator x̂ν = xzpm,ν(b̂†
ν+ b̂ν), where xzpm,ν =

√
~

2mνΩν
is the zero-point

motion and b̂†
ν, b̂ν are bosonic creation and annihilation operators. The few lowest energy

levels of the molecular vibration are approximated by a harmonic oscillator, Ĥν = ~Ωνb̂†
νb̂ν

(Fig. 2.1c; possible effects of anharmonicity are discussed later). The vibrational mode thermal

occupancy at temperature T is given by n̄ν = 〈b̂†
νb̂ν〉 = (exp(~Ων/kB T )−1)−1 (kB is the Boltz-

mann constant), which for high frequency Raman-active modes (1000 cm−1, corresponding

toΩν/2π= 30 THz) is negligible at room temperature, even under moderate heating of the

plasmonic particles.

2.1.1 Plasmon-vibration vacuum optomechanical coupling rate

The change in resonance frequency of a cavity when a dielectric is inserted in an air gap is

described by [62]

∆ωp =−ωp

2

∫
V
~P · ~Ep dV

Ucav
(2.1)

where Ucav = 1
2

∫
ε0

d(ωε(ω))
dω |~Ep |2dV is the energy stored inside the plasmonic cavity [22], ~Ep the

plasmonic cavity field and ~P the induced dipole per unit volume. As long as the plasmonic cav-

ity dimension is sufficiently small in comparison to the incoming wavelength, the quasistatic

approximation remains valid and the magnetic energy can be neglected. We can express the

contribution of the electric field to the total energy stored in the metal by Ucav =µUd where

Ud = 1
2

∫
ε0|~Ep |2dV and the factor µ depends on the dielectric function of the metal and the

plasmon resonance frequency [24].
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2.1. Optomechanical model of the plasmon-vibration interaction
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Figure 2.1 – Cavity-optomechanical model of the interaction between plasmon and molec-
ular vibration. (a) Schematic mapping between an optical cavity with a mechanically compli-
ant mirror (upper panel) and a plasmonic hot-spot and a molecule with internal vibrational
mode (lower panel), sketched as two masses connected by a spring. Symbols for operators
and frequencies of the case of interest are introduced in the text, with âp denoted as â for
simplicity. (b) During vibrational motion the change in polarizability of the molecule (thio-
phenol in this figure) leads to a shift of the plasmon resonance frequency, Eq. (2.10), at the
origin of the parametric optomechanical coupling. (c) Schematic molecular potential as a
function of the vibrational coordinate. The harmonic oscillator description is valid for small
vibration amplitudes (low excitation numbers, dark lines) but anharmonicity must be taken
into account under high amplification (higher levels, gray lines).

23



Chapter 2. An optomechanical description of the nanojunction driven by light

We assume that a single molecule is located at the position of maximum electric field. Intro-

ducing the molecular dipole moment ~p

∆ωp ≈−ωp

2

~p ·~Emax

µUd
(2.2)

The induced dipole is related to the electric field by ~p =α ·~Emax; the dependence of the linear

polarizability α on the molecular displacement xν is developed to first order

~p =α(xν) ·~Emax ≈
(
α(0)+ ∂α

∂xν
xν

)
·~Emax (2.3)

where the gradient of polarizability ∂α
∂xν

has units
[
ε0m2

]
. Note that in the expression for the

polarizability of the molecule contains the contributions from the internal electonic transitions

so that it is frequency dependent.

We can now quantify the sensitivity of the plasmonic frequency to the molecular vibrations to

first order in xν

Gν =
∂
(
∆ωp

)
∂xν

=−ωp

2

∂α
∂xν

|~Emax|2
µUd

=− ωp

ε0Vm

∂α

∂xν
(2.4)

expressed as a function of the effective mode volume of the cavity Vm
.= µUd

1
2 ε0|Emax|2 . When the

plasmon resonance frequency gets closer to the bulk plasma frequency, the energy stored in

the metal grows and the mode volume defined here increases [24].

We have thus shown that the plasmon frequency is coupled to the molecular vibration and

that this coupling can be quantified by the optomechanical vacuum coupling rate (also called

single photon coupling rate)

gν,0 =Gνxzpm,ν =ωp
∂α

∂xν

1

Vmε0

√
~

2mνΩν
(2.5)

with Vm the mode volume of the plasmonic cavity [63] and ε0 the permittivity of vacuum. The

coupling rate here defined describes the plasmon frequency shift due to the zero-point motion

of the molecular vibration. Applying the concepts used in optomechanics, we are thus able to

find a quantitative way of describing the interaction between the molecular vibrations and the

plasmonic resonance.

2.1.2 Calculation of g0

Following the conventions used in Raman spectroscopy we use instead of the normal coor-

dinates xν the reduced coordinates Qν =p
meff,νxν with units

[
kg−1/2m

]
, referred to as the

mass-weighted Cartesian displacement coordinates [17]. In this notation the kinetic energy is

given by EK = 1
2

∑3N
ν=1 Q̇2

ν. Expressing the vacuum coupling rate (2.5) in the reduced coordinates
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2.1. Optomechanical model of the plasmon-vibration interaction

Qν leads to

gν,0 =ωp

(
∂α

∂Qν

)(
1

Vmε0

)√
~

2Ων
(2.6)

In optomechanical systems the effective mass is defined such that it verifies the equipartition

theorem ( 1
2 meff,νΩ

2
νx2

ν =Uν), with Uν the energy stored in this mode.

The vacuum optomechanical coupling rate (2.5) can be reexpressed using the DFT calculations

of Section 1.1

g0 = 4πε0 ·10−20

p
1.66 ·10−27

ωp

[
1

Vmε0

]√
~

2Ων

√
Rν[g.u.] (2.7)

Experimental studies usually express the resonance of the plasmon in [nm] and the wavenum-

ber ν̃ of the vibrational mode in [cm−1], being related to the angular frequency via

Ων/2π [Hz] = cν̃[cm−1] ·102 (2.8)

For numerical approximations below we will consider that the resonance of the plasmon is

around 900 nm and we will express it in angular frequency ωp /2π [Hz] = c
λp [nm] ·109.

The vacuum coupling rate can finally be expressed as a function of experimentally used

parameters

g0

2π
[Hz] =

(
1

Vm

)
2 ·10

3
2

√
c~π
1.66

√
Rν[g.u.]

λp [nm]
√
ν̃[cm−1]

(2.9)

Note on the coupling rate : The derivation described here corresponds to the first order

coupling term. In some specific situations and following an equivalent derivation, the higher

order contributions could be calculated in order for example to account for the field gradients

inside the nanojunction [64]. These higher order contributions remain to be analytically and

numerically evaluated. Similarly, following the generalized QNM formalism, the variation of

the complex modal eigenfrequency [65] could be divided in a real part, related to the previous

derivation of the dispersive optomechanical coupling, and an additional part describing

possibly different dissipative optomechanical couplings [66].

2.1.3 Examples of coupling rate values

Here we compute the vacuum optomechanical coupling rate between several molecules and

the localized surface plasmon of a dimer nanoparticle. Molecular parameters were obtained

from the literature (see Table 2.1 for references). We used experimental parameters [54] to

give a realistic approximation of the mode volume. According to the geometrical estimate

used in [67], we can approximate the mode volume arising from the field contribution only

as V d
m ∼ r 1/2d 3/2h with r the radius of the cylinder, h its height and d the size of the gap. We

note that for the experimental case studied the plasmonic resonance frequency is sufficiently
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Chapter 2. An optomechanical description of the nanojunction driven by light

below the bulk plasma frequency of gold so that the contributions from the field and charges

can be considered equals [24]. We recover in this case the expected equivalence between the

two energy contributions valid generally for non-dispersive materials and the effective mode

volume is then given by Vm =µV d
m with µ' 2. We present in Table 2.1 the molecular parame-

ters of interest and the related optomechanical coupling for different vibrational modes.

molecule
Ων/2π Rν estimated gν,0/2π

[THz] ([cm−1]) [Å4amu−1] [Hz]

R6G[68] 39 (1301) 5.9 7.9·109

R6G 40.5 (1351) 351.7 6.0·1010

Thiophenol[69] 29.9 (998) 31.6 2.1·1010

Thiophenol 32.1 (1072) 1.7 4.7·109

GBT[69] 30 (1000) 29.5 2.0·1010

GBT 32.2 (1075) 388.5 7.0·1010

G-band of graphene or CNT ∼48 (∼ 1600) ∼ 103–104 ∼ 1010–1011

Table 2.1 – Vacuum optomechanical coupling rates (gν,0/2π) calculated with parameters from
the literature. We used a plasmonic mode volume Vm ∼ 1.5 ·10−6µm3 and resonance of the
plasmon λp = 900 nm (corresponding to the experimental case [54]). Values for graphene
and carbon nanotubes (CNT) are estimated using Raman activity from the literature [70] (we
obtain similar values for the radial breathing mode of CNTs).

Since the frequency hierarchyωp ÀΩν is satisfied, and assuming the molecule has no optically

allowed electronic transitions resonant with the plasmon, the coupling between vibrational

and plasmonic modes is purely parametric: the vibrational displacement causes a dispersive

shift of the plasmon resonance frequency (Fig. 2.1b) which can be expressed, to first order, as

ωp (xν) =ωp −Gν · xν (2.10)

This is analogous to the case of optomechanical systems [71], as opposed to resonant coupling

scenarios [72, 73].

2.1.4 Derivation of the classical equations of motion

The Hamiltonian for the complete system Ĥ = Ĥp + Ĥν+ Ĥint is thus formally identical to the

one obtained in cavity optomechanics, with an interaction term [60]

Ĥint =−~gν,0â†â(b̂†
ν+ b̂ν) (2.11)

that describes the coherent coupling between a mechanical oscillator (here the molecular

vibration) and an electromagnetic cavity mode (here the localized plasmon). The vibration

acts on the plasmon via the dispersive plasmon frequency shift of eq. (2.10) that can change

the plasmon occupancy nP (t ) = 〈â†(t )â(t )〉. In turn, the plasmon acts back on the vibration
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2.1. Optomechanical model of the plasmon-vibration interaction

via the time-dependent generalized force

FP (t ) = ~GνnP (t ) . (2.12)

The delay in the plasmonic cavity field response to changes in the resonance frequency leads

to a component of the force that is out of phase with respect to the vibrational motion, and

hence proportional to its velocity , leading to a damping or amplification of the molecular

vibration. When the cavity decay rate is smaller or equal to twice the vibrational frequency

(i.e. resolved vibrational sidebands,Ωm & κ/2) the phase shift can attain values of ± π/2 for a

driving laser detuned to the phonon sideband (|∆| ∼Ων) [74]. This leads to a purely viscous

force and efficient dynamical backaction amplification.

Interestingly, for realistic values of the plasmon quality factor (Q ∼ 10) [3] in the near-infrared

frequency range (ωp /2π∼ 330 THz for λ= 900 nm) and a typical linewidth (∼ 2 cm−1 [75]) and

frequency (1000 cm−1) of the Raman-active vibrational modes, one obtains a plasmonic dissi-

pation rate κ/2π= 33 THz, a vibrational dissipation rate Γν/2π= 0.06 THz and a vibrational

frequencyΩν/2π= 30 THz. Consequently, despite the short plasmon lifetime 2π/κ= 30 fs, the

system can attain the resolved sideband limit, as Ωm
κ/2 ≈ 2. Hence, there can be sufficient retar-

dation compared to the vibrational period 2π/Ων = 33 fs for efficient dynamical backaction

amplification.

The resulting dynamical backaction can be understood and described as a delayed feedback

loop (Fig. 2.2b) [76]. In the frequency domain, the plasmonic and vibrational time responses

correspond to spectral filtering. The transduction from plasmon to vibration occurs through

the force FP , with an amplification factor proportional to the intracavity plasmonic field
p

n̄P

(induced by the pump laser) and to the Raman polarizability dα
d xν

(contained in Gν). The

average intracavity occupation of the plaasmonic mode can be expressed in terms of the

incoming photon flux or incoming power by

n̄P = |〈âin〉|2 κex

∆2 + (κ/2)2 = P in

~ωp

κex

∆2 + (κ/2)2 . (2.13)

In a quantum mechanical treatment, the linearization of the Hamiltonian around the mean

photon number in the cavity [60, 77] takes the form Ĥint = −~gν,0
p

n̄P (â†b̂†
ν + âb̂ν) for a

laser that is tuned to the upper (blue) vibrational sideband in the resolved sideband regime

(Ων > κ/2). Amplification in this case occurs due to the first term, that generates photon-

phonon pairs [78].

We introduce the vacuum optomechanical coupling rate presented in Section 2.1.2 :

gν,0 =ωp

(
∂α

∂Qν

)(
1

Vmε0

)√
~

2Ων
(2.14)

The Raman activity, described in its most general terms by the Raman tensor Rν, satisfies in a
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Chapter 2. An optomechanical description of the nanojunction driven by light

simplified one dimensional model Rν =
(
∂α
∂Qν

)2
. When considering the small mode volume in

plasmonic dimers (“hot-spots”), even for small individual molecules, and without considering

possible enhancement from electronic resonances, we found optomechanical coupling rates

gν,0/2π of O (10−100) GHz (Table 2.1), which are 4 to 5 orders of magnitudes larger than those

observed in state-of-the-art microfabricated optomechanical structures [79].

We present in the following a simple treatment of the optomechanical system to give an in-

tuitive picture of some first important phenomena. A complete derivation including all the

assumptions made can be found in reviews on cavity optomechanics [60], [80].

We start from the expression describing the interaction between a radiation mode and a

vibrational mode ν introduced earlier

Ĥ0 = ~ωp â†â +~Ωνb̂†b̂ −~Gνxzpm,νâ†â
(
b̂† + b̂

)
(2.15)

(We recall the expression of the zero-point motion: xzpm,ν =
√

~
2mνΩν

).

A first derivation of this optomechanical Hamiltonian was given by Law [81]. The interaction

term is corresponding to a nonlinear process that involves a product of three operators. The

driving laser at frequencyωL is modelled by a coherent field: ĤL = i~αpκex
(
e−iωL t â† −e iωL t â

)
.

It is convenient to switch to a reference frame rotating at the laser frequency, in which the

total Hamiltonian writes

Ĥ = e iωL â† ât (
Ĥ0 + ĤL

)
e−iωL â† ât −~ωL â†â (2.16)

Making use of the Baker-Campbell-Hausdorff formula, this change of reference frame allows

to eliminate the explicit time dependence of the Hamiltonian. Dissipations can be introduced

by writing the quantum Langevin equations. Within the input-output formalism [82], defining

∆=ωL −ωp as the detuning between the laser and the plasmon, we obtain the equations

dâ

dt
= − i

~
[
â,Ĥ

]− κ0 +κex

2
â +p

κ0δâin
0 +p

κexδâin
ex

=
(
i∆− κ

2

)
â + iGνxzpm,νâ

(
b̂† + b̂

)
+p

κ0δâin
0 +p

κex
(
α+δâin

ex

)
(2.17)

db̂

dt
= − i

~
[
b̂,Ĥ

]− Γν
2

b̂ +
√
Γνδb̂in

=
(
−iΩν− Γν

2

)
b̂ + iGνxzpm,νâ†â +

√
Γνδb̂in (2.18)

where we introduced the input noise terms expressed in the rotating frame: the vacuum noise

δâin
0 and driving laser’s noise δâin

ex entering the plasmonic cavity, and the thermal noise δb̂in

on the vibrational mode. Assuming a shot-noise limited laser and neglecting the thermal

excitation at the plasmon frequency, the correlators associated with these fluctuations are
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2.1. Optomechanical model of the plasmon-vibration interaction

Figure 2.2 – Feedback diagram of dynamical backaction in the SERS process. (a) Schematic
Raman spectrum. When the pump (represented in green) is blue-detuned by approximately
the vibrational frequency, ∆∼Ων, the Stokes process (red) is selectively enhanced over the
anti-Stokes process (blue) by the plasmonic resonance (brown line) described by a Lorentzian
with linewidth κ in the model (shaded area). (b) Equivalent feedback diagram of the system.
Variables (fluctuations from average) are indicated along the arrows and boxes represent
transfer functions. The equations of motion have been linearized and frequencies are relative
to the pump laser . The pump power controls the amplification factor (via the average plasmon
occupancy n̄P ) in the transduction from the plasmonic field δap to the force δFP . The latter
acts, together with the thermal force δFth , on the molecular displacement δxν. The molecular
oscillator acts as a filter of linewidthΓν at frequencies ±Ων. The displacement is transduced via
the Raman activity (∂α/∂xν) in a change in polarizability δα, which modulates the plasmonic
field introduced in (a), closing the feedback loop.
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given by: 〈
δâ†

in(t )δâin(t ′)
〉

= 0 (2.19)〈
δâin(t )δâ†

in(t ′)
〉

= δ(t − t ′) (2.20)〈
δb̂†

in(t )δb̂in(t ′)
〉

= n̄νδ(t − t ′) (2.21)〈
δb̂in(t )δb̂†

in(t ′)
〉

= (n̄ν+1)δ(t − t ′) (2.22)

where n̄ν is the thermal occupancy of the bath at the vibrational frequency Ων (valid for

sufficiently high vibrational quality factor).

The equations of motion for the corresponding creation operators are obtained from the

relations
d

dt

(
â†

)= (
dâ

dt

)†

,
d

dt

(
b̂†

)= (
db̂

dt

)†

. These equations describe the complete evolution

of the plasmonic excitations coupled to the molecular vibrations. It is instructive to give first

their classical version.

We express the vibrational degree-of-freedom in the position and momentum operators

defined by

x̂ν = xzpm,ν

(
b̂† + b̂

)
(2.23)

p̂ν = i xzpm,νmνΩν

(
b̂† − b̂

)
(2.24)

In this representation the Langevin equations for the vibrational mode become

dx̂ν
dt

= p̂ν
mν

− Γν
2

x̂ν+
√
Γνδx̂in (2.25)

dp̂ν
dt

= −mνΩ
2
νx̂ν+~Gνâ†â − Γν

2
p̂ν+

√
Γνδp̂in (2.26)

where δx̂in and δp̂in are the quantum noise operators.

After taking expectation values the noise terms average to zero and one obtains

ȧ − i (∆+Gνxν)a + 1

2
κa = p

κexs (2.27)

ẍν+Γνẋν+Ω2
νxν = FP (t )

mν
(2.28)

where a = 〈â〉 and xν = 〈x̂ν〉. The force on the r.h.s. of eq. (2.28) is of purely electromagnetic

origin, given by FP = ~Gν|a(t )|2 with |a|2 = 〈
â†â

〉
.
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2.1. Optomechanical model of the plasmon-vibration interaction

2.1.5 Linearization of the cavity field

To solve the equations of motion, we follow a linearization procedure [80]. Setting the time

derivatives to zero in the system of equations described above, we find the stationary solutions

ā =
p
κexα

−i (∆+Gνx̄ν)+ κ
2

x̄ν = ~Gν

mνΩ
2
ν

|a|2 (2.29)

We assume that the amplitude of the vibrations is described by xν (t ) = xν,0 cos(Ωνt ) and is

small in comparison to the typical length scale L of the plasmonic cavity. A large vibrational

motion - arising above the parametric instability threshold - would break our linear treatment

and the contributions of the non-linear terms would have to be considered [83]. We introduce

ε= xν,0

L ¿ 1 and use this small dimensionless parameter to develop the cavity field variable in

a power series a =∑∞
n=0 ε

n an . The power expansion of the equation (2.27) yields

∞∑
n=0

εn d an

d t
=

∞∑
n=0

[(
i∆− κ

2

)
εn an + iGνLεn+1an cos(Ωνt )

]
+p

κexα (2.30)

0th order equation
d a0

d t
=

(
i∆− κ

2

)
a0 +p

κexα (2.31)

The homogeneous solution can be neglected if the measurement time is much longer than

the other timescales in the system (as is always the case in SERS). We can thus consider only

the particular solution, equal to the steady-state solution without optomechanical coupling

a0 =
p
κexα

−i∆+ κ
2

(2.32)

1st order equation
d a1

d t
=

(
i∆− κ

2

)
a1 + iGνLa0 cos(Ωνt ) (2.33)

We can neglect the homogeneous solution following the same reasoning as before. We look for

a particular solution of the form a1(t ) = aASe iΩνt +aSe−iΩνt and obtain the amplitudes of the

anti-Stokes and the Stokes fields, respectively

aAS = GνL

2

a0

Ων−∆− i κ2
aS =−GνL

2

a0

Ων+∆+ i κ2
(2.34)

2.1.6 A classical look at the optomechanical damping rate

We develop the expression of the force to first order in ε

FP (t ) = ~Gν|a(t )|2 ' ~Gν|a0 +εa1(t )|2 = ~Gν|a0|2 +2ε~Gνℜ
(
a0a∗

1 (t )
)

(2.35)
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In the last expression, the first term corresponds to a constant force applied to the vibrational

mode F̄P = ~Gν|a0|2. The second term is time-dependent and can be expressed as a sum of in-

and out-of-phase components

δFP (t ) = cos(Ωνt )δFI + sin(Ωνt )δFQ (2.36)

with

δFI = ~G2
νxν|a0|2

[
(Ων−∆)

(Ων−∆)2 + (
κ
2

)2 − (Ων+∆)

(Ων+∆)2 + (
κ
2

)2

]
(2.37)

δFQ = ~G2
νxν|a0|2

[
κ
2

(Ων+∆)2 + (
κ
2

)2 −
κ
2

(Ων−∆)2 + (
κ
2

)2

]
(2.38)

We can now insert the expression for the electromagnetic force into the equation of motion

(2.28)

mνẍν = mνΩνΓνxν,0 sin(Ωνt )−mνΩ
2
νxν,0 cos(Ωνt )

+F̄P +cos(Ωνt )δFI + sin(Ωνt )δFQ (2.39)

mνẍν = −mνΓ
′
νẋν−mνΩ

′2
ν xν+ F̄P (2.40)

The equation is thus describing a mechanical oscillator displaced by a constant force F̄P , with

a shifted natural frequencyΩ
′
ν and damped at an effective rate Γ

′
ν

Γ
′
ν = Γν+

δFQ

mνΩνxν,0
:= Γν+Γopt (2.41)

Ω
′
ν =

√
Ω2
ν−

δFI

mνxν,0
(2.42)

Depending on the laser detuning from the (shifted) plasmonic resonance, three different

situations can arise:

• ∆= 0: For resonant excitation there is no radiation-induced change of the damping rate

• ∆< 0: For a red-detuned laser, the damping rate is increased, corresponding to “cooling"

[84]

• ∆> 0: For a blue-detuned laser, the damping rate is decreased, corresponding to ampli-

fication [59]

Deep in the sideband-resolved regime (κ¿Ων) [85] the maximal increase (decrease) of the

damping rate is obtained when ∆ = −Ων (∆ = Ων) and the expression for the maximum
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2.1. Optomechanical model of the plasmon-vibration interaction

backaction damping rate due to optomechanical interactions can be approximated by

Γopt = Γ
′
ν−Γν =

4n̄p g 2
ν,0

κ
(2.43)

where gν,0 =Gν

√
~

2mνΩν
is the vacuum optomechanical coupling rate. When the damping is

increased trough the coupling with the plasmonic field (red detuning), the vibrational mode is

losing power into the plasmonic cavity and thus is being optically “cooled". On the contrary,

when the damping rate is decreased (blue detuning), power is transferred from the plasmonic

field to the vibrational mode, whose motion is thereby amplified: this is dynamical backaction

amplification.

More generally, we can express the full optomechnical damping rate for any detuning (Γopt) as

Γopt = Γ
′
ν−Γν = A−− A+ (2.44)

where we introduced the antenna-assisted transition rate to the lower (A−) and higher (A+)

excited vibrational level [60] that can with help of the previous equations be expressed as :

A− = (
gν,0

)2 n̄p
κ

(Ων−∆)2 + (κ/2)2 . (2.45)

A+ = (
gν,0

)2 n̄p
κ

(Ων+∆)2 + (κ/2)2 . (2.46)

2.1.7 Collective optomechanical plasmon-vibrational coupling

In this section, we consider N identical phonon modes – with annihilation operators b̂i=1,...,N

– coupled to the same plasmonic cavity. Corresponding experimental situations include (i)

a layer of molecules filling the gap of a metal dimer [54], where each b̂i represents the same

Raman mode for each molecule; (ii) the optical phonon of a piece of bulk or 2D material

interacting with a plasmonic cavity, where each b̂i represent the same vibrational mode

of each unit cell (for example the G-band of graphene in [86]). For simplicity we consider

identical vibrational frequenciesΩ(i )
ν =Ω, intrinsic damping rates Γ(i )

ν = Γ and coupling rates

to the cavity G (i )
ν =G . To illustrate the effect we consider the case described in [87], starting

from the Langevin equations in the rotating frame of the molecular vibration and of the Stokes

field. The cavity field evolution can be adiabatically eliminated and replaced by its steady state

solution. This leads to a linear system of N differential equations describing the evolution of

the N phonon modes coupled via the cavity driven by a laser tuned on the anti-Stokes (blue)

vibrational sideband:
˙̂bi =−(

Γ+Γopt
)

b̂i +
∑
j 6=i
Γoptb̂ j (2.47)
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The N solutions of these equations reveal two different behaviours. On the one hand, we

find N −1 linearly independent and degenerate eigenmodes D̂k (k ∈ [1, N −1]) with the same

eigenvalue {−Γ} that can be written in the general form:

1

Kk

∑
j
λk, j b̂ j with Kk =

√∑
j

∣∣λk, j
∣∣2 (2.48)

such that
∑

j λk, j = 0 ∀k ∈ [1, N −1]. The shift of the plasmonic resonance caused by each

of the collective modes D̂k is proportional to its collective optomechanical coupling rate

Gk =∑
j λ j G = 0. This shows that these modes are dark, i.e. decoupled from the plasmonic

cavity and thus not affected by dynamical backaction.

On the other hand, the eigenmode B̂ = 1p
N

∑
i b̂i with eigenvalue

{−Γ+NΓopt
}

(the equivalent

of the superradiant mode in cavity QED) is the only collective mode coupled to the cavity and

its backaction damping rate is enhanced by a factor N , i.e. Γ(B)
opt ≡ N ·Γopt. A more general

treatment appropriate for the system treated in our study is developed in [88] and leads to the

same conclusions. This scaling translates to a
p

N scaling of gν,0 (see equation 8 of the main

text).

2.2 Description of the Raman cross-section using the optomechan-

ical formalism

To highlight how this formalism relates to the classical picture of SERS it is interesting to follow

a semi-classical derivation without including backaction effects. Writing the Stokes scattered

power as PS/~ωL = ηκ|εaS|2 and expressing aS following eq. (2.34) yields

PS/~ωL =
∣∣∣∣1

2
xνGν

( p
ηκ

−i∆+κ/2

)(
s
p
ηκ

(Ων−∆)− iκ/2

)∣∣∣∣2

(2.49)

Here, we assume that the vibrational amplitude is related to the thermal energy, i.e. 1
2 mνΩ

2
ν〈x2

ν〉 =
1
2 kB T . To describe the quantum mechanical nature of the transition process, we replace |xν|2
by the corresponding transition matrix element, describing the probability to undergo the

transition |n〉 → |n ±1〉 for Stokes and anti-Stokes scattering, respectively. Each transition

element is weighted by the Boltzmann factor, characterizing the energy level occupation of

the thermal state:

|xν|2 →
S

∑
nν

|〈nν+1|x̂ν|nν〉|2 p(nν) =
x2

zpm,ν

n̄ν+1

∞∑
nν=0

(nν+1)

(
n̄ν

n̄ν+1

)nν

= x2
zpm,ν (n̄ν+1) (2.50)

|xν|2 →
AS

∑
nν

|〈nν−1|x̂ν|nν〉|2 p(nν) =
x2

zpm,ν

n̄ν+1

∞∑
nν=1

nν

(
n̄ν

n̄ν+1

)nν

= x2
zpm,νn̄ν (2.51)
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where we used p (nν) = 1
n̄ν+1

(
n̄ν

n̄ν+1

)nν

to describe the probability to find a vibrational thermal

state in its n-th occupational level. The Stokes (anti-Stokes) cross-section is defined asσS(AS) =
PS(AS)/I with I = Pin/Aeff. Pin is the incident power coupled to the plasmonic cavity and Aeff

the illuminating spot area. Since this spot is large compared to the size of the plasmonic

system the radiative coupling rate satisfies κex ∝ A−1
eff so that κex Aeff is approximately constant.

As the incoming photon flux number is |α|2 = Pin/~ωL , σS(AS) are found to be

σem
S = ηAeff

4

(
Gνxzpm,ν

κ

)2 (
1

∆2/κ2 +1/4

)(
1

(∆−Ων)2 /κ2 +1/4

)
(n̄ν+1) (2.52)

σem
aS = ηAeff

4

(
Gνxzpm,ν

κ

)2 (
1

∆2/κ2 +1/4

)(
1

(∆+Ων)2 /κ2 +1/4

)
n̄ν (2.53)

To see how this formalism (without backaction) recovers the conventional theory, we note that

the field inside the plasmonic cavity Eloc satisfies the energy relation Pinκ
−1 ∼ 1

2ε0|Eloc|2Vm .

On the other hand the incoming intensity is given by Pin Aeff
−1 = 1

2ε0c|Ein|2, thereby leading to

an approximate field enhancement factor of |Eloc|2
|Ein|2 ' c Aeff

κVm
, and because gν,0 ∝ 1/Vm we find

that
(
gν,0/κ

)2 ∝
∣∣∣Eloc

Ein

∣∣∣4
. This expression recovers the accepted electromagnetic enhancement

(“E 4 law" [44, 89]) while explicitly showing the contribution of the plasmonic density-of-

states at the laser and Stokes (resp. anti-Stokes) frequencies. Because the optomechanical

coupling rate is derived from the Raman tensor, our model can be extended to account for

all previously studied effects such as (i) the dependence of cross-section on the molecule’s

spatial orientation, (ii) the selection rules corresponding to different light polarizations, and

(iii) the increase in cross-section close to electronic resonances, possibly altered by chemical

effects and charge transfers.

The mapping of the optomechanical theory onto the SERS scenario uncovers novel enhance-

ment mechanisms related to backaction between the molecular vibration and the plasmon

resonance. This effect leads to a modification of the damping rate of the vibrational mode and

in principle also to a shift in the vibrational frequency.

Due to the low thermal occupancy of the vibrational modes, the relevant scattering cross-

section from Stokes and anti-Stokes fields must take into account the proper quantum me-

chanical input noises (2.19)-(2.22) where n̄ν ≈ 0. As in treatments of optomechanical cooling

[77][90], this can be done using the co-variance approach and computing the output spectral

density in [photons/(Hz·s)] [29, 91]

Sout(ω) ∝ κex

2π

(
ω3

ω3
p

)∫ ∞

−∞
dτeiωτ〈δâ†(τ)δâ(0)〉, (2.54)

where the prefactor in brackets takes into account the frequency dependence of the radiative

coupling rate to the far-field of a dipolar emitter [29]. This prefactor is introduced to describe

accurately the system in the absence of a cavity where the usual expressions for Stokes and
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Chapter 2. An optomechanical description of the nanojunction driven by light

anti-Stokes scattering and such a frequency dependence are expected [3]. However a general

treatment of the cavity case taking into account the frequency dependence of the photonic

density of state in free space would be required to legitimate this approach. Alternatively one

can approach this problem in a different way by using a more general formalism [31, 33] or

by introducing a second high-Q cavity [32, 92] that works as an intermediary between the

plasmonic cavity and free space.

Following the complete derivation of the outgoing spectral density presented in Ref. [91] we

derive the following expression for the Stokes and anti-Stokes sideband noise spectral density

Sout(ωS) = 2

π

ω3
S

ω3
p

κex

κ

A+

Γν+Γopt

(
n̄ f +1

)
(2.55)

Sout(ωaS) = 2

π

ω3
aS

ω3
p

κex

κ

A−

Γν+Γopt
n̄ f (2.56)

with n̄ f the final phonon number in the vibrational mode given by the expression [91]

n̄ f =
Γν

Γν+Γopt
n̄th +

A+

Γν+Γopt
. (2.57)

where n̄th = 1/
(
exp[~ων/kB Tbath]−1

)
for a bath temperature Tbath is the mean thermal oc-

cupation of the vibrational mode. When pumping the plasmon with blue-detuned light

(∆> 0), the backaction damping rate is negative (Γopt < 0) leading to amplification [59] of the

vibrational mode and to an out-of-equilibrium vibrational occupancy.

As the scattering cross section are proportional to the outgoing noise spectral densities in-

tegrated over the width of emission of a vibrational sideband (S̃out = ∫
Γν′ Sout dω) we obtain

:

σba
S ∝ω3

S A+ (
n̄ f +1

)
(2.58)

σba
aS ∝ω3

aS A−n̄ f (2.59)

and they become power dependent, leading to a superlinear increase of the Raman signal

at room temperature for achievable pump intensities. Furthermore, the anti-Stokes/Stokes

ratio R becomes “anomalous" under backaction effects, exhibiting values that deviate from

the equilibrium Boltzmann factor:

R = σba
aS

σba
S

∝ ω3
aS

ω3
S

A−

A+
n̄ f

n̄ f +1
, (2.60)

In principle, a comprehensive characterization of this truly non-classical emission may be

performed by appealing to photon-correlation techniques pioneered in quantum optics [93],

and later applied to quantum optomechanics [90].

A parametric instability occurs when the amplification rate exceeds the damping rate (
∣∣Γopt

∣∣>
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2.2. Description of the Raman cross-section using the optomechanical formalism

Γν), corresponding to coherent regenerative oscillations (phonon lasing) [59]. By increasing

the quality factor of the plasmonic structure, the threshold is lowered and occurs for a laser

detuning closer to the phonon sideband (∆∼Ων). Close to this threshold the system exhibits

a highly nonlinear response, which could provide a mean for achieving super-resolution in

TERS [12] (cf. next section).

Molecular vibrations exhibit anharmonic potentials at higher occupancy (Fig. 2.1c) and inter-

mode couplings that cause internal vibrational redistribution (IVR) [94], both of which are not

included explicitly in our model. IVR would prevent reaching the threshold for regenerative

oscillations of a single mode by introducing additional damping channels, and at the same

time could lead to the appearance of a broad Raman background originating from other

vibrational or rotational modes indirectly excited [12]. Anharmonicity of the potential, on

the other hand, could lead to frequency shifts and broadening of the Raman peak under

high amplification (close to threshold). We note that although the reduced damping rate

Γν+Γopt should manifest as a reduced linewidth of the vibrational mode, this signature could

be masked by both IVR and anharmonicity. Observation of the optical spring effect (a shift in

the frequency of the vibration associated with the in-phase response of the force FP ) would

also be difficult with molecules.

2.2.1 Impact of the nonlinear amplification mechanism on experimental obser-
vations

We end this chapter by presenting some of the effects that would be encountered for a system

close to the parametric instability threshold or in other words when the dynamical backaction

mechanism introduced by our coherent coupling is large and Γopt ' Γν. It should be noted

that pure dephasing of molecular vibrations (> 10 ps, as estimated from the Raman linewidth)

should not prevent the coherent coupling that we introduced as the plasmon lifetime in the

cavity (< 0.1 ps) is much faster

In the dynamical backaction regime, the anti-Stokes/Stokes ratio calculated previously become

anomalously large. The deviation from the equilibrium Boltzmann factor is demonstrated in

Fig. 2.3. The signature of dynamical backaction amplification can be experimentally distin-

guished from thermal effects such as local heating by (i) the sharp sensitivity of the anomaly on

the laser detuning from the plasmon; and (ii) its non-linear power dependence (see Fig. 2.4).

We explore this nonlinear power dependence close to the threshold in Fig. 2.4 and illustrate

how our model could lead to super-resolution SERS/TERS imaging similar to what has been

observed in recent experiments [12, 55] The sub-nanometer resolution achieved have spurred

excitement and debates over the physical mechanism leading to the observed super-resolution.

Since the plasmonic hot-spot lateral size at the tip apex cannot be smaller than ∼ 10 nm strong

nonlinear effects should be involved.
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Figure 2.3 – Anomalous anti-Stokes/Stokes ratio under dynamical backaction amplifica-
tion. The anti-Stokes/Stokes (aS/S) anomaly is defined as the aS/S ratio R = σba

aS/σba
S , Eq.

(2.60), divided by its value under negligible dynamical backaction (DBA) amplification,
σem

aS /σem
S , for a vibrational mode in thermal equilibrium at room-temperature (No BA @

25oC). λp is the plasmonic resonance wavelength while λb denotes the blue phonon sideband.
For comparison we also plot the aS/S ratio when the molecules are heated by the laser to
100oC (orange line) assuming that absorption is wavelength independent. The inset shows
the original aS/S ratio R before normalization, as expressed in Eq. (2.60), for the three pump
intensities considered in the main figure. Even without backaction, the ratio depends on the
laser detuning from the plasmon due to selective enhancement of either Stokes or anti-Stokes
outgoing wavelengths.
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Figure 2.4 – Super-resolution in TERS Computed Stokes scattering intensity as a function
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threshold (green curve) the pronounced nonlinearity of the response leads to a sharp increase
in spatial resolution.
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3 Optically probing self-assembled plas-
monic nanojunctions

3.1 Detection of nanoparticle on a mirror system

3.1.1 Sample fabrication

The plasmonic nanojunctions were fabricated within the group of Christophe Galland fol-

lowing a 3-step process: (1) fabrication of patterned metal films or micro-plates growth, (2)

deposition of a molecular monolayer (spacer) on the metal film, (3) drop-casting of metal

nanoparticles on the spacer-film. We focus in the thesis on the samples fabricated according

to the following procedure but it has to be noted that we tested satisfactorily extended versions

of this process in order for example to add to the monolayer an ALD layer or to replace it by

2D materials. We also replaced the polyhedral gold nanoparticles with gold nanocubes and

encapsulated some nanojunctions with ALD layers (cf. Fig 3.1a).

Metal film fabrication : 2 types of metal films were prepared: For the template stripped Au

film (TS) we fabricate first a patterned template by standard photolithography. Then a 200 nm

thick gold film is evaporated on the template using electron beam evaporation at a rate of 0.5

nm/s. Next, the Au surface is glued with pieces of ∼1 mm2 glass using an optical adhesive

(NOA61), cured by UV light. The template is then peeled off, revealing an ultrasmooth Au

surface[95] whith subnanometer RMS roughness (Fig 3.1b). The lithographic mask produces a

grid of markers (visible both in bright and dark-field microscopy) on the TS film which enable

an unambiguous localization of the nanostructures (Fig 3.1c).

Au micro-pates (MP) are synthesized by the method described in Ref. [96]. Briefly, 6 mL

ethylene glycol (Sigma-Aldrich) is put into a 100 mL flask in a 150 ◦C oil bath. Then a 1 mL

0.2 M gold(III) chloride hydrate (HAuCl4, Sigma-Aldrich) water solution is injected into the

flask. Next, a 3 mL ethylene glycol solution containing 0.7 g of dissolved polyvinylpyrrolidone

(PVP, Mw = 40000, Sigma-Aldrich) is dropped into the flask. The reaction finishes after ∼30 min.

The AuMPs are then cleaned by acetone and ethanol solutions before storage in ethanol. Their

average lateral size and thickness are 40 ∼m and 100 nm.
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(a)

(b) (c)

Figure 3.1 – (a) Sketch of a generic nanojunction. (b) AFM measurements of the flatness of
one representative template-stripped gold film fabricated in the group of Christophe Galland.
Red and yellow areas shows the mean height variation on a 2.5x2.5 µm surface along one line.
The green (blue) curve shows the average subtracted height variation obtained from the data
depicted in yellow (red). (c) Bright-field image of a patterned region of one fabricated TS film.
Original picture reproduced with the courtesy of A. Ahmed.

Spacer fabrication : We obtain a self-assembled monolayer (SAM) of BPT molecules on the

metal films (∼1 nm average thickness) by immersion of the metal films in a BPT ethanol

solution. For TS films, we use a 1 mM BPT ethanol solution for 2 hours of incubation at room

temperature.

For MPs, the solution is firstly drop-casted on an Si wafer and dried by nitrogen gas. Then

the sample is immersed in a high concentration (0.1 M) BPT solution at 70 ◦C for 24 hours.

This ensures the replacement of the PVP ligands on the AuMP surface. After incubation, the

samples are all rinsed with ethanol and water to remove the extra BPT molecules and dried by

nitrogen gas.

Nanoparticle synthesis and drop-casting : We chose 2 type of commercially available nanopar-

ticles to build up our plasmonic nanojunctions: (1) ’Polyhedral’ gold nanoparticle (NP)

(purchased from BBI solutions, citrated capped), (2) ’Spherical’ gold nanoparticles (citrated

capped) with smaller facet sizes (purchased from Expedeon, citrated capped).

An aqueous solution of AuNPs (BBI solutions) with original concentration resulting in an

optical density of 0.88 at 520 nm is mixed with an aqueous solution of sodium citrate tribasic

dihydrate and an ethanol solution of BPT (0.1 mM) in order to remove the citrate layer and

replace it with a monolayer BPT coverage. After 2 hours of incubation, the products are

centrifuged at 12000 rpm and stored in water.

AuNP are next deposited on various spacer-film systems by drop-casting. The droplet remains

in contact with the film for a time interval ranging between 30 and 300 s depending on the

colloid concentration and the surface hydrophobicity. The residuals are finally removed by a

delicate rinsing and drying of the sample with water and nitrogen gas.
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(a) (b)

Figure 3.2 – (a) SEM collection of maps representing one specific region of a sample that
was exposed to a highly concentrated NP solution. The green circles show single NPOM
structures while yellow and orange circles show respectively dimers and aggregate structures.
(b) Corresponding photoluminescence color map obtained under 532 nm excitation.

3.1.2 Identification of single nanostructures

One widely use option to detect and characterize the optical properties of these self-assembled

nanostructures relies on the scattering properties of the nanostructure. The structures are

side-illuminated with a reference incoherent light source and the scattered light is collected

by another objective avoiding the large specular light reflected on the Au film. In addition to a

characterization setup where the nanoparticles can be identified with such a dark-field setup

we constructed a fully motorized setup enabling dual-tone illumination of our structures

(cf. D). The first tone can be tuned from 700-800 nm and is used to collect both motional

(Raman) sidebands created by the modulation of the incoming tone by the vibrational modes

constituting the spacer of the nanojunction. The second tone at 532 nm is used to characterize

the plasmonic modes and monitor their evolution during the measurements. The mechanism

behind the light emitted by a metallic nanostructure (known as photoluminescence) when

excited by different laser tones has been investigated intensively in the last years and its

understanding is still a matter of debate [97–100]. We should come back to some fundamental

aspects of this emission in the following chapter

From an experimental point of view both these illuminations can be controlled in a similar

fashion and along the same path as the rejection of the specular light created by both tones on

the Au film can efficiently be performed in the spectral domain.

Fig. 3.2 illustrates the diversity of structures that can appear during self-assembled fabrication.

For this figure, multiple electron microscopy acquisitions were assembled after an optical
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30x30 µm scan in order to evaluate the PL measurements. First, it can be seen that the lumi-

nescence of the gold film itself can be identified as evidenced earlier [101]. In addition, many

single structures can be recognized directly from the PL integrated intensity [102, 103]. With

the help of their spectral profile, the single structures can be further filtered from other types

of assemblies and the different modes parameters extracted from the photoluminescence

signals resulting from a 532 nm excitation.

3.1.3 Photoluminescence of gold nanostructures

The intensity and spectral distribution of the luminescence of a specific structure depends

not simply on its scattering properties (as for a dark field scheme) but on several other factors

that can be divided in a first approach in three different classes : the optical absorption of the

nanostructure, the joint density of state of the material and the local photonic density of state

of the nanostructure. We should not intend to give a complete picture of the photluminescence

process but will follow the phenomenological approach used in Ref. [104] to shortly describe

a few aspects relevant for our observations. The interested reader can find more exhaustive

approaches in other studies [100, 103].

Here we consider the luminescence to be the radiative recombination of optically created

electron-hole pairs, after their interaction with thermal baths. The plasmonic resonances may

affect both the absorption and the emission part of the process. Because of the interactions

with a bath (thermally excited elctrons and holes or lattice phonons) the emission covers a

large spectral range limited by ~ωL ±kB T . In addition we will consider here a single plasmonic

mode that will assist the emission part of the PL process. Its resonance frequency is considered

to be far below the electronic transitions of gold so that the electronic density of states can be

considered as constant.

Then we can isolate two different behaviour depending on the detuning between the laser

frequency and the plasmonic cavity. If the laser excitation is well above the resonance of

the plasmonic resonance, the emission in the plasmonic mode range is not modified by the

thermal population of the bath and the intensity of the PL signal at ω is simply given by the

plasmon-assisted channel

IPL (ω) = Ispr (ω) ∝ LDOSspr (ω) (3.1)

where the last term is the local density of states of the plasmonic mode. In this case, the

parameters of the plasmonic mode can be extracted directly from the spectral distribution of

the generated PL signal.

In the other case, for a laser frequency located within the plasmonic resonance, both Stokes

and anti-Stokes plasmon-assisted channels exist and are differently modified by the bath

population. When operating in a frequency range sufficiently distant from the excitation

frequency a simple Boltzmann statistics can describe the bath population n̄B (δω) = exp
(
~δω
kB T

)
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(a) (b)

Figure 3.3 – (a) Stokes PL counts generated by a single nanojunction under 532 nm (564 THz)
excitation (blue dots). A numerical approximation of the background (red dashed line) and
the total luminescence attributed to the background and one plasmonic mode (yellow dashed
line) are also depicted. (b) Corresponding background subtracted PL of a singe nanojunction
mode (blue dots) fitted by a single Lorentzian distribution (red dashed line) with the following
parameters : ωp = 394 THz (λp = 761 nm) and Q = 13.

with δω=ω−ωL so that both PL sidebands intensities are described by :

I S
PL (ω) ∝ Ispr (ω) (n̄B (δω)+1) (3.2)

I aS
PL (ω) ∝ Ispr (ω) n̄B (δω) (3.3)

The collection of these signals enable thus the knowledge of the plasmonic profile and the

extraction of an effective temperature associated to the bath seen by the electron-hole pairs

before recombination inside the metallic structure. It should be noted that the Boltzmann

statistics used here is a good approximation of both Fermi-Dirac and Bose-Einstein statistics

for large δω. The physical statistics behind this process is still a matter of debate in the

community as the nature of the relevant bath (gold lattice, electronic bath) remains unclear. A

careful study of the anti-Stokes PL close to the laser frequency could help to advance on this

question.

Following the description of the Stokes luminescence, the spectra of selected nanojunctions

can be well-approximated by a sum of single Lorentzians on top of a background constituted

by the film luminescence. In Chapter 4 we illustrate such a multi-mode fitting of the different

antenna modes of a nanojunction via their modification of the local density of states of the Au

film, i.e. PLNP/PLSUB.

In Fig. 3.3 we highlight an alternative treatment where a single mode spectral range is con-

sidered. In this case the background (constituted indistinctively of higher frequency modes
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(a) (b)

Figure 3.4 – (a) Anti-Stokes Raman and PL counts generated by a single nanojunction under
750 nm excitation (blue line) as a function of the frequency shift of the signal with respect to
the laser tone. (b) Natural logarithm value of the counts depicted in (a). The Raman lines are
identified and extracted before fitting the background. The fitting window used here goes from
7.5 to 20 THz shift. The resulting fit is represented by a red dashed line on both subfigures.

and of the film luminescences) can be numerically approximated so that the single mode

luminescence can be isolated. The parameters of the nanojunction plasmonic mode can then

be extracted from a single Lorentzian fit.

Similarly the anti-Stokes residual luminescence appearing in the Raman measurements can

also be described in first approximation by an exponential distribution described earlier in

this section (cf. Fig. 3.4). The extraction of an electronic temperature from the exponential

coefficient and the observed discrepancy between the exponential fit and the signals observed

at large Raman shifts will be discussed at the end of this chapter.

On the excitation part, the impact of the plasmonic assisted channel can be recognized by

using different excitation wavelengths on a single structure. Alike previous studies [101, 105]

we use two lasers driving the interband transition to evaluate their relative efficiencies. From

the film photoluminescence (Fig. 3.5a) it can be seen that the 488 nm excitation leads to

higher PL yield than a 532 nm excitation over the full spectral range. It should be noted that

the lower wavelength tail of the luminescence spectra varies substantially from one spot to

another on the film evidencing defects of the film itself. These variations do not however

impact substantially the region where the plasmonic modes we are interested in are located.

On the contrary the raw data of the luminescence obtained over a nanoparticle (Fig. 3.5b)

are highlighting similar emission profiles for both illuminations (evidencing the role of the

antenna mode on the emission side) and a higher enhancement factor for the 532 illumination

resulting from a better coupling of the excitation beam to the longitudinal plasmonic mode of
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(a) (b)

Figure 3.5 – Comparison of the photoluminescence arising from 488 nm (blue line) and
532 nm (green lines) illuminations of a bare template-stripped film of gold (a) and of a single
nanojunction (b).

the nanoparticle.

3.2 Polarization based study of the nanojunction

The study of the laser excitation on the light emission processes of the nanojunction can

be further studied through careful preparation of higher order modes of the laser tone. Pat-

terned field of lights, for example, have been used in the past to improve the localization and

characterization of nanoscale emitters [106–108].

Nowadays commercial liquid crystal devices are facilitating the generation of such polarized

states. We used a radial-polarization device from ArcOptix 1 to prepare both incoming beams

of our experimental setup and study the dependence of the photoluminescence and Raman

signals on the polarization state of the exciting field.

For both optical paths some polarization components are modified by other optical compo-

nents after the creation of the spatially polarized beam. For that reason, we simulated the

fields distributions of both radial and azimuthal incoming beams inside the focal plane taking

into account the effect of the imbalance between the two higher order components of the

beam, via the introduction of an imbalance ratio (cf. Sec. C.2).

3.2.1 Excitation of the PL process

Fig. 3.7 shows the results of two scans of the focal spot using the nanoparticle to probe the

focal field. The use of two differently polarized beams enable to identify the components

1http://www.arcoptix.com/radial_polarization_converter.htm
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Chapter 3. Optically probing self-assembled plasmonic nanojunctions

(a) (b)

Figure 3.6 – (a) Intensity distribution of the electric field of a collimated radially polarized
propagating beam at a wavelength of 750 nm. (b) Projection on the x-axis of the intensity
distribution at different moments in time. The 2D image and its projection on one axis have
been obtained with a CCD camera beam profiler (Thorlabs).

that are coupled to the nanoparticle by comparing the PL integrated intensity maps with the

numerically calculated field distributions of specific components. The simulation are rescaled

and rotated to match the incoming polarization of the experimental beam. The distributions

evidence the coupling of the in-plane components of the field with similar resulting intensities

and spectral profiles of the nanojunction mode(not shown here). These results reinforce the

observation made in the previous section and based on the PL yield, demonstrating that the

532 nm excited PL is assisted by the transversal plasmonic resonance of the nanoparticle.

3.2.2 Excitation of the Raman process

Other studies already employed radially polarized beam to couple to one specific mode of the

cavity [109] or to allegedly increase the signal collected on the Raman sidebands [110].

Fig. 3.8 shows again the results of two scans of the focal spot using the nanoparticle to probe

the focal field. This time the comparison is performed on the signals integrated over one

Raman line. The single lobe profile obtained with the radially polarized excitation evidences

the coupling of the out-of-plane component of the field and suggest thus a coupling to the

antenna mode (L01) of the nanojunction. Remarkably the azimuthally polarized beam shows a

different pattern while maintaining an equivalent level of intensity (within a factor 3). The two

lobes distribution in addition to the comparable level of resulting Raman intensities at their

respective maxima identifies a coupling to the in-plane component of the incoming azimuthal

field. The fact that the antenna mode cannot couple efficiently to such an optical field indicates
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3.2. Polarization based study of the nanojunction

(a) (b)

(c) (d)

Figure 3.7 – Normalized level of integrated PL counts collected from a TS-BPT-NP structure for
an incoming radially (a) and azimuthally (b) polarized beam as a function of the nanojunction
position inside the focal plane. Simulations of the distributions of the radial component (|Eρ|2)
of a radially polarized beam (c) and for an azimuthally polarized beam (d) into focus. The
parameters of the illumination are as follows : air-immersed objective (NA=0.95, 50x), unity
filling factor, wavelength of 532 nm and polarization imbalance ratio of 100.

a coupling to a gap mode (S11) that couples well to an in-plane field component [37] and

evidences the modal selectivity of such a polarization scheme. The fact that one axis seems to

be favorized in the experimental data indicates most probably the additional contribution of a

polarizing element in the optical path (excitation or collection) not taken into account in the

simulations. The shift between the two experimentally observed central position of the field

distributions is due to a drift of the stage in between the two measurements.

Finally, Fig. 3.9 shows the contrast between the two Raman spectra obtained with a radially

and azimuthally polarized excitation at the sample position where the signal arising from a

radial illumination is maximal. As expected from the field distribution if the two beams in the

focal plane their contrast is important but the Raman modes relative intensities are similar. As
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Figure 3.8 – Normalized level of counts integrated over one collected Raman band of a TS-BPT-
NP structure for an incoming radially (a) and azimuthally (b) polarized beam as a function
of the nanojunction position inside the focal plane. (c) Simulation of the distribution of the
|Ez |2 component for a radially polarized beam into focus. (d) Simulation of the distribution
of the |Eρ|2 component for an azimuthally polarized beam into focus. The parameters of
the illumination are as follows : air-immersed objective (NA=0.95, 50x), unity filling factor,
wavelength of 750 nm and polarization imbalance ratio of 1.5 (cf. Sec. C.2). The intensity is
normalized both in the simulation and experiment.

a side remark we use this tool in addition to dark-field and photoluminescence techniques to

verify that our nanostructures are indeed active single nanoparticle on mirror.

3.3 Sideband thermometry of the vibrational mode

As described in Chapter 2 it would be interesting to increase the power reaching the nanocavity

and coupled to the mode of interest in order to observe the dynamics of both electronic and

vibrational degrees of freedom of the nanojunction. One preliminary word should be devoted
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3.3. Sideband thermometry of the vibrational mode

Figure 3.9 – Raman spectra of the NPOM structure illuminated by two patterned beams (radial-
green, azimuthal-blue) for a nanostructure positioned so that the Raman signal under radially
polarized excitation is maximal. The signal collected from the incoming azimuthal beam is
amplified 10x for better comparison.

to the ability of such structures to handle higher level of powers.

Fig. 3.10(a) evidences how successive laser illuminations of a specific nanojunction is impact-

ing its mode profiles, their resonance position and quality factors. Several aspects related

to morphological changes of the metallic structure have been evidenced in previous studies

[111, 112], and our current data tend to show modifications of the facet size. Not only the

plasmonic structure is subject to modifications but depending on the specific nanojunction

assembled the spacer might also degrade. A careful study of these optically induced modifica-

tions for different nanojunctions and their dependence not only on the laser detuning and

power is currently performed within the group.

In the following we will thus focus on a power regime and on nanojunctions that showed good

stability to study the dynamics of the system under optical excitation over a dynamic range of

20 dB; limited by morphological changes on the upper end of the range and by the visibility of

the anti-Stokes sideband on the lower end.

3.3.1 Power sweeps with radial and azimuthal polarization

In order to probe the population of a specific vibrational mode and test the model developed

in Chapter 2, we recorded simultaneously the Stokes and anti-Stokes sidebands of many
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(a) (b)

Figure 3.10 – Examples of power handling of two different nanojunctions (a) Laser induced
damage of the plasmonic resonance with time. The original dark-field response of the nanos-
tructure is in blue at the top. In between each dark-field acquisition the nanostructure is
exposed to a laser illumination close to its resonance. A vertical shift is applied to each succes-
sive spectrum for better readability. These dark-field measurements have been performed
in the laboratory of C. Galland by W. Chen. (b) PL spectra showing the change in resonance
frequency and quality factor of one plasmonic mode of a nanojunction before (blue dots) and
after (red dots) a complete set of measurements similar to the ones detailed in later in this
section.

different self-assembled nanojunctions. From their ratio we could extract the modification of

their effective temperature ∆Tν starting from the following expression :

R ∝ ω3
aS

ω3
S

A−

A+
n̄ f

n̄ f +1

D(ωaS)

D(ωS)
, (3.4)

with D(ω) the optical response of the setup at the frequency ω/(2π).

And, from the background of the anti-Stokes sideband, we could obtain ∆Te :

I aS
PL (ω) ∝ Ispr (ω) n̄B (δω)D(ω). (3.5)

It should be noted that we extract temperature variations to remove the dependence of our

signals on the setup response and on the plasmonic resonances.

Here we present the results of power sweeps on three representative cases. As the optomechni-

cal interaction depends on the detuning we tested both blue- and red-detuned configurations

and interrogated different modes via their preferential coupling to either a radially or an

azimuthally polarized excitation.
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3.3. Sideband thermometry of the vibrational mode

Variation of vibrational temperatures were observed for many systems. Also, systems ex-

cited above a threshold power showed irregular emergence of additional Raman lines and

anomalous vibrational temperatures similar to observations reported in other studies [20, 113]

(cf. Appendix E). For the permanent Raman lines monitored here, the mechanism behind

the limited increase of temperature could well be explained by the corresponding increase

of the effective electronic temperature ∆Te obtained via the photoluminescence signal. In

opposition to other studies where the optomechanical coupling was instrumental to present

several observations [20, 114], our measurements indicate a more important contribution

from heating than from any other mechanism in the observed modal occupational level inside

our nanojunctions. Additional numerical calculations could be performed and a completed

model could be developed to include heating induced by laser absorption in our model and

derive the additional optical power dependence of these temperatures.
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A blue detuned case with radial and azimuthal polarizations

Figure 3.11 – Raw spectrum collected from the excitation of a TSAu-BPT-AuNP nanojunction
(80 nm particle size) with a linearly polarized 532 nm incident beam at a power of 100µW on
the sample and for 3 s acquisition.

(a) (b)

Figure 3.12 – Variations of electronic (red dots) and vibrational (blue dots) temperatures as a
function of incoming power at the sample of a radially (a) and azimuthally (b) polarized laser
beam at 750 nm. Each dot represents the result of an accumulated acquisition for which the
exposure time has been adjusted in order to optimize the signal statistics.
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(a) (b)

(c) (d)

Figure 3.13 – (a) Counts integrated over the Stokes sideband of the BPT vibrational mode
ν= 1070 cm−1 for the same TSAu-BPT-AuNP nanojunction in function of the laser power as
monitored by a powermeter before entering the microscope (cf. Appendix D). (b) The two sets
of data presented in (a) are superimposed (horizontal shift of the radially polarized data) to
allow a better comparison of the power dependence of both signals. The fit of the azimuthal
data shows an exponential coefficient of 0.98. (c) Counts integrated over the anti-Stokes
sideband and acquired simultaneously. The two sets of data are superimposed (horizontal
shift of the radially polarized data) to allow a better comparison of the power dependence of
both signals. (d) Stability of the motional sideband thermometry measurements (blue dots)
for a sequence of acquisitions and an incoming power of 100µW with radial polarization.
Similar stability can be observed under azimuthal illumination (not shown). This automated
sequence optimizes the Stokes signal with respect to a radially polarized beam by readjusting
the sample position in between each accumulated acquisition. The average value (black line)
is uncalibrated and the standard deviation is around 5 K (interval delimited by green dashed
lines). The laser tone at 750 nm is radially (blue dots) or azimuthally (red dots) polarized. Each
dot represents the result of an accumulated acquisition for which the exposure time has been
adjusted in order to optimize the signal statistics.
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A second blue detuned case

Figure 3.14 – Raw spectrum collected from the excitation of a TSAu-BPT-AuNP nanojunction
(80 nm particle size) with a linearly polarized 532 nm incident beam at a power of 100µW on
the sample and for 3 s acquisition.

Figure 3.15 – Variations of electronic (red dots) and vibrational (blue dots) temperatures as
a function of incoming power at the sample of a radially polarized laser beam at 750 nm,
blue-detuned from the antenna mode plasmonic resonance. Each dot represents the result
of an accumulated acquisition for which the exposure time has been adjusted in order to
optimize the signal statistics.

56



3.3. Sideband thermometry of the vibrational mode

A red detuned case

Figure 3.16 – Raw spectra collected from the excitation of a TSAu-BPT-AuNP nanojunction
(80 nm particle size) with a linearly polarized 532 nm incident beam at a power of 100µW on
the sample and for 3 s acquisition.

Figure 3.17 – Variations of electronic (red dots) and vibrational (blue dots) temperatures as
a function of incoming power at the sample of a radially polarized laser beam at 790 nm,
red-detuned from the antenna mode plasmonic resonance. Each dot represents the result
of four acquisitions for which the exposure time has been adjusted in order to optimize the
signal statistics.
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3.3.2 Perspectives on self-calibrated temperature measurements and Outlook

All the temperature measurements (vibrational and electronic) shown are variations mea-

surements. The retrieval of an absolute temperature for such systems usually require some

complex calibration process in order to be accurate (calibration of the optical response of the

setup over a wide spectral range, knowledge of the LDOS of the full nanostructure on the same

spectral range). One other option that we are currently investigating consist in the simple

addition of a PID stabilized hot-plate to the sample holder in order to calibrate at the same

time both the electronic and vibrational temperature in the nanojunction and interrogate

their sensitivity on the environmental temperature.

In order to explore higher power regimes and possibly witness the regime of amplification

described in Chapter 2 designs that mitigate the residual heat created by the laser should be

investigated. For example careful choice of substrates [115], ALD coverage [116, 117][6,10] or

the use of inverted designs (where the positions of metal and air/dielectric are interchanged)

[118] have proven to significantly reduce heating effects in gap antennae structures. Alterna-

tively, an additional optomechanical scheme is developed in Chapter 5 in which the signal of

interest does not compete in the same way with heating mechanisms.
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4 Study of the intrinsic light emission
of nanojunctions

As evidenced in the last chapter, unleashing the full potential of plasmonic nanojunctions as

a universal platform to engineer light-matter interaction at the nanoscale still faces a gap in

our capability to understand and control atomic scale dynamics driven at the metal-dielectric

interface by the tightly confined optical fields. In particular, the dynamics of photo-excited

(“hot") charge carriers inside the metal remains a topic of intense research, with potential

applications in photo-catalysis and nanoscale light sources. While bulk metals show negligible

luminescence under optical or electrical excitation, their intrinsic emission quantum yield

can be enhanced by orders of magnitudes thanks to the giant Purcell factor of plasmonic

nanocavities [102, 105, 119–121]. This plasmon-enhanced photoluminescence (PL) has a

growing number of applications in imaging and nano-science [122–125], yet its underlying

principles are still under debate [103, 105]. It is generally accepted that both interband and

intraband transitions contribute to the radiative recombination of photo-excited carriers,

with their relative contributions determined by the band structure of the metal [126], the

electron-hole pair energy, and the degree of spatial confinement [127, 128]. In contrast to

the mesoscopic scale (10- 100 nm) involved in the plasmonic response, at which the band

structure of the metal is bulk-like, studies of metal clusters and nanoparticles of sizes below a

few nanometers have shown that quantum confinement leads to bright emission from discrete

energy states, as well as from metal-ligand hybrid states [123, 129–131]. To date, these two

domains have been largely considered as separate realms.

In this chapter, it is demonstrated that such a picture is not valid. The intrinsic light emission

from gold and silver plasmonic nanojunctions generally consists of two components: (i) a

stable hot-carrier-induced emission following the plasmonic resonances and governed by the

bulk metal band structure, and (ii) an hitherto overlooked contribution from quantum con-

fined emitters randomly forming and disappearing near the metal surface under the influence

of the highly confined optical field. This latter blinking emission, which is the focus of our

study, is made observable thanks to the Purcell effect provided by the mesoscopic plasmon

modes, but features distinct spectral content, with sharper linewidth (higher Q-factor) and

quantum yield that can be orders of magnitude larger than the hot-carrier emission. The blink-
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ing emission occurs without noticeable change in the near-field nor in the plasmonic response,

excluding all mechanisms proposed to date to explain fluctuating surface-enhanced Raman

scattering and background emission in similar systems. The various nanojunction compo-

sition (metal and spacer) we studied evidenced that chemical reactions and morphology

modifications at the interface between the metal and the spacer play a key role in the specific

type of blinking observed whereas the blinking itself appears to be a universal mechanism

characteristic of nanoscale junctions.

The discovery has fundamental relevance for the understanding of light-matter interaction

in nanoscale cavities. The photo-induced luminescence blinking we explore in this chapter

might be use in future studies as a tool for monitoring atomic scale motion and field induced

material restructuring under tight plasmonic confinement. Moreover, our findings reveal

a novel phenomenology where blinking is due to atomic restructuring instead of charge

dynamics, as had been observed to date in molecular fluorophores and low-dimensional

semiconductors. These observations highlight possible ways to engineer the quantum yield

and spectrum of plasmonic nano-emitters, and also raises interrogations about the of bulk

electronic band structure to model chemical interactions at the surface of plasmonic metals.

4.1 Blinking of the photoluminescence emission

Fig. 4.1 shows a first example of the temporal fluctuations of the photoluminescence signal.

The signal emitted by a nanojunction consisting of a chemically synthesised single-crystal

gold flake, a self-assembled biphenyl-thiol (BPT) monolayer, and a commercially available

colloidal gold nanoparticle (nominal size 80 nm) both under 488 nm and 532 nm illumination

clearly demonstrates the blinking nature of the intrinsic luminescence of nanojunctions.

All structures showing measurable PL emission also featured this new type of PL blinking, that

can be very distinct from the stable baseline response. Fig. 4.2a shows an illustrative time

series of the PL from a single nanojunction under 532 nm excitation, with several selected

spectra and the average spectrum shown in Fig. 4.2b. This excitation wavelength matches the

main interband (d to sp band) transitions in gold and is also resonant with the transverse

plasmon mode of the nanojunction, further enhancing the absorption cross-section and

resulting in the strongest observed PL signal. Yet, blinking PL was also observed, with lower

intensity, under 633 and 785 nm excitation wavelengths.

The baseline (non-blinking) emission, stable over time, is assigned to the Purcell-enhanced

radiative recombination of hot carriers, with contributions from both inter- and intra-band

processes, as discussed in previous literature [102, 105, 119, 120]. After accounting for the

small relative area of the nanojunction compared to the spot size, the actual gold emission

enhancement factor compared to the bare substrate is on the order 104 −105, consistent with

a field enhancement in excess of 100-fold in at the metal surface layer near the gap.

But most surprisingly, we find that the PL is dominated by strongly fluctuating and spectrally
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(a) (b)

Figure 4.1 – Time series of photoluminescence (PL) in normalized counts units for a single
nanojunction consisting of an 80 nm faceted gold nanoparticle separated from a single-crystal
gold microplate by a BPT monolayer under continuous 488 nm (a) and 532 nm (b) laser
illumination.

wandering lines, with linewidth narrower than that of the underlying baseline emission,

as is best seen in Fig. 4.2b. It seems difficult to explain this blinking emission using the

conventionally accepted plasmon-enhanced PL mechanisms discussed above. Indeed, and

even in cases where the spectral profile of the blinking emission closely follows the baseline

PL, we demonstrate in the next section that the field enhancement inside the gap and the

plasmonic resonance are not fluctuating during the blinking process. All observations suggest

a fundamentally new mechanism causing PL blinking.

4.2 Probing the local field with a Raman probe

To obtain and independent probe of the local field enhancement, while simultaneously mon-

itoring PL blinking, we perform two-tone excitation with both a 532 nm laser, efficiently

generating PL, and with another continuous wave laser tuned at 750 nm so that the Stokes

vibrational Raman signal from the BPT molecules embedded in the gap is resonant with the

near-infrared plasmonic mode (Fig. 4.3). The Raman signal is a sensitive probe of the field

enhancement inside the gap [117, 132–135], and any strong change in local field enhancement

that would explain PL blinking would also leave a trace on the Raman signal. Remarkably, the

fluctuations of the Raman signal remain within the intrinsic measurement noise (including

shot noise and technical noise), while much more pronounced fluctuations of the underlying

PL emission are observed. This measurement (which was repeated on many nanojunctions

with the same result) provides strong evidence that the near-field enhancement and the local

density of photonic states remain stable during PL blinking. This is in stark contrast with

previous observations of fluctuating Raman scattering [136–138]. Recent reports have invoked

the formation of ‘picocavities’ [133, 134] to explain such events, which are proposed to be
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Figure 4.2 – Blinking of photoluminescence (PL) in a single nanojunction. (a) Time series
of plasmonic emission under continuous 532 nm excitation. Laser power density ∼ 7 ×
103 W/cm2, camera exposure time = 0.1 s, numerical aperture: 0.85. The measured counts are
divided by the emission spectrum from the gold substrate acquired under the same conditions.
(b) Individual spectra with special peaks (1 to 5, also labelled in (a) beyond the regime of
plasmonic modes, together with the average spectrum in shaded grey. (c) Time trace of the
maximum PL intensity marked by orange dots in (a). (d) Corresponding probability density
distribution (PDF). In (c) and (d) the shaded blue area is the PDF of the setup measurement
noise D.1. Figure created by W. Chen.
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Figure 4.3 – Blinking PL with stable plasmon-enhanced Raman and dark-field (DF) scatter-
ing spectra. (a) Time series of emission spectra acquired under dual excitation with 532 nm
and 750 nm laser beams (first 120 s) with respective power densities ∼ 2×104 W/cm2 and
∼ 1×103 W/cm2, and then with 750 nm excitation alone (after 120 s). Camera exposure time =
1 s, numerical aperture: 0.95. (b) Example of individual spectra and time-averaged spectrum
(over the first 120 s). (c) Maximum intensity per frame, normalized by the time-averaged
intensity, for both PL and Raman signals. d Probability density function of the normalised
intensities. Figure created by W. Chen.
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related to metal protuberances causing atomic scale confinement of light. Our measurements

show that PL blinking does not share the same mechanism with such unusual Raman events.

More generally, all models based on local field variations fail to explain our observations.

Note that under 750 nm excitation alone, the absence of interband transitions in gold dramati-

cally reduces the PL excitation cross-section, and we typically observe negligible amount of PL

– except for the rare brightest events, which may be related to the so-called ‘flares’ reported

in [139]. Importantly, these ‘flares’ also occurs without change in Raman intensity, and as

such it may share the same mechanism as PL blinking under shorter wavelength excitation.

Interestingly the observed luminescence under 750 nm can be altered by the earlier exposition

of the sample to a 532 nm illumination (cf. Fig 4.4). Alike a charging mechanism the resulting

luminescence at 750 nm can feature blinking of the type observed under 532 nm illumination.

Figure 4.4 – Time series of the signals arising from a single nanojunction under continuous
750 nm and discontinuous 532 nm illuminations with respective powers of 32 µW and 30 µW.
The vertical signals depict the different Raman lines whereas the lighter blue area (higher
luminescence) coincide with the time intervals for which the 532 laser tone is activated. The
spectral region between -400 and 400 cm−1 is blocked by tunable filters in order to reject the
reflection of the incoming 750 nm laser tone on the sample.

4.3 Multi-mode analysis of the photoluminescence

To accommodate all our findings so far, we propose that new emission centers are being

formed during laser irradiation, consisting of nanoscale metallic domains or few atom clusters,

partially decoupled from the bulk metal, whose optical transitions are dominated by quantum

confined electronic states within the s −p band of gold (possibly hybridized with electronic

states of the spacer material, in particular through their sulfur atoms). This model naturally

explains why blinking is accompanied by negligible perturbation in the local field and plas-

monic response (Fig. 4.3), since the nano-emitters are formed within the surface layer of the
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4.3. Multi-mode analysis of the photoluminescence

metal – not inside the gap – and their impact on the electronic properties of the vastly larger

nanoparticle and substrate is minute. The emission wavelength and linewidth of a randomly

forming quantum confined emitter should be independent from the plasmonic spectrum,

while the latter provides a large Purcell-enhancement which makes the blinking emission

predominant in the region of plasmonic resonances, as observed.

Akin to the physics of fluorophores (molecules and quantum dots), PL of Au nanoclusters

results from the radiative recombination of discrete electronic states formed by quantum

confinement, with their PL wavelength, quantum yield and lifetime strongly dependent on

their size and on metal-ligand interactions. The differently sized Au emitters with these

varied optical properties are randomly or simultaneously created coupling to the plamsonic

nanocavity, resulting in the fluctuation of the peak positions, intensity and Q-factor of the

PL from the nanojunctions (Fig. 4.6). This localised emitter model also describes well the

appearance of sharp emission out of the regime of plasmonic modes (peak 1-5 in Fig. 4.2).
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Figure 4.5 – Time series background subtracted photoluminescence for 5 s acquisitions under
radial 532 nm illumination and with the addition of a polarizer in the detection path. The
main axis of the polarizer is oriented so that it attenuates maximally (a), minimally (b) the PL
peak around 680 nm.

Additional measurements show that the blinking persists even at the lowest accessible excita-

tion powers (on the order of 1 W/cm2) and the blinking duration can be shorter than 1 ms,

meaning that PL blinking is a sensitive probe for localised effects and atomic dynamics at the

metal surface with nanoscale sensitivity.

The visualization of these atomic dynamics in the photoluminescence signal can be retrieved

from the blinking statistics of the different modes. For example the addition of a polarizer in

the outgoing optical path enables to differentiate between the polarizations of the different

nanogap modes light emission (Fig. 4.5) even when spectrally overlapping. The modifications

of individual gap emission would thus provide information on the modifications of the metal

surface inside the gap and according to the specific near-field distribution of the gap mode.

To provide additional support for this hypothesis, we implement full-wave simulation of a
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Chapter 4. Study of the intrinsic light emission of nanojunctions
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Figure 4.6 – Simulation of the optical response of a faceted nanojunction. (a) Based on
the surface charge distributions taken at resonance, the modes are identified as the lowest
frequency Fabry–Pérot-like transverse cavity mode S11, the dipolar bonding antenna mode
L01 and the higher-order cavity mode S02, respectively. These modes feature distinct spatial
distributions of the photonic density of states (PDOS) in the near-field, which results in
different far-field emission spectra (solid lines in (b), offset for clarity) when a radiating point
dipole is placed at different locations marked by color-coded full circles in (a). Simulations by
our collaborator H. Hu in Wuhan University. Figure created by W. Chen and H. Hu.

nanojunction consisting of a 80 nm Au nanoparticle with facet size d = 40 nm on a Au mirror

with spacer thickness g = 1.3 nm (Fig. 4.6a). To emulate a randomly generated PL emitter, we

use an electric dipole placed on the metal surface at three different positions (blue, red and

black dots in the bottom panel of Fig. 4.6a), which couples to the plasmonic nanocavity and

radiates to the far-field. The three resulting emission spectra (Fig. 4.6b) are clearly distinct,

even though they remain consistent with the three quasi-normal modes also visible in the

scattering spectrum under plane-wave excitation (shaded yellow curve). This shows that a

spatially localized increase in PL quantum yield is consistent with uncorrelated fluctuations

from different regions of the spectrum. Such a process could be caused by the formation

of new grain boundaries that relax wave-vector conservation, leading to a local increase

in intraband radiative recombination rate. Our dual-tone measurements (Fig. 4.4) suggest

that the modification of these grain boundaries or nano-domains is frequency dependent

suggesting that optical forces alone could not explain the observed changes. It should be

noted that other mechanisms involving charge transfer through the junction [140, 141] cannot

be excluded. Additional measurements implying an electro-chemical cell are currently being

performed to address this question.

Fig. 4.7a displays another representative time trace with a typical multi-peak emission (Fig. 4.7b).

We carefully analyze the spectral wandering and lineshape narrowing that accompanies blink-

ing, and study the correlations that may exist between fluctuation in emission wavelength,

intensity and linewidth from different regions of the full spectrum. Each emission peak can

be attributed to a plasmonic quasi-normal mode of the nanojunction (labelled as L01 and

S02, which will be discussed later), and PL blinking occurs for both of them. For each mode,
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4.3. Multi-mode analysis of the photoluminescence

we track the wavelength of maximum emission (Fig. 4.7a), the peak intensity and linewidth

(expressed as Q-factor). In general our data indicate low level of correlation between the

respective peak positions (Fig. 4.7c) or intensities (Fig. 4.7d) around the L01 vs. S02 modes,

suggesting again that any model relying on the modification of the entire plasmonic response

[139] would fail to explain our observations.
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Figure 4.7 – Multi-mode blinking: evidence for spatially localized fluctuating sources of
emission. (a) Example of fluctuating emission from a nanojunction exhibiting two active
modes. The top panel shows representative spectra of strong emission in either mode. Exci-
tation power density at 532 nm: ∼ 3.5×104 W/cm2, numerical aperture 0.85, exposure time:
0.1s. (b) Distribution of the normalized emission intensities of one resonance vs. the other.
(c-e) Blinking statistics of the different radiative modes. Figure created by W. Chen.

In conclusions, our results open a whole new area of studies in plasmonic nanojunctions,

involving phenomena at the interface between the atomic and mesoscopic scale. Moreover,

our findings raise new questions regarding the microscopic mechanisms governing light

emission from plasmonic nanojunctions, impacting their applications as nanoscale emitters.

It remains an open question whether the local changes in electronic properties revealed

by PL blinking can have relevant implications for energy harvesting, photocatalysis and

photodetection applications that rely on plasmonic hot carrier harnessing.
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5 Molecular platform for single photon
up-conversion

In this chapter we highlight an exciting new route for systems combining cavities and molecu-

lar systems that address some long-standing technological challenges for thermal imaging

and spectroscopy [142]. Driven by applications in astronomy, novel cryogenic detectors in

the THz range appeared in the last few years [143, 144]. However the ability to efficiently

manipulate such electromagnetic signals at room temperature is still lacking [145, 146]. In

particular, single photon detection, which is now routine in the VIS-NIR region (wavelength in

vacuum from 400 nm to 2000 nm), remains impossible or unpractical at longer wavelengths.

Development of new detection devices operating without complex cryogenic apparatus, and

featuring improved sensitivity, lower noise and reduced footprint, would significantly impact

sensing, imaging, spectroscopy and communication technologies.

The scheme presented here suggests a new route to achieve low-noise detection of non-

coherent THz and MIR radiation by leveraging optomechanical transduction with molecules

[147], whose natural oscillation frequencies are resonant with the incoming field. Our strategy

consists in converting the incoming low-frequency signal onto the anti-Stokes sideband of a

pump laser in the VIS-NIR domain, where detectors with single photon sensitivity are readily

available [148, 149]. This approach is inspired by the recent realization of coherent frequency

conversion using different types of optomechanical cavities [150–156] and is conceptually

disctinct from a recently demonstrated detection scheme assisted by a microfabricated res-

onator [157]. As an outlook, we propose to leverage constructive interference between signals

coming from an array of coherently pumped up-converters in order to increase further the

strength of the converted signal over the incoherent thermal noise.

While coherent conversion from the MIR to the VIS-NIR domain has so far been achieved

by sum-frequency generation in bulk non-linear crystals [158–161], these schemes operated

under several Watts of pump power and required phase-matching between the different fields

propagating in the crystal. Our scheme, on the contrary, relies solely on the spatial overlap of

the two incoming fields. Indeed, we use a nanometer-scale dual antenna that confines both

electromagnetic fields into similar sub-wavelength mode volumes. The optomechanical inter-

action with the vibrational system takes place in the near field, without need to fulfil a phase
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Chapter 5. Molecular platform for single photon up-conversion

matching condition. Moreover, thanks to the giant field enhancement provided by plasmonic

nano-gaps, the required pump powers to achieve efficient conversion is dramatically reduced.

The protocol that we introduce leverages the intrinsic ability of specific molecular vibrations

to interact both resonantly with MIR-THz fields and parametrically with VIS-NIR fields, as

routinely observed in infrared absorption and Raman spectroscopy, respectively. The wealth

of accessible vibrational modes and frequencies [2, 162] offers a convenient toolbox to realize

efficient frequency up-conversion for several technological regions of interest (atmospheric

window, thermal imaging and THz gap).

We first introduce the framework describing the interaction between a molecular vibration

and two electromagnetic fields, one that is resonant with the vibrational frequency, the other

one that is parametrically coupled to it through the molecular polarization. We compute the

conversion efficiency and the noise figures-of-merit of our novel device as a function of the

optical pump detuning and power. We find that internal conversion efficiencies on the order

of a few percent and noise equivalent power below 10−12 W/
p

Hz are achievable with our

proposed design, and we demonstrate the potential of this approach to reach single-photon

detection in the MIR and THz domain.

5.1 Absorption of incoming IR radiation by a vibrational mode

We describe in the following the coupling between a resonant field and a single vibrational

mode inside a cavity (i.e. antenna). We also derive the expression given in the main text for the

number of phonons created. Our treatment is inspired by the treatment adopted in Ref. [163].

The interaction between an external monochromatic field of frequency ωIR and the molecular

vibration in the dipole approximation inside a cavity is given by :

Ĥint =−~d ·~E IR, (5.1)

where ~E IR = i
p

n̄IR

[
e−iωIR t e−i(φ+φ0)t~E0 −e iωIR t e i(φ+φ0)t~E ∗

0

]
with φ the phase offset between

the field and the dipole, φ0 an adjustable phase parameter of the driving field. ~E0 =
√

~ωIR

2ε0VIR
~ek

is the vacuum field, with VIR the mode volume and~ek the unit polarization vector of the IR

mode.

This interaction can be written in terms of the bosonic ladder operators describing the IR mode

inside the cavity â†
IR, âIR and the vibrational phononic operators b̂†

ν, b̂ν at frequency ν. For a

weak IR drive the vibrational Hilbert space can be reduced to ground and first excited state

{|0〉, |1〉} and described like a two level system (TLS) with creation and annihilation operators

σ̂+
ν , σ̂−

ν [29]. We note that the validity of the TLS description for a collective vibrational mode

of N oscillators would only break down for a number of excitations of order N [164].

The dipolar transition is purely nondiagonal in this basis and described as ~d = dν
(
σ̂−
ν~eν+ σ̂+

ν~e
∗
ν

)
.
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5.1. Absorption of incoming IR radiation by a vibrational mode

The field inside the cavity is in turn described by ~E IR =−i
p

n̄IRE0

[
e−iφ0 âIR~ek −e iφ0 â†

IR~e
∗
k

]
[164].

In a frame rotating at the frequency of the IR driving field we only have to take into account

the resonant processes (â†
IRσ̂

−
ν , âIRσ̂

+
ν ) and we obtain the interaction Hamiltonian :

Ĥint =−i~g IR

(
e−iφ0 â†

IRσ̂
−
ν +e iφ0 âIRσ̂

+
ν

)
, (5.2)

with g IR = dν ·E0

~
p

n̄IR~e ∗
ν~ek e iφ0 = g IR,0

p
n̄IR.

Here we choose the additional phase term of the driving field in order for the coupling to be

real positive, without loss of generality.

We follow the dynamics of the TLS in this rotating frame. Introducing the rate Γtot which

describes the total damping of the vibrational mode as described in the main text, we obtain :

ρ̇11 = i
g IR

2

(
ρ10 −ρ01

)−Γtotρ11 (5.3a)

ρ̇00 =− i
g IR

2

(
ρ10 −ρ01

)+Γtotρ11 (5.3b)

ρ̇01 =− iδρ01 − i
g IR

2

(
ρ11 −ρ00

)− Γtot

2
ρ01 (5.3c)

ρ̇10 = iδρ10 + i
g IR

2

(
ρ11 −ρ00

)− Γtot

2
ρ10, (5.3d)

with δ=ωIR −ων the detuning between the IR drive and the vibrational resonance.

These equations are often described with the help of the Bloch vector components:

u =1

2

(
ρ01 +ρ10

)
(5.4a)

v = 1

2i

(
ρ01 −ρ10

)
(5.4b)

w =1

2

(
ρ11 −ρ00

)
. (5.4c)

The components u, v of the Bloch vectors are related to the average dipole value [163]: 〈~d 〉 =
2~dν (u cosωIR t − v sinωIR t ). We derive the master equations as a function of these components:

u̇ = δv − Γtot

2
u (5.5a)

v̇ =−δu − g IR w − Γtot

2
v (5.5b)

ẇ = g IR v −Γtotw − Γtot

2
. (5.5c)
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The steady-state solutions of these equations are :

ū = g IR

2

δ

δ2 + (
Γ2

tot/4
)+ (

g 2
IR/2

) (5.6a)

v̄ = g IR

2

Γ/2

δ2 + (
Γ2

tot/4
)+ (

g 2
IR/2

) (5.6b)

w̄ + 1

2
= g 2

IR

4

1

δ2 + (
Γ2

tot/4
)+ (

g 2
IR/2

) . (5.6c)

The average number of photons absorbed per unit time by the vibrational dipole is given by :

dn̄ IR
b

dt
= dW̄ IR

dt

1

~ωIR

=
~En cosωIR t · 〈~̇d 〉

~ωIR

. (5.7)

If the detuning and coupling are much smaller than the vibrational damping rate (δ, g IR < Γtot),

the average number of absorptions over an IR period can be written as :

dn̄ IR
b

dt
= g IR v̄ = g 2

IR

2

Γtot/2

δ2 + (
Γ2

tot/4
)+ (

g 2
IR/2

) ' g 2
IR

Γtot
. (5.8)

In the steady state the rate of photons absorbed by the vibrational mode equals the phonon

damping rate so that the average number of excited phonons is :

n̄ IR
b = dn̄ IR

b

dt

1

Γtot
= g 2

IR

Γ2
tot

=
g 2

IR,0

Γ2
tot

n̄IR =
g 2

IR,0

Γ2
tot

κIR
ex

δ2 + (κIR/2)2 S̃in
IR

δ¿κIR

=
4g 2

IR,0

Γ2
tot

ηIR

κIR
|〈âin

IR〉|2. (5.9)

We note that the average number of excited phonons n̄ IR
b can also be simply derived from the

steady-state population of the upper TLS state n̄ IR
b = w̄ + 1

2 .

5.2 Optical conversion scheme

We start with the description of the two types of interactions leveraged in the conversion

process and describe the relevant parameters. For simplicity, we now use the abbreviation

IR to denote MIR or THz fields, depending on the vibrational frequency considered. First

we model the resonant absorption process. We assume that the vibrational system is weakly

driven, meaning that the average number of excited collective vibrational quanta is much

smaller that the total number of molecular oscillators coupled to the incoming field. At the

single molecule level this easily satisfied condition results in considering the single transition

from the ground to the first excited vibrational state. The collective excitation of an ensemble

of vibrational modes can thus be treated as an ensemble of two-level systems [165].
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5.2. Optical conversion scheme

The interaction part of the Hamiltonian is correspondingly approximated by :

Ĥint =−i~g (N )
IR,0

√
n̄IR

(
â†

IRσ̂
−
ν + âIRσ̂

+
ν

)
, (5.10)

with â†
IR, âIR the IR field bosonic ladder operators and σ̂+

ν , σ̂−
ν the raising and lowering operators

of the collective two level system described by a transition frequency ων. g (N )
IR,0 =

p
NIR g IR,0 is

the N-molecule resonant vacuum coupling rate of the vibrational mode ν and n̄IR the mean

occupation of the IR antenna mode.

The incoming IR field at frequency ωIR is enhanced by a frequency-matched antenna and

performs work on the collective transition dipole ~dν of the molecular vibration [163]. On

resonance (ωIR =ων) the averaged number of created phonons is

n̄ IR
b =

(
2g (N )

IR,0

Γtot

)2
ηIR

κIR
|〈âin

IR〉|2 (5.11)

with |〈âin
IR〉|2 the incoming IR photon flux. In this expression κIR = κIR

ex +κIR
0 is the loss rate

of the antenna at the incoming frequency, which is the sum of the external decay rate κIR
ex

(by coupling to the incoming far-field modes) and the internal decay rate κIR
0 (by metallic

absorption and scattering to other modes), ηIR = κIR
ex/κIR the coupling ratio of the antenna and

Γtot the total vibrational decay rate, where the intrinsic vibrational linewidth Γν is modified by

its coupling to the IR antenna [166].

As pictured in Fig. 5.1, we employ a second antenna resonant atωc (a frequency in the VIS-NIR

domain, which we call “optical” domain from here on for brevity), whose decay rates κopt
ex , κopt

0

are defined in the same way as the IR antenna parameters. The optical antenna enhances the

parametric optomechanical interaction of the molecular vibration with a pump laser in the

optical domain, as described in [147]. Concisely the interaction between an optical field and

Nopt molecular oscillators leads to a dispersive interaction described by the Hamiltonian Ĥint =
−~g (N )

opt,0â†
optâopt

(
b̂ν+ b̂†

ν

)
with g (N )

opt,0 = √
Noptgopt,0 the collective optomechanical vacuum

coupling rate and â†
opt, âopt

(
b̂†
ν, b̂ν

)
the optical pump field bosonic ladder operators (the

vibrational phononic operators at frequency ν).

The optical antenna field can be split into an average coherent amplitude α and a fluctuating

term so that âopt =α+δâopt. Expanding to first order in α the optomechanical interaction we

obtain the linearized interaction

Ĥlin =−~g (N )
opt,0

√
n̄opt

(
δâ†

opt +δâopt

)(
b̂ν+ b̂†

ν

)
, (5.12)

with n̄opt = |α|2 the mean occupation of the optical antenna mode (see Chapter 2).

The spectral density of the output field on the optical port in [photons/(Hz·s)] can be evaluated

through the calculation of the two-time correlations of the optical output field operators
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𝜔𝜔IR

𝜔𝜔p

𝜔𝜔p + 𝜔𝜔𝜈𝜈

𝜔𝜔p − 𝜔𝜔𝜈𝜈

𝜔𝜔p

(a)

𝜔𝜔IR

𝜔𝜔p

𝜔𝜔p + 𝜔𝜔𝜈𝜈

𝜔𝜔p − 𝜔𝜔𝜈𝜈

𝜔𝜔p

(b)

Figure 5.1 – (a) Illustration of the envisioned up-conversion device. Both electromagnetic
modes are collected with the help of the dual-antenna and confined within a volume where
molecules are located. (b) Frequency picture of the optomechanical conversion mechanism
involving both IR absorption and Raman scattering by specific vibrational modes. Here the
pump tone (ωp ) is red-detuned from the optical resonance (ωc 'ωp +ωIR) while the incoming
IR signal is resonant with a specific vibrational mode (ωIR =ων).

[29, 91]:

Sout(ω) ∝ κ
opt
ex

2π

(
ω3

ω3
c

)∫ ∞

−∞
dτeiωτ〈δâ†

opt(τ)δâopt(0)〉, (5.13)

where the prefactor in brackets takes into account the frequency dependence of the radiative

coupling rate to the far-field of a dipolar emitter.

Following the complete derivation of the outgoing spectral density presented in Ref. [91] we

derive the following expression for the anti-Stokes sideband noise spectral density

Sout
tot (ωaS) = 2

π

ω3
aS

ω3
c

ηopt A−

Γ∗ν+Γopt
n̄ f (5.14)
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5.2. Optical conversion scheme

with n̄ f the final phonon number in the vibrational mode given by the expression [91]

n̄ f =
Γ∗ν

Γ∗ν+Γopt
n̄b +

A+

Γ∗ν+Γopt
. (5.15)

where n̄b = n̄ IR
b + n̄th is the total phonon number in the absence of optical drive. It is the

incoherent sum of the IR-induced vibrational excitation (eq. 5.11) and the thermal noise,

n̄th = 1/
(
exp[~ων/kB Tbath]−1

)
for a bath temperature Tbath. We assume here that the pump

laser does not lead to significant Ohmic heating of the system. It is however straight-forward

to model laser-induced heating by introducing a pump-power dependent bath temperature

Tbath.

Due to the IR and optomechanical interactions the intrinsic vibrational damping rate is

modified Γtot = Γ∗ν+Γopt with Γ∗ν the IR antenna-assisted damping rate and Γopt = A−− A+ the

additional damping rate of electromagnetic origin characterized by the imbalance between

the optical antenna-assisted transition rates to the ground A− and excited vibrational states

A+ (see Chapter 2). We note that the optical interaction modifies the vibrational lifetime and

thus the number of IR excited phonons in the steady state (eq. 5.11).

The resulting spectral density, Sout
opt, in the absence of incoming IR radiation (n̄ IR

b = 0) should

be integrated over the device’s operational bandwidth (BW ≡ Γtot) to obtain its dark-count

rate S̃out
opt =

∫
BW Sout

opt dω. The dark-count rate arising from the thermal contribution to the first

term in eq. 5.15 can be reduced by cooling the bath, whereas the second term describes a

minimal noise level resulting from phonon creation by spontaneous Stokes scattering of the

pump laser, a process equivalent to quantum backaction in cavity optomechanics. Therefore

an optimal power that maximizes the signal-to-noise ratio (SNR) exists, akin to the standard

quantum limit (SQL) in position measurements.

From these expressions we are also able to describe the conversion efficiency from an incoming

rate of IR photons to an outgoing rate of optical photons : S̃out
IR→opt = ηext|〈âin

IR〉|2 where ηext =
ηrad ·ηint ·ηIR is the external conversion efficiency.

Starting again from the noise spectral density expression (eq. 5.14) and inserting the vibrational

population expression (eq. 5.15) the different component appearing in the full noise spectral

density can be identified

Sout
tot (ωaS) ∝ A−

Γ∗ν+Γopt
n̄th︸ ︷︷ ︸

Sout
th

+ A−Γ∗ν(
Γ∗ν+Γopt

)2ηoverlapn̄ IR
b︸ ︷︷ ︸

Sout
IR→opt

+ A−(
Γ∗ν+Γopt

)2

[
A+−Γoptn̄th

]
︸ ︷︷ ︸

Sout
ba

, (5.16)

With this notation the total noise quanta in the outgoing optical field is defined as Sout
opt =

Sout
th +Sout

ba .
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Chapter 5. Molecular platform for single photon up-conversion

Then, we obtain for the conversion efficiency :

ηext = ω3

ω3
c
ηopt︸ ︷︷ ︸
ηrad

·ηoverlap ·
A−Γ∗ν

Γ∗ν+Γopt

1

κIR

(
2g (N )

IR,0

Γ∗ν+Γopt

)2

︸ ︷︷ ︸
ηint

·ηIR. (5.17)

The radiative efficiency of the optical antenna mode into the far field is decomposed as

ηrad = (ω/ωc )3ηopt with ηopt = κopt
ex /κopt defined in the same way as ηIR introduced previously.

These factors account for the coupling of free space radiation in and out of the nanostructure.

The internal conversion efficiency ηint can in turn be divided into a power dependent part

ηOM(n̄opt) and a part describing the spatial overlap between the IR near field, the optical near

field and the molecular ensemble, which we write ηoverlap.

The first term can be further developed depending on the pump field detuning. For example,

for a pump field red-detuned from the optical antenna resonance (∆ = ωp −ωc = −ων) it

is possible to derive the explicit dependance of the internal conversion efficiency on both

collective vacuum coupling rates

ηint = ηoverlap ·
(
2g (N )

opt,0

)2
n̄opt

κopt
(
Γ∗ν+Γopt

) Γ∗ν(
Γ∗ν+Γopt

)
(
2g (N )

IR,0

)2

κIR
(
Γ∗ν+Γopt

) . (5.18)

To approximate the second term ηoverlap, we factorize it into two contributions: the spatial

overlap between the IR and optical near fields (ηmode) and the vectorial overlap between the

near field polarization (typically normal to the antenna surface) and the molecular orientation,

which we name ηpol; so that we can write

ηint ' ηpol ·ηmode ·ηOM(n̄opt). (5.19)

The power and detuning dependences of the optomechanical efficiency term ηOM are depicted

in Fig. 5.3 (b).

5.3 Molecular transducer

The electric dipole moment ~µν and polarizability αν of a vibrational mode can be directly

extracted from experimental data of resonant light absorption and inelastic light scattering,

respectively [2, 162]. In specific cases the symmetries of the vibrational mode lead to selection

rules in its interaction with light [1]. For vibrational modes lacking centro-symmetry the deriva-

tives of both quantities with respect to the displacement coordinate can be non-vanishing

[1]. We show such a situation in Fig. 5.2 where we plot the projections of the derivatives of the

electric moment and of the polarizability with respect to the molecular coordinate Qν of the

1002 cm−1 mode of thiophenol, which we choose as an example in our calculations. We note
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Detection

𝜕𝜕𝜕𝜕
𝜕𝜕𝑄𝑄𝜈𝜈

𝜕𝜕𝜕𝜕
𝜕𝜕𝑄𝑄𝜈𝜈

(a)

Detection

optical domainIR domain

(b)

Figure 5.2 – (a) Polar plots of both the electric moment derivative (left) and the projection
of the Raman tensor on the main plane of the molecule (right) for the vibrational mode
ν̃ = 1002 cm−1 of the thiophenol molecule (background image). (b) Local density of states
distribution inside the dual antenna for an IR mode at 32 THz (left) and a NIR mode at 374
THz (right).

that the projection of the tensor
(
∂αν
∂Qν

)
onto an axis perpendicular to the principal axis of the

electronic moment derivative
(
∂~µν
∂Qν

)
can be non-vanishing. Several polarizations for in- and

outcoupling of resonant and up-converted fields are thus conceivable.

The calculations leading to the parametric optomechanical vacuum coupling rate gopt,0 be-

tween the antenna field and the vibrational mode has been previously described [147] and its

value is given by gopt,0 =ωc

(
~eopt · ∂αν∂Qν

·~eopt

)(
1

Voptε0

)√
~

2ων
with αν the polarizability tensor, Qν

the reduced displacement coordinate of the vibrational mode labelled by ν, Vopt the optical

mode volume and~eopt the unit polarization vector of the optical antenna mode.

In analogy the coupling rate g IR,0 associated with a vibrational mode ν is linked to an effective

transition dipole vector ~dν that can be computed through numerical calculations (cf. Section

1.1). Its value is given by g IR,0 = 1
~
~dν · ~E0 where the electric field per photon is given by
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Chapter 5. Molecular platform for single photon up-conversion

~E0 =
√

~ων
2ε0VIR

~e IR with VIR the mode volume and~e IR the unit polarization vector of the IR mode

[29, 164].

Since g (N )
IR,0 scales with

p
NIR/VIR, it can be independent of the mode volume as long as this

volume is filled with molecules. On the contrary the interaction of the vibration with the

VIS-NIR optical field g (N )
opt,0 scales as

√
Nopt/Vopt advocating for a device confining strongly this

field and reducing thus the required optical power to reach an efficient conversion process.

The factor ηpol describes the local overlap between the two fields involved in our conversion

scheme, on the one hand, and the IR dipole and Raman tensor of the molecular vibration, on

the other hand. It is defined in the following way:

ηpol =
~eL · ∂~µν∂Qν

‖ ∂~µν∂Qν
‖

RLL
ν

‖Rν‖
(5.20)

with the label L designating the direction of the near-field at the location of the molecule. To

compute 〈ηpol 〉) (see Table 5.1) we numerically average ηpol over all possible orientations of

the molecule, while keeping the IR and optical local field collinear.

From our DFT calculations we compute the molecular parameters for several cases of interest

and report their values in Table 5.1. Two orientations (main axis of the molecule parallel to

both local fields and fully random) were considered. Two options were also considered for

the coverage: one monolayer covering the planar parts of the metallic nanostructure, or a

superposition of layers filling the entire volume where the fields are localized. We use the

IR/optical mode volumes VIR/opt (given below), the molar mass (M = 0.1102 kg/mol), volume

density (ρ = 1077 kg/m3) or surface density (ρS = 6.8 ·1018 m−2) of thiophenol to estimate the

number NIR (Nopt) of molecules participating in the IR (optical) process.

5.4 Cavity enhanced conversion

Nanoantennae have proven to be instrumental in enhancing the interaction of molecules

with off-resonant VIS-NIR optical fields (e.g. for surface-enhanced Raman scattering, SERS)

[20, 167] and resonant IR fields (e.g. for surface-enhanced infrared absorption, SEIRA) [38, 168].

We now present the design of a new dual-resonant antenna (see Figs. 5.1 and 5.2) and compute

the interaction of both antenna local fields with one vibrational mode of molecules covering

the nanostructure. We consider that molecules are attached with their main axis perpendicular

to the metallic surfaces, and extract from our DFT calculations the relevant components of the

derivatives of the electronic moment and polarizability. We note that calculations for specific

self-assembled monolayer orientations [169, 170] or randomly oriented molecules could also

be achieved from the full knowledge of
(
∂αν
∂Qν

)
and

(
∂~µν
∂Qν

)
.

In our design, the incoming field to be up-converted and the pump laser field are each
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5.4. Cavity enhanced conversion

Mode I IR
ν

(〈I IR
ν 〉) RLL

ν

(〈RLL
ν 〉)

ηpol
(〈ηpol 〉

)
Coverage g (N )

IR,0/κIR

[cm−1] [km ·mol−1] [Å4 ·amu−1]

mode 1002 0.52 (0.51) 2.40 (0.96) 0.33 (0.14)
monolayer 0.01

volume 0.06

mode 1093 86.95 (28.52) 0.85 (0.31) 0.97 (0.18)
monolayer 0.17

volume 0.75

Table 5.1 – Molecular parameters of interest for our conversion scheme for two vibrational
modes of the thiophenol molecule. Calculations are obtained for a molecule oriented verti-
cally with respect two both IR and VIS/NIR local fields (values averaged over all molecular
orientations are given in parenthesis for completeness). The resulting resonant coupling terms
are calculated for two different coverages of the nanostructure by the molecules and given in
units of κIR.

resonant with a different component of the antenna arranged in a crossed configuration. At

their intersection, the near-field polarizations of the two fields are co-linear (~e IR '~eopt), and

we obtain ηpol = 33 % for the specific vibrational mode illustrated in Fig. 5.2. Electromagnetic

simulations demonstrate that the two fields, despite being more than one order of magnitude

away in frequency in that particular example, are confined within a very similar volume inside

the nano-gaps separating the two structures. It results in a spatial overlap of the two main

electromagnetic field components within the dual antenna of ηmode = 44 % (cf. Section 1.2.4

for additional information on the design and parameter values).

From our numerical calculations we find that the antenna-assisted IR coupling rate for

the vibrational mode at wavenumber ν̃ = 1002 cm−1 reaches g (N )
IR,0/(2π) ∼ 186 GHz as VIR

is decreased by several orders of magnitude below its diffraction limit (the calculation of

VIR and ~dν are detailed in the Appendix). As the cavity damping rate remains strong in

comparison to the vacuum IR coupling rate (2g (N )
IR,0 < κIR/2 — Purcell regime) the antenna-

enhanced damping rate for this vibrational mode can be approximated by the expression [164]

: Γ∗ν ' Γν+κIR/2
(
1−

√
1− (2g (N )

IR,0)2/(κIR/2)2
)
.

We show in Section 1.1 the coupling rate of another vibrational mode with a larger IR dipole

moment. Under optimal molecular orientation and filling conditions, that mode is at the

onset of the collective strong coupling regime with the IR antenna mode [165]. While future

work is needed to properly describe this regime in the context of wavelength conversion, we

note that our design offers new perspectives to realize a source of IR photons. In the strong

coupling regime and under optomechanical parametric amplification [147], the optically-

pumped population is shared between the collective vibrational mode and the corresponding

IR antenna mode, resulting in the fast emission of IR radiations.
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5.5 Optical noise contributions

A useful figure-of-merit to compare the performance of detectors independently of their

respective operational bandwidth is the noise equivalent power, NEP = P min,in
IR /

p
BW [W ·

Hz−1/2] where P min,in
IR is the incoming power at which the detector reaches a unity optical

signal-to-noise ratio defined as SNR(ω) = S̃out
IR→opt(ω)/S̃out

opt(ω). Equivalently, we can also calcu-

late the NEP directly from the dark-count rate and efficiency of the device as NEP = ~ων
ηext

√
S̃out

opt

[149]. Assuming noise-less detection in the visible after the upconversion scheme suggested

here, the NEP of our device can be evaluated. We show the results in Fig. 5.3 as a function of

the optical pump power and laser detuning from the cavity resonance. Remarkably, the NEP

reaches values that improve on state of the art for commercial devices (Table 5.2) and com-

pares favourably with more recently demonstrated uncooled platforms [171, 172] operating at

the higher end of the frequency range achievable with our molecular device.

Detector type NEP O
(
...

) [
W ·Hz−1/2

]
Golay Cell O

(
10−9

)
Pyroelectric O

(
10−10

)
MCT photodiode O

(
10−10

)
Microbolometer O

(
10−11

)
Molecular device O

(
10−(11..12)

)
Table 5.2 – Noise equivalent power of commercially available uncooled devices in the 5-50
THz region [145, 146] and comparison with the device presented here (Molecular device).

When operating with a pump laser red-detuned from the optical resonance
(
∆=ωp −ωc =−ων

)
in the resolved sideband regime κopt/2 <ων we can simplify the interaction of eq. 5.12 and

obtain

Ĥeff =−~g (N )
opt,0

√
n̄opt

(
δâ†

optb̂ν+h. c.
)

, (5.21)

This regime provides maximal efficiency and optimal NEP, as seen in Fig. 5.3(a). We note that

for low vibrational frequency modes the condition κopt/2 < ων could be achieved with the

help of hybrid cavities that feature narrower linewidths [32, 92].

Keeping this optimal detuning, we investigate in Fig. 5.3(b) how the NEP depends on optical

pump power. As the intracavity pump photon number is increased, the efficiency initially

grows linearly, while the noise remains constant, limited by the thermally generated anti-

Stokes signal. This yields a square-root decrease of NEP with pump power. Interestingly, at

high intracavity photon number the contribution of optomechanical quantum back-action to

the dark-count rate surpasses the thermal contribution, and the NEP degrades with increas-

ing power. This behaviour is reminiscent of the standard quantum limit for displacement
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5.5. Optical noise contributions

detection in optomechanical cavities.

(a)

(b)

Figure 5.3 – Left axis: Noise equivalent power (NEP) (black solid line); right axis: Power
dependent part of the internal conversion efficiency ηOM(n̄opt) (red solid line) and noise
equivalent photon number per gate n̄G (blue solid line) plotted on a logarithmic vertical scale
as a function of the detuning of the optical pump laser with respect to the plasmonic resonance
(a) for a fixed intracavity optical photon number n̄opt = 1000; and plotted as a function of
intracavity optical photon number n̄opt (b) for a fixed optimal red detuning ∆=−Ων. We use
the parameters for the dual-antenna and molecular system described in the text.

5.5.1 Zero-temperature limit

The limit of vanishing thermal occupancy of the vibrational mode is relevant for specific

applications, and it demonstrates how the backaction noise acting onto the vibration sets a

fundamental lower bound on the achievable NEP of the converter. When (n̄th ∼ 0) the outgoing
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Chapter 5. Molecular platform for single photon up-conversion

noise spectral density of eq. (5.16) can be simplified to

Sout
0K (ωaS) = 2

π
ηopt

A−A+(
Γ∗ν+Γopt

)2 . (5.22)

Taking into account eq. (5.17) for the expression of the external conversion efficiency, the NEP

and the n̄G at 0 K can be calculated.

In the regime of weak optical pumping, Γopt < Γ∗ν , we obtain a linear scaling of n̄G as a function

of the intracavity photon number (appearing in the transition rates A− and A+) while the NEP

remains constant (cf. Fig. 5.4). The value of the NEP at this plateau, which corresponds to an

intrinsic quantum limit due to measurement backaction, is given by the following expression

NEP0K = ~ωνκIR

ηoverlap
p
ηoptηIR

√
A+

A−

(
Γ∗ν+Γopt

)(5/2)

Γ∗ν
(
2g (NIR)

IR,0

)2 . (5.23)

Figure 5.4 – Zero-temperature quantum limit on the NEP. Noise-equivalent power (NEP, black
solid line, left axis), power-dependent part of the internal conversion efficiency (ηOM, red solid
line, right axis) and noise-equivalent photon number per gate (n̄G , blue solid line, right axis)
as a function of the intracavity optical photon number for ∆=−ων. We use the parameters for
the dual-antenna and molecular system described in the text.

5.6 Advanced IR detectors

5.6.1 Single-photon detection

To assess more precisely the feasibility of operating our device in single-photon counting

mode, we introduce the noise equivalent photon rate, i.e. S̃out
opt/ηext ≡ |〈âin

IR〉|2/SNR. This

quantity corresponds to the incoming IR photon rate at the input of the device that would
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5.6. Advanced IR detectors

generate an output rate of up-converted photons equal to the dark-count rate.

In practice, noisy single photon detectors are best operated in gated mode. In our approach

this is easily realized using a pulsed optical pump laser, with a pulse duration ∆t of a few ps

that ideally matches the molecular vibrational linewidth; ∆t ' (
Γ∗ν

)−1. This mode of operation

provides not only better noise rejection and higher intracavity photon numbers (therefore

better efficiency), but also ultrafast timing resolution that is not otherwise achievable due to

the intrinsic timing jitter of VIS-NIR single photon counters (typically several tens of ps) [149].

We therefore define the noise equivalent photon number per gate n̄G = S̃out
opt/

(
ηextΓ

∗
ν

)
which

translates the noise equivalent photon rate into an average incoming IR noise photons per

time gate.

Figure 5.5 – n̄G as a function of thermal occupancy of the vibrational mode for several intra-
cavity optical photon numbers. The dashed vertical line denotes the thermal occupancy of
the mode considered in the text at room temperature.

To gain more insight on the limiting factors constraining single photon operation, we plot n̄G

as a function of the thermal occupancy of the vibration and of the intracavity pump photon

number in Fig. 5.5. This graph shows that even moderate cooling of the device by 100 K (easily

achieved with thermo-electric cooling systems), which would bring the thermal occupancy

of this vibrational mode down to n̄th = 5.6 ·10−4, would enable to reach n̄G ' 2 ·10−2, making

single photon counting with ps time resolution a realistic prospect.

5.6.2 Conversion arrays

One intriguing way to additionally reduce the gated dark-count level consists in designing an

array of molecular converters, sufficiently distant from each others so as not to interact by

near-field coupling. We assume that the array is illuminated by spatially coherent IR signal

and optical pump beam, which is easily doable due to the sub-wavelength dimensions of

the antennae. The key advantage of this scheme is that the anti-Stokes signals of thermal
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origin from different antennae will not exhibit any mutual phase coherence; they will add

up incoherently in the far field. On the contrary, all sum-frequency anti-Stokes signals, will

be phase coherent and will interfere constructively in specific directions, in analogy with a

phased emitter array [173, 174].

Considering a simple linear array, this effect would jointly decrease the thermal contribution

to the dark-count rate and dilute the intracavity photon number per device, enabling single

photon operation with improved sensitivity.

We discuss the different contributions to the optical noise starting from the expression for

n̄ f , eq. (5.15) in the main text. When Γopt ¿ Γ∗ν the equation for the vibrational population

splits into three different factors identified as thermal n̄th, dynamical back-action n̄dba and

quantum back-action noises n̄qba, respectively:

n̄ f ' n̄th −
Γopt

Γ∗ν
n̄th +

A+

Γ∗ν

(
1− Γopt

Γ∗ν

)
. (5.24)

For sensing applications it is enlightening to study how the contributions from the different

noise terms are affected when considering an array of converters coherently illuminated by the

IR field and the pump laser. We describe a linear array of N optomechanical converters. For

simplicity we consider identical converters separated uniformly with a spacing d <λopt <λIR

in order to avoid multiple maxima in the radiation pattern of the array. If all converters

are excited in phase, the described configuration is known as broadside configuration and

the maximum radiation is directed normal to the array axis. We assume that the optical

pump power is split among the antennae1, so that the pump power per antenna is diluted

according to |α(i )|2 = 1
N |α(0)|2 so that the different cavity-assisted molecular rates scale as 1

N ,

i.e. A+/− (i ) = 1
N A+/− (0).

Thermal regime : If the back-action effects are weak at a single converter level Γ(0)
opt < Γ∗,(0)

ν ,

the power dilution leads to Γ(i )
opt ¿ Γ∗,(i )

ν . The expression of the final population n̄ f (eq. 5.24)

shows that in this case thermal noise is the main contribution to the total noise.

In the far-field, constructive interference among the fields emitted from individual antennae

sharpens the pattern of coherent radiation [173] so that the total IR converted signal in this

direction scales as [175] Sout,(N )
IR→opt = (array factor)2 ·Sout,(i )

IR→opt which results in Sout,(N )
IR→opt ' N 2Sout,(i )

IR→opt

along the direction of maximum radiation for a broadside array. On the contrary if the con-

verters are sufficiently spaced to avoid any near field coupling the thermal emission would

remain incoherent and quasi-isotropic.

We combine the factors related to the power dilution and to the directivity of the linear array

1The diffraction limit for both beams being largely different, we note that multiple converters fit under a focused
IR spot. In that case the IR power per converter would not scale down.
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5.6. Advanced IR detectors

to describe the SNR of the array in the regime dominated by thermal noise:

SNR(N ) ' N 2 ·
Sout,(i )

IR→opt

Sout,(i )
th

= N 2 · 1

N
·

Sout,(0)
IR→opt

Sout,(0)
th

. (5.25)

Zero-temperature limit : In the case where the thermal population of the vibrational mode is

negligible (n̄th ∼ 0), corresponding to backaction noise dominating over thermal noise, the

incoming power dilution lowers equivalently the converted signal and the output noise per

antenna, so that the SNR of a sufficiently large array in this regime is given by :

SNR(N ) ' N 2 ·
Sout,(i )

IR→opt

Sout,(i )
ba

= N 2 ·1 ·
Sout,(0)

IR→opt

Sout,(0)
ba

. (5.26)

Our argument highlights the interest of this nanoscale converter to elaborate advanced archi-

tectures targeting specific applications. For example, a configuration with multiple converters

within the IR spot could lead to on-chip IR multiplexing [176–179] with converters responding

to multiple IR signals and bypassing the limited detection bandwidth of a single converter.

This sub-wavelength platform offers novel opportunities benefiting from the coherent nature

of the conversion process and opens the way for multi-spectral IR detection, IR imaging and

recognition technologies.

5.6.3 Towards practical implementations of the molecular converter

In summary, we were able to treat the problem in a full quantum model, and thereby predict

the internal quantum efficiency of our device, as well as its outgoing noise spectral density.

The latter could be separated in two main origins: a thermal noise and a backaction noise (in-

cluding quantum and dynamical backaction) that increases with pump power and eventually

becomes dominant.

Extending on the room temperature measurements and on the achievable NEP values, Fig. 5.7

highlights both conversion efficiency and NEP for the case ∆=−ων. In this red-detuned case

our model assumptions remain valid for a large range of optical intracavity photon number.

At high optical power we observe that both the efficiency and NEP reach an extremal value

when the back-action contribution to the outgoing noise becomes predominant as depicted

in Fig. 5.6.

We would like to stress that our numerical estimates are based on a realistic nano-antenna

design and a standard simple molecule (thiophenol). Although the intra-cavity photon num-

bers required to reach optimal performance appears to be large, they can be achieved under

pulsed excitation [180]. Moreover requirements on the intra-cavity power would be lowered by

further reducing the gap size (down to 1–2 nm) and, as demonstrated in Fig. 5.7, by chemical
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Chapter 5. Molecular platform for single photon up-conversion

Figure 5.6 – Relative contributions to outgoing optical noise (Sout
opt) on the anti-Stokes sideband

as a function of intracavity photon number for a pump tone red-detuned from the resonance
of the optical antenna (∆ = −ων). The contribution from the thermal population of the
vibrational mode to the dark-count rate is depicted in green and the back-action noise in blue.

engineering of the molecular converter toward higher Raman activity. All of this taken into

account, this leads us to believe in possible experimental realizations of this novel kind of

devices.
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5.6. Advanced IR detectors

(a)

(b)

Figure 5.7 – Noise equivalent power (NEP, left axis, black solid line) and power dependent part
of the internal conversion efficiency (ηOM, right axis, red solid line) as a function of intracavity
optical photon number for ∆=−ων. The parameters described in the following sections of
the Appendix are used to plot the lines. The dots indicate the extremal values in NEP and ηOM

when varying the absorption intensity [0.1:10]I IR
ν in (a) or the Raman activity [0.1:10]RLL

ν in
(b). The colored areas denote the NEP and ηOM achievable when sweeping either parameters
and the dashed arrows indicate the direction of evolution of the extremum when increasing
the parameters value.
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A List of symbols

Notation Description

ωp /2π Frequency of the optical pump tone

ωIR/2π Resonance frequency of the IR antenna mode

ωc /2π Resonance frequency of the optical antenna

κ0/2π Rate of intrinsic losses, including absorption and uncoupled radiation

κex/2π Coupling rate between the antenna field and an incoming/outgoing field

κ= κ0 +κex Total decay rate of a plasmonic antenna

η(IR/opt) Coupling ratio
(
κ

(IR/opt)
ex /κ(IR/opt)

)
ηoverlap Overlap between the two electromagnetic and the vibrational modes

Γopt/2π Optomechanical damping rate with Γopt = A−− A+

Γν/2π Intrinsic damping rate of the vibrational mode ν

Γ∗ν/2π Cavity/Antenna-assisted damping rate of the vibrational mode ν

ων/2π Mechanical frequency of the vibrational mode ν

Vopt Volume of the optical resonant mode

VIR Volume of the IR resonant mode

xν Displacement coordinate of the vibrational mode ν

mν Effective mass of the vibrational mode ν
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Appendix A. List of symbols

Notation Description

xzpm,ν Zero-point motion of the vibrational mode ν

n̄opt Average occupation of the optical cavity/antenna mode

n̄IR Average occupation of the IR cavity/antenna mode

n̄ f Final occupation of the vibrational mode

n̄th Average phonon number in thermal equilibrium n̄th = (e~ων/kB T −1)−1

n̄ IR
b Average phonon population driven by the IR tone

∆=ωp −ωc Laser detuning from the optical antenna resonance

Gν/2π Coupling rate between the plasmon and the vibrational mode ν

gopt,0/2π Optomechanical vacuum coupling rate

S̃out Outgoing photon flux [photon/s]

âin Input field normalized so that |〈âin〉|2 is the incoming photon flux [photon/s].
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B DFT analysis of vibrational modes

Many equivalent platforms exist in order to perform DFT calculations and retrieve information

on the vibrational modes of complex molecules and their electronic properties. In our case we

use the software named GAUSSIAN 1 to extract and analyze various parameters. The geometry

is first constructed with the help of AVOGADRO 2. From this first optimization of the geometry

of the molecule of interest we then adapt the orientation of the molecule with a built-in

script in order to align one characteristic axis of the molecule with the coordinate frame. The

GAUSSIAN simulations are then performed using a functional B3LYP/6-311++G(d,p) base. The

calculations are performed without enabling any rotation of the coordinate frame and with

an increased number of output digits so that rotations and projections along specific axes of

electronic properties of the molecule can be reliably calculated from a single DFT calculation.

Usually,

Using the harmonic calculations of the frequencies only, we will usually have to use a scaling

factor to make the results compatible with experimental ones. We used again AVOGADRO to

visualize the active vibrational modes and their corresponding energy.

The procedure is well described in the context of Raman calculations in the book of Le Ru &

Etchegoin [3]. For completeness we reproduce here several expressions enabling the recon-

struction of the normal modes properties of the molecule from a GAUSSIAN output file and

their use in the evaluation of the orientation dependent spectra of absorption and scatter-

ing experiments. We illustrate the richness of the DFT results with the example of another

molecule of interest (GBT). Finally we comment shortly on an additional aspect that can be

investigated with the help of DFT calculations and that could be instrumental in the develop-

ment of optical schemes involving ensembles of molecules : anharmonicities of vibrational

modes.

1http://www.gaussian.com/
2http://avogadro.openmolecules.net/wiki/Main_Page
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Appendix B. DFT analysis of vibrational modes

B.1 Reconstruction and projection of normal modes electronic prop-

erties

In GAUSSIAN, all the gradient terms are given with respect to the usual cartesian coordinates

and for each atom. We define as ξn
k the displacement of an atom along the n-th Cartesian

coordinate (number of displacements = 3 x number of atoms) for the normal mode k. Each

displacement inside a specific mode k can be weighted by a factor defined as :

(φn
k )n=1,...,3N = ξn

k√∑3N
l=1(ξl

k )2
(B.1)

Extracting these displacements and the mass of the different atoms, we can transform the

gradient quantities obtained from the DFT calculations into the one described in Section 1.1.

For example, in the case of the Raman tensor we obtain :

∂αν

∂Qν
= 1p

µk

3N∑
n=1

φn
k

(
∂αν

∂xn

)
(B.2)

where the reduced mass µk of the normal mode k is described by the expression:

µk =
3N∑

n=1
mn(φn

k )2 (B.3)

with mn the mass of the n
3 +

(
1− n mod d

d

)
atom weighted by the adimensional displacement

factor φn
k .

Then the obtained tensor can be transformed by a simple rotation operation :(
∂αν

∂Qν

)′
= T

(
∂αν

∂Qν

)
T −1 (B.4)

in order to evaluate the Raman activity of the molecule in any specific orientation. In the con-

venient case of SERS the incoming and outgoing fields can be assumed locally to be collinear.

The resulting symmetry disminishes the number of possible outcomes when projecting the

rotated tensor on the fields axis and reduces thus the dimensionality of the orientation space.

For the IR coupling case, the same treatment can be applied for the vector constituted from

the electric dipole derivatives and can simply be rotated according to
(
∂~µν
∂Qν

)′ = T
(
∂~µν
∂Qν

)
in order

to orient the molecule in any possible direction with respect to the axis of projection.
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B.2. Extended DFT study of GBT

(a) (c)

(b) (d)

Figure B.1 – Illustrations of the thiophenol (a) and GBT (b) molecules. Calculated IR (c)
and Raman (d) spectra. The intensities and activities of the different vibrational modes are
represented on a logarithmic scale. The modes profiles are represented by Lorentzians with a
fixed ad hoc linewidth of 15 cm−1.

B.2 Extended DFT study of GBT

For completeness we add here the main DFT results for the other molecule discussed along

this thesis, namely GBT. In the thesis, the name thiophenol can be used in order to describe

the molecule before SAM assembly on the gold substrate (illustration in Fig. B.1a). When

assembled in a SAM the initial molecule binds to the gold substrate by creation of a gold-sulfur

bond and gives way to GBT (illustration in Fig. B.1b). The resulting electronic properties of this

layer are thus better described by DFT simulations of this later molecule. The corresponding

spectra are depicted in Fig. B.1c-d.

Fig. B.3 illustrates in two different spectral ranges the sensitivity of Raman active modes

to the specific orientation of the molecule (a similar dependence can be observed for IR

measurements, Fig. B.2). Without loss of generality we chose the coordinate frame so that the

main axis of the GBT molecule is parallel to both the z-axis and the local field and so that θ

describes a rotation of the molecule around the x-axis and ψ a rotation around the main axis

of the molecule.

B.3 A note on anharmonicities of vibrational modes

The vibrational modes of a molecule can usually not be considered alone. First it should be

noted that the molecule is subject rotational modes that are described by: E (J )n = ~Bn J (J +1),

with J a rotational quantum number and Bn a factor depending through the moment of inertia

on the vibrational quantum number. This expression already shows that such modes cannot

be expressed as harmonic even for small displacements. In this work we neglected these

contributions as Raman experiments did not observe any contribution due to these modes.
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Appendix B. DFT analysis of vibrational modes

(a) (b)

Figure B.2 – (a-b) Calculated IR intensities for two different ranges of vibrational frequencies
and for a subset of possible molecule orientations. The modes profiles are represented by
Lorentzians with a fixed ad hoc linewidth of 15 cm−1. The configuration θ = 0.5π, ψ = 0π
depicts a local electric field perpendicular to the main plane of the molecule.

(a) (b)

Figure B.3 – (a-b) Calculated Raman activities for two different ranges of vibrational frequen-
cies and for a subset of possible molecule orientations. The modes profiles are represented
by Lorentzians with a fixed ad hoc linewidth of 15 cm−1. The configuration θ = 0.5π, ψ= 0π
depicts a local electric field perpendicular to the main plane of the molecule.
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B.3. A note on anharmonicities of vibrational modes

Moreover, we have considered molecules featuring no electronic transition in the optical range

in order to avoid the expression of a possible enhancement of the optical coupling through a

resonant coupling to the electronic mode of the molecule. This assumption made possible

the development of the polarizability derivatives through what is known as the Plaszek model.

todoword on resonant Raman case

So, we only consider here the role of possible non-linearities of the vibrational modes of a

single molecule. Related anharmonicities could of course depend on the environment like

for example on its linkage to the metallic substrate akin other quantities discussed in this

thesis. These questions should be adressed by follow-up studies where the environment can be

modeled in the calculations. Nevertheless,even considering only these modes, the harmonic

approximation is not a priori valid for all the modes and the validity of this approximation

could be tested numerically.

Some experimentally observable effects would indeed not be describable with a simple har-

monic potential. For example, the finite energy needed to break a bond cannot be explained

by a harmonic description. The importance of the anharmonicity can already be appreciated

with a simple and naive case of study : breaking of an OH bond of a water molecule. The

well depth (De ) can be computed from the difference between the dissociation energy (D0)

and the zero point energy of the molecule (E0) (experimental values : D0 ∼ 5 eV and E0 ∼ 0.2

eV). The vibrational energy level associated within the harmonic approximation to the ∼ 3500

cm−1vibrational mode of water is around 0.4 eV. So, the occupation of this mode would be

limited to ∼ 12 phonons. This first intuitive limit on the number of phonons that can be

introduced in the molecule without breaking it is usually modified by introducing anharmonic

terms in the molecular potential and would benefit from a numerical estimate for the case

where experimental data cannot easily be obtained.

In fact, the vibrational potential can in a better approximation be described by a Morse poten-

tial and will have non null contributions from anharmonic terms. The shape of this potential

is skectched in Fig. B.4 (a). The potential is thus well approximated by a harmonic potential

for small displacements or for small occupation numbers but, as the amplitude increases,

anharmonicities will become predominant. For example, the term related to the Coulomb

interaction between atoms can no more will no more be negligible. DFT calculations could

thus be instrumental to evaluate the factor describing this anharmonicity and to estimate the

range over which the harmonic assumption is acceptable.

Solving the Schrödinger equation for the Morse potential, we are able to write the vibrational

energy levels as [181]:

E(n) = ~
[
ων

(
n + 1

2

)
− ~ων

4De
ων

(
n + 1

2

)2]
(B.5)

We thus introduce the quantity χν ≡ ~ων
4De

, a dimensionless factor describing the anharmonicity
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Figure B.4 – (a) Morse potential illustration (b) DFT calculation of the molecular potential of
a thiophenol vibrational mode in the harmonic approximation (red) and with an additional
anharmonic contribution (blue) depending on the population of the mode. The dots indicate
the energy levels of the vibration for the different approximations of its potential.

included in the Drude model. The description induced by the Morse potential can be seen to

be valid up to an occupation number nm where the difference in energy between two adjacent

vibration levels become negative:

Eν(n +1)−Eν(n) = ~[ων− (n +1)
χνων

2
≤ 0] ⇒ nm = 2−χν

χν

The DFT simulation software GAUSSIAN is able to go beyond the harmonic calculations and

estimate this anharmonicity factor. In order to compute the correction terms, the software

derives numerically the Hessian matrix of the molecular potential by computing its value for

small displacements around its minimum. This method called second-order perturbative

approach is able to get third order and some fourth order derivatives of the potential with

respect to the normal modes [182]. The Morse potential can be well approximated taking into

account some of these additional terms (B.4) (b) and the relative weight of the anharmonic

contributions to the molecular potential can be evaluated more precisely.

In this model the modes are considered as independant si that the anharmonicities appear

in a single mode fashion. It should however not be forgotten that the different modes are in

fact slightly coupled to the others through these anharmonic terms; a phenomenon known

as intramolecular vibrational relaxation (IVR). Follow-up studies may consider adding these

anharmonic terms in an extended description of the vibration-plasmon interaction.
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C Focal fields of patterned beams

In this appendix we propose to summarize the calculations needed to represent the focal fields

of various patterned beams. A detailed treatment of the question can be found in textbooks

[183]. Here we simply introduce the framework necessary to handle these patterned beams

and highlight two experimentally interesting cases.

C.1 Angular spectrum representation of the focal field

The angular spectrum representation enables to derive how a field propagate knowing its

distribution on a specific plane. Starting from the Fourier transform of the optical field on a

specific plane it is possible to demonstrate that the field near the focus of an ideal spherical

lens can be calculated from the field distribution after the lens (far-field) :

~E(ρ,ϕ, z) = i k f e−i k f

2π

∫ θmax

0

∫ 2π

0

~Ef−f(θ,φ)ei kz cosθei kρ sinθcos(φ−ϕ) sinθdφdθ (C.1)

where f is the focal length and where the integration over θ is limited by the numerical

aperture of the lens θmax = NAsinθmax. The field in the focus can thus be calculated from a

double integral of different rays each represented by a specific plane wave. In place of the

more familiar Cartesian coordinates where the role of the spatial frequencies (kx , ky , kz )

clearly appear, the spectrum representation is here given in spherical coordinates due to the

symmetry of the imaging system. Mapping the two coordinate frames immediatly after the

lens enables to express the far-field in terms of the incoming field distribution :

~Ef−f(θ,φ) = 1

2
Einc(θ,φ)

(1+cosθ)− (1−cosθ)cos
(
2φ

)
− (1−cosθ)sin

(
2φ

)
−2cosφsinθ

√
n1

n2
cosθ (C.2)

with n1, n2 the indices of refraction of the medium before and after the lens. The expression

after the bracket insures that the energy flux carried by each plane wave is conserved. The
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Appendix C. Focal fields of patterned beams

(a) (b)

(c) (d)

Figure C.1 – Electric field intensity distribution in the focal plane of an incoming x-polarized
Gaussian beam (air-immersed objective, NA=0.95, 50x). Total electric field intensity |~E |2 in (a),
and its individual components: |Ez |2 in (b), |Ex |2 in (c) and |Ey |2 in (d). We assumed a unity
filling factor and a beam wavelength of 750 nm. The intensity is normalized by the intensity of
the incident beam.

incoming field distribution of the familiar Gaussian field is given by :

Einc,(0,0)(θ,φ) = E0e
− f 2 sin2 θ

w2
0 = E0 fw (C.3)

with w0 the beam waist of the Gaussian beam. The factor fw can be rexpressed in terms of

the relevant parameter known as filling factor that describes how the incoming beam fills the

back-aperture of the lens f0 = w0/
(

f sinθmax
)

:

fw = e
− sin2 θ

f 2
0 sin2 θmax (C.4)

Interestingly this mode constitutes only the fundamental (zeroth order) solution of several

families of modes that are solutions of the Helmoltz equation. The two additional modes we

are interested in (radially polarized (RP) and azimuthally polarized (AP) modes) are simple
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C.1. Angular spectrum representation of the focal field

(a) (b)

(c) (d)

Figure C.2 – Electric field intensity distribution in the focal plane of an incoming radially
polarized beam (air-immersed objective, NA=0.95, 50x). Total electric field intensity |~E |2 in (a),
and its individual components: |Ez |2 in (b), |Ex |2 in (c) and |Ey |2 in (d). We assumed a unity
filling factor, a beam wavelength of 750 nm and an imbalance ratio of 1.5. The intensity is
normalized by the intensity of the incident beam.

superpositions of first order modes of the Hermite-Gaussian set of solutions. For example the

incoming field distribution of one of the mode HG10 is given by :

Einc,(1,0)(θ,φ) = 2E0 f

w0
sinθcosφ fw (C.5)

One of the integration can be calculated analytically with the help of the Bessel functions

Jn . So the evaluation of each field point necessitates the calculation of some of the following
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integrals :

I00 =
∫ θmax

0
fw (cosθ)1/2 sinθ (1+cosθ) J0

(
kρ sinθ

)
ei kz cosθdθ (C.6)

I10 =
∫ θmax

0
fw (cosθ)1/2 sin3θJ0

(
kρ sinθ

)
ei kz cosθdθ (C.7)

I01 =
∫ θmax

0
fw (cosθ)1/2 sin2θJ1

(
kρ sinθ

)
ei kz cosθdθ (C.8)

I11 =
∫ θmax

0
fw (cosθ)1/2 sinθ (1+3cosθ) J1

(
kρ sinθ

)
ei kz cosθdθ (C.9)

I02 =
∫ θmax

0
fw (cosθ)1/2 sinθ (1−cosθ) J2

(
kρ sinθ

)
ei kz cosθdθ (C.10)

I12 =
∫ θmax

0
fw (cosθ)1/2 sin2θ (1−cosθ) J1

(
kρ sinθ

)
ei kz cosθdθ (C.11)

I13 =
∫ θmax

0
fw (cosθ)1/2 sin3θJ2

(
kρ sinθ

)
ei kz cosθdθ (C.12)

I14 =
∫ θmax

0
fw (cosθ)1/2 sin2θ (1−cosθ) J3

(
kρ sinθ

)
ei kz cosθdθ (C.13)

With the help of these abbreviations the focal field of an incoming fundamental Gaussian

beam linearly polarized along x can finally be expressed as

~E(0,0,x) =
i k f

2

√
n1

n2
E0e−i k f

I00 + I02 cos
(
2φ

)
I02 sin

(
2φ

)
−2i I01 cosφ

 (C.14)

The intensity distributions of the different field components in the focal plane are shown

in Fig. C.1. The total field intensity is dominated by its in-plane component parallel to the

incoming polarization while its out-of-plane component is zero along the whole optical axis

and shows two side lobes with opposite phases.

C.2 Unbalanced contributions of higher order modes

Experimentally several optical elements will transmit differently two fields with different

polarizations. Additionally the higher order mode might be difficut to identify and could

benefit from an extra polarizer in order to remove lower order contributions. It is thus desirable

to take into acount the resulting polarization imbalance in the modellisation of the focal fields.
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C.2. Unbalanced contributions of higher order modes

(a) (b)

(c) (d)

Figure C.3 – Electric field intensity distribution in the focal plane of an incoming radially
polarized beam (air-immersed objective, NA=0.95, 50x). Total electric field intensity |~E |2 in
(a), and its individual components: |Ez |2 in (b), |Ex |2 in (c) and |Ey |2 in (d). We assumed a
unity filling factor, a beam wavelength of 532 nm and a imbalance ratio of 100. The intensity is
normalized by the intensity of the incident beam.

This imbalance can be introduced in a simple modification of the higher order mode. For

example, in the case of a radially polarized beam, we could write :

RP(η) = HG10~nx + 1

η
HG10~ny , (C.15)

with η the imbalance ratio between two orthogonal polarization components and the Hermite-

Gaussian first-order beams HG10 polarized along two different axes.

The electric focal field of HG10~nx is given by :

~E(1,0,x) =
i k f 2

2w0

√
n1

n2
E0e−i k f

 i I11 cos
(
φ

)+ i I14 cos
(
3φ

)
−i I12 sin

(
φ

)+ i I14 sin
(
3φ

)
2
(−I10 + I13 cos

(
2φ

))
 (C.16)
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The electric focal field of HG10~ny is given by :

~E(1,0,y) =
i k f 2

2w0

√
n1

n2
E0e−i k f

−i I12 cos
(
φ

)− i I14 cos
(
3φ

)
i I11 sin

(
φ

)− i I14 sin
(
3φ

)
2
(−I10 − I13 cos

(
2φ

))
 (C.17)

The intensity distributions of the different field components in the focal plane and for different

imbalance ratios are shown in Fig. C.2 (η = 1.5) and Fig. C.3 (η = 100). The longitudinal

component in focus is significantly stronger than the one obtained with an incoming Gaussian

beam. The transverse component on its side shows the characrteristic zero value along the

optical axis and 180° out of phase lobes of a doughnut mode.

An increase of the imbalance ratio reduces the strength of the longitudinal and the in-plane

perpendicular to the incoming polarization components so that the contribution to the

total intensity of the electric field of the component parallel to the incoming polarization is

increased.

C.3 Additional tailoring of the out-of-plane component

One interesting option to modify further the out-of-plane to in-plane ratio of the electric

field in the focal plane can be reached by adding a beam stop in the optical path [106]. When

centered on the optical path and located in the Fourier plane the obscuring element is well

described by a slightly modified angular representation :

~E(ρ,ϕ, z) = i k f e−i k f

2π

∫ θmax

θmin

∫ 2π

0

~Ef−f(θ,φ)ei kz cosθei kρ sinθcos(φ−ϕ) sinθdφdθ (C.18)

with θmin = arcsin
(
Dbs/DobjNA

)
where Dbs and Dobj are the diameters of the beam stop and

objective respectively.

Fig. C.4 shows that in situations where a larger longitudinal contribution is needed (coupling

of other components to the structure parasiting the signal, heating) the simple addition of

a beam stop can be beneficial. At the price of reducing the amount of power reaching the

nanostructure, the contribution of the longitudinal component to the field intensity in the

focal plane can be enhanced by one order of magnitude.
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C.3. Additional tailoring of the out-of-plane component

Figure C.4 – Maximum of |Ez |4 /
∣∣Eρ∣∣4 in the focal plane for a gaussian and a radial laser

beams in logarithmic scale as a function of the fraction of the back-aperture of the objective
obscurated by the beam stop.
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D Experimental setup

Ti:sapphire laser

Fiber
NDC532

LP N532

SP

BP

ND Noise
eater

750 nm

BS1 BS2

FM

BS3

Camera

Lock-box

Shutter
Piezo
stage

RPC

RPC

WL

Spectrometer

532 nm laser

PD

OBJ

Figure D.1 – Schematic of experimental setup. ND: neutral density filter, FM: flip mirror,
BP: tunable band pass filter, RPC: radial polarization converters, PD: photodetector, WL:
white light source, BS1: beamsplitter with reflection:transmission in % (R:T) = 10:90, BS2:
beamsplitter with R:T = 20:80, BS3: flip pellicle beamsplitter with R:T = 8:92, LP: AHF tunable
longpass filter module, SP: AHF tunable shortpass filter module, N532: notch filter centered
at 532 nm, C532: clean up filter centered at 532 nm, OBJ: Nikon objective, numerical aperture
= 0.95, working distance = 0.21 mm, Spectrometer: Andor Shamrock, grating: 300 l/mm, ccd:
Andor iDus 416, Tunable Ti:Sa laser: Coherent MBR.

Stabilization of laser power :We use different tools in order to stabilize, adjust and keep

track of the Ti:sa laser power during acquisition times and over the full spectral range of the
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Appendix D. Experimental setup

device (700-800 nm without optical changes of the laser cavity). The power entering the

confocal inverted microscope is stabilized through a feedback loop based on a commercial

variable attenuator (Noise eater, Thorlabs) constituted of a liquid crystal wave plate and

a polarizer. For improved performance we control the feedback loop externally with an

amplified photodetector and a servo-controller (Newport). The power is then adjusted over

a dynamic range of 40 dB with the help of a motorized neutral density wheel and recorded

continuously during the measurements for minor post-measurements adjustments.

Polarization control :We use one liquid crystal device (ARCoptix) to control the polarization

of each of our laser tones. The higher order mode is obtained after careful suppression of

lower order contributions through a spatial filter. A beam profiler (Thorlabs) is then used to

analyze the profile of the mode. The green laser path is duplicated in order to switch easily

between linearly, radially and azimuthally polarized beams.

Sample scanning and auto-focusing :We use a combination of a motorized micro- and nanos-

tage (Mad City Labs) to identify a region of interest on the sample and automatically scan

50x50 µm area to identify and store the hot-spots locations. A script also enables the automa-

tized readjustment of the sample position to optimize the level of signal and compensate for

possible temporal drifts of the sample.

Dual sideband measurements :In order to extract the effective temperatures of the nanojunc-

tion our setup is able to read both sidebands simultaneously. The sidebands are separated by

successive tunable edge filters (Semrock). The wavelength tuning is motorized (Tunecube,

AHF) and enables the control of both reflected and transmitted paths with a certain flexibilty

on the spectral range : This range is mostly limited by the mechanical displacements restric-

tions of the cube and by the angle-dependent quality of the reflected component of the beam

on the edge filter. The two resulting optical paths are finally vertically superimposed before

the spectrometer slit before being focused on different lines of the CCD.

D.1 Characterization of setup noise

In order to characterize the photoluminescence fluctuations, a comparison with the intrinsic

noise fluctuations of our setup is required. These noise fluctuations were acquired with

measurements of the attenuated laser beam on the setup CCD camera. We adapted the

incoming laser power in order to obtain count rates matching the range of PL and/or Raman

count rates typically observed in our experiments. For a given mean signal intensity I the

standard deviation of the intrinsic measurement noise σ(I ) has contributions from classical

laser intensity fluctuations σL = σr
LI , scaling linearly with I , from photon shot noise σS =

σr
sn

p
I , and from detector noiseσD (mainly readout noise of the CCD; for the short acquisition

times used here dark current is negligible), according to σ(I ) =
√

(σr
LI )2 + (σr

sn

p
I )

2 +σD
2

106



D.1. Characterization of setup noise

(a) (b)

Figure D.2 – Measurement noise of the setup under 750 nm (a) and 532 nm (b) illumination.
The fit parameters are defined in the section and used to evaluate the blinking traces reported
in the text. Each point corresponds to the average of 100 acquisitions on a single pixel.

[184]. This formula is used to fit the noise characterization data, with the parameters shown

in Fig. D.2. The shaded blue areas in the probability density function (PDF) in the text and

follow a Gaussian distribution given by fPDF(I ) = exp[−(I − IPDF)2/2[σ(IPDF)]2], where IPDF is

the maximum of the PDF of the intensity trace to be calculated. In the time traces the blue

areas are defined as IPDF −3σ(IPDF) ≤ I ≤ IPDF +3σ(IPDF), where IPDF is used to present the

average value of the baseline PL.

(a) (b)

Figure D.3 – (a) Measurement noise of the 750 nm source before the microscope and as
characterized by a powermeter. The fit parameters are modeled by the expression : σ2

PM '(
σr

L

)2 IαL . (b) Measurement noise at the ccd camera of the setup. Each point corresponds to a
single acquisition on a single pixel. The 3σm dashed line represents the simple threshold used
in the text to evaluate our blinking observations.
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Appendix D. Experimental setup

Fig. D.3(a) shows the complementary characterization of the laser intensity fluctuations, also

called relative intensity noise (RIN), recorded simultaneously on a powermeter. Fig. D.3(b)

evidences for single acquisitions the fluctuations of noise and the level of fluctuations used as

an indicator in our blinking experiments.
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E Anomalous Raman scattering events

(a) (b)

(c) (d)

Figure E.1 – Time series of the laboratory noise substracted level of counts per second gener-
ated on the Stokes sideband by a single (BPT-TS) nanojunction excited with a radially polarized
beam at 750 nm for successive incoming powers of 40 µW (a), 160 µW (b) 160 µW (c) and
200 µW (d) at the sample.
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Appendix E. Anomalous Raman scattering events

Many of the investigated structures evidenced anomalous Raman scattering events at room

temperature alike events previously observed in the literature [20, 64, 113]. These events,

described as ’picocavity events’ in part of this literature, are characterized by the emergence

of other Raman lines and possible modifications of preexisting lines in the spectra without

important modifications of the background. As evidenced in Fig. E.1 such events start to

appear for a certain threshold power (sensitive to the specific nanojunction fabricated) and

last for period as long as tens of seconds.

(a) (b)

Figure E.2 – Laboratory noise substracted level of counts per second generated on the anti-
Stokes (a) and Stokes (b) sidebands by a single (BPT-TS) nanojunction excited with a radially
polarized beam at 750 nm and 200 µW at the sample. The different colors represent single 1 s
acquisition spectra simultaneously recorded on both sidebands. The successive spectra are
separated by a vertical offset to improve readability.

The nature of such events is debated but the appearence in this regime of largely non thermal

ratio between the two vibrational sidebands (cf. yellow spectra in Fig.E.2) seems to indicate an

additional exchange mechanism between an out-of-equilibrium plasmonic population and

some vibrational modes [185–187].
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