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Abstract
The research contained within this thesis focuses on understanding
and interrogating nanometrically confined ultrafast plasmon-phonon
interactions. Nanometric plasmonic confinement is achieved by
coupling the charge oscillations of a single gold nanoparticle to
a gold substrate. This confines the plasmonic field to the single
nanometre gap separating the two and is known as the NanoPar-
ticle on Mirror (NPoM) structure.

The first half of this thesis demonstrates the viability of using the
coupling between confined plasmonic and acoustic modes as a
sensitive nanomechanical probe. Initially this coupling allows us to
discover the NPoM “bouncing mode” by performing ultrafast pump-
probe spectroscopy on single constructs. Thorough finite element
method simulations allow us to create a simple analytical model relat-
ing the nanoparticle-substrate contact area to the bouncing mode
period. This means that by measuring the bouncing mode period of
a single NPoM structure we can calculate the size of the contact; a
task impossible by any other means.

The second half of this thesis is dedicated to furthering our under-
standing of ultrafast molecular-phonon plasmon interactions. To fa-
cilitate this we develop and utilise a fully automated time-resolved
Coherent Anti-Stokes Raman Spectroscopy (tr-CARS) setup to mea-
sure an acceleration of the vibrational decay of 2-mercaptopyridine
within NPoM from 0.96 ps (determined from bulk Raman linewidth
measurements) to far below 0.5 ps. To understand the origin of this
acceleration we perform a series of power dependent Surface En-
hanced Raman Spectroscopy (SERS) measurements on over 1000
NPoM constructs. We determine the acceleration to be most likely
due to anharmonic phonon coupling driven by the high phonon pop-
ulations induced by ultrafast pulses in plasmonic cavities. The power-
series also reveals the presence of a previously unknown saturation
effect due to intermolecular anharmonicity.
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Foreword
Over the last century there has been an electronic revolution that has
changed how we perceive and interact with the world around us,
from cathode ray tube displays to having the world at your fingertips
in your smartphone.

The invention that truly accelerated the revolution was the transis-
tor. The transistor overcame many of the problems of previous elec-
tronic switches, such as reliability and efficiency, but it soon became
apparent that its main advantage was the possibility of miniaturisa-
tion. In the 20 years following its invention in 1947 [1] it became possi-
ble to cram thousands of transistors on a single microchip and hence
the race of miniaturisation began. This exponential trend, known as
Moore’s Law, carried on for the next 40 years and modern day pro-
cessors now contain over 10 billion transistors [2].

However, at some point it will be physically impossible to make
transistors any smaller, therefore, Moore’s law, inherently, must come
to an end.The physical limit has two potential origins; firstly the fabri-
cation limit. This is the fundamental limit of the fabrication technique;
for optical lithography this refers to the diffraction limit which prevents
features being created smaller than half the incident wavelength.
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The secondary, potentially more interesting, limit is the quantum limit.
This is where the application of classical mechanics breaks down and
the physics that dictates how the system behaves begins to change
due to the innate quantised nature of matter. It is therefore clear we
must find a new way to increase processing power in line with de-
mand.

The elementary approach to fixing this problem would be to drive
each transistor at a higher frequency, thus increasing the switching
speed. However, both transistor and electronic sensing technologies
have a common enemy slowing them down: capacitance. Ca-
pacitance causes every electronic component to have an inherent
charging time, τ = RC.

The speed of light is well known to be the unsurpassable speed limit
of the universe, so if we are looking to measure the quickest processes
or to create the fastest processor, optics seems an obvious solution [3].
The fundamental flaw to this is the diffraction limit. Discovered in 1873
by Ernst Abbe, this states that light cannot be focused tighter than
half its wavelength, no matter the quality of the optics used [4]. For
sensing applications this has a direct effect upon the smallest observ-
able object, and for optical processors it limits the size of the smallest
possible component.

The diffraction limit can however be beaten! When light illumi-
nates low dimensional noble metal nanostructures it can couple to
free electrons, causing a collective oscillation that leads to field con-
finement at the surface of the nanostructure. The study of this cou-
pling of light and matter is termed plasmonics. For the last 30 years
a wealth of research has been conducted within the field and now,
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through the use of plasmonic nanocavity systems such as NanoPar-
ticle on Mirror (NPoM), light can be focused down to tens of cubic
nanometres [5].

Because of this, we can use plasmonics as our window to the
nanoscale. It opens up opportunities to interrogate and interact opti-
cally with single nanostructures and even single molecules over time
intervals completely out of reach of traditional electronics. This opens
the door to a world of interesting sensors, devices and logic com-
ponents that could act as the next stepping stone of technological
advancement and the beginning of a new technological revolution.

This thesis attempts to contribute to this technological revolution by
furthering our understanding of ultrafast phonon-plasmon coupling in
plasmonic nanocavities and the experimental tools we have to inves-
tigate them through the chapters outlined below:

In Chapter 1 this thesis begins by introducing the foundations of
plasmonics through an exploration of plasmonic’s journey towards
nanometric confinement. This starts from an intrinsic model of the di-
electric function of noble metals and concludes with the nanometre
confinement of NanoParticle on Mirror.

In Chapter 2 we discuss one of the most important accomplish-
ments of this thesis, the development of an experimental setup that
can perform a range of single nanostructure ultrafast measurements
automatically.

In Chapter 3 we show that single nanostructure pump-probe spec-
troscopy combined with analytical and numerical modeling can re-
veal structural mechanical details beyond the reach of traditional
imaging techniques via ultra-confined acousto-plasmonic coupling.
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Chapter 4 explains the fundamental theories and driving forces
behind performing ultrafast studies using Surface Enhanced Co-
herent Anti-Stokes Raman Spectroscopy (SE-CARS) and Surface En-
hanced Raman Spectroscopy (SERS), giving basis to the experiments
discussed in Chapters 5 and 6

In Chapter 5 we first outline our experimental approach for per-
forming time-resolved SE-CARS experiments (tr-SE-CARS), where an
intricate filtering arrangement allows us to maintain spectral and tem-
poral resolution. The second half of the chapter explains the ob-
served acceleration of the vibrational decay of 2-mercaptopyridine
from ≥0.96 ps to below 0.5 ps when tr-SE-CARS is performed in com-
parison to bulk linewidth measurements.

Chapter 6 investigates the effects of the high plasmon and
phonon occupations created by surface enhanced picosecond ex-
citation by performing power-dependent ps-SERS on over 1000 NPoM
constructs. A distinct saturation effect is observed for high powers
which is experimentally guaranteed not to be a consequence of
damage. A secondary effect is observed due to temperature de-
pendent intramolecular anharmonic phonon interactions that could
explain the accelerated decay shown in Chapter 5. The chapter then
concludes by discussing possible causes of the saturation effect.

In Chapter 7 we summarise the experiments, results and conclu-
sions contained within this thesis and suggest what work should be
performed to build upon this thesis with the highest impact on the
field.
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1. The Fundamentals

of Plasmonics

This chapter explains the fundamentals of plasmonics, laying the con-
ceptual foundations of this thesis. We start by studying the bulk opti-
cal properties of plasmonic metals through calculating their dielec-
tric function. Once the dielectric function has been determined, we
utilise Maxwell’s equations to show that surface plasmons are a direct
consequence of boundary conditions, thus demonstrating that the
excitation of surface plasmons leads to optical confinement much
below the diffraction limit. In order to maximise field confinement the
effect of coupled plasmonic structures is explored and the NanoPar-
ticle on Mirror (NPoM) construct is shown to be an excellent option for
exploring the behaviour of high field confinement plasmonic nanos-
tructures.
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1.2 The Dielectric Function of Noble Metals

1.1 Outline

Throughout this section we will trace out the journey of plasmonics
towards nanometre confinement, with a secondary focus upon high-
lighting key applications discovered along the way. Starting from
the Drude model and Maxwell’s equations we will push towards un-
derstanding the 1-dimensional confinement of surface plasmon po-
laritons at planar metal-dielectric interfaces. The understanding of
this confinement enabled the development of surface plasmon res-
onance spectroscopy, used to characterise the absorption of soft-
matter nanometre thin films [6].

From here we will progress to localised surface plasmons, firstly
considering the simplest case of 3-dimensional plasmonic confine-
ment that occurs at the surface of noble metal nanoparticles. We will
then show how this can be utilised to detect local changes in refrac-
tive index, through linear scattering experiments; and chemical com-
position, using surface enhanced Raman spectroscopy [7]. The last
step on our journey will be understanding how coupling plasmonic
structures together can confine optical fields to the smallest possi-
ble volumes, and how we can circumnavigate complicated fabrica-
tion techniques by focusing our efforts on the NanoParticle on Mirror
(NPoM) construct.

1.2 The Dielectric Function of Noble Metals

When it comes to the interaction of noble metals with visible light
there are two key physical phenomena that need to be taken into
account; the collective coupling of the free electron gas to an opti-
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1.2 The Dielectric Function of Noble Metals

cal field and the direct excitation of electrons between bands.
Firstly we will utilise the Drude-Sommerfeld model to consider the

effect of the free electron gas. The Drude-Sommerfeld model treats
the free electrons as particles driven by an external field in the pres-
ence of damping. This is achieved by relating the differentials of the
electron displacement, ∂r

∂t and ∂2r
∂t2 , to the amplitude and direction of

the externally applied field, E0, via:

me, f
∂2r
∂t2 + me, f Γ

∂r
∂t

= eE0e−iωt, (1.1)

where me, f is the free electron effective mass and Γ is the collision
frequency of electron scattering events within the metal, calculated
from the Fermi velocity, v f , and the electron mean free path, l, via
Γ = v f /l. This essentially connects the mobility to the polarisability of
an individual electron. By solving for r we can calculate the macro-
scopic polarisation per unit volume, P = ner, and therefore the bulk
polarisability, χe(ω), as P(ω) = εχe(ω)E(ω), where n is the electron den-
sity and e is the charge of an electron.

This allows us to relate an electric displacement field, D(ω), to the
applied electric field via D(ω) = ε0ε(ω)E(ω), where ε(ω) is the dielectric
function. The electric displacement field can also be expressed as
the sum of the applied electric field and the induced polarisation,
D(ω) = εE(ω) + P(ω), and therefore [8]:

ε(ω) = 1 + χe(ω) (1.2)

= 1 −
ω2

p

ω2 + iΓω
(1.3)
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1.2 The Dielectric Function of Noble Metals

where ωp =
√

ne2/(me, fε0) is the volume plasmon frequency. The
Drude dielectric function, shown in equation 1.3, can then be split
into the real and imaginary parts for easier interpretation:

εDrude(ω) = 1 −
ω2

p

ω2 + Γ2 + i
Γω2

p

ω(ω2 + Γ2)
(1.4)

The dielectric function corresponds to the propagation speed and
absorption within a medium via the refractive index, n =

√
ε, where

the real part of the refractive index indicates the phase velocity and
the imaginary component corresponds to the absorption. The real
and imaginary parts of the Drude dielectric function for gold have
been plotted in Figure 1.1 (a). It can clearly be seen that the real
component of the predicted dielectric function is negative and the
imaginary component is positive. This leads to an imaginary compo-
nent of the refractive index, as shown in 1.1 (c), and therefore, ab-
sorption that grows with increasing wavelength. This however is not
the case; the electrons absorb photons of higher energy (UV) much
more efficiently than those of lower energy (IR). This is because we
are yet to take into account the effect of interband transitions. There-
fore, in order to correct our dielectric function we need to explore the
effect of bound electrons.

To explore interband transitions within a classic approach we con-
sider the electronic state as a harmonic oscillation described by the
bound electron’s equation of motion:

me,b
∂2r
∂t2 + me,bγ

∂r
∂t

+ αr = eE0e−iωt (1.5)

Here me,b is the effective mass of the bound electrons, γ is the damp-
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1.2 The Dielectric Function of Noble Metals

Figure 1.1: (a,b) show a comparison of the free electron (Drude) and
interband contributions to the real and imaginary parts of the dielec-
tric function and (c,d) show their contributions to the refractive index
of gold. Calculated using the Drude parameters ωp = 1.38 × 1015s−1

, Γ = 1.08 × 1014s−1 and the interband parameters ω̃p = 4.5 × 1015,γ =
9 × 1014s−1 and ω0 = 2πc/λ =450 nm [9].
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1.2 The Dielectric Function of Noble Metals

ing constant, and α is the spring constant for the binding potential.
The binding potential describes the energy minimum that balances
the strength of the electrostatic and centripetal forces holding the
electron in its orbital around the atom. We can once again solve for
r and calculate the dielectric function:

εinterband(ω) = 1 +
ω̃2

p

(ω2
0 − ω

2) − iγω
(1.6)

where ω̃p =
√

ñe2/me,bε0 with ñ as the density of bound electrons and
ω0 =

√
α/m. Equation 1.6 can then be separated into the real and

imaginary components:

εinterband(ω) = 1 +
ω̃2

p(ω2
0 − ω

2)

(ω2
0 − ω

2)2 + γ2ω2
+ i

γω̃2
pω

(ω2
0 − ω

2)2 + γ2ω2
(1.7)

By summing εDrude and εinterband we have an intrinsically understand-
able model for the dielectric function. The only correction that needs
to be made is the addition of a constant offset, ε∞ = 6, to account for
the effect of higher energy transtions [9]. The shortfall of this model
is that it is incorrect for photons of energy higher than that of the first
interband transition as can be seen in comparison with Johnson and
Christy’s ubiquitously highly regarded results in Figure 1.2 [10]. The rea-
son for this is that the model only considers the first interband transi-
tion. For plasmonic applications we are usually within the spectral
range 500 nm to 1000 nm where good agreement occurs between
theory and experiment, therefore, this model for the dielectric func-
tion is acceptable. Now that we have gained a reasonable under-
standing of how metals interact with light in bulk we can move for-
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1.3 The Wave Equation

ward to using Maxwell’s equations to impose boundary conditions
and therefore discover the origin of surface plasmons.

1.3 The Wave Equation

In 1861 James Maxwell unified and built upon the work of Gauss,
Faraday, and Ampère to create the system of equations, known as
Maxwell’s equations, that are the basis of classical electromagnetism
[11]:

∇ ·D = ρext (1.8)

∇ · B = 0 (1.9)

∇ × E = −
∂B
∂t

(1.10)

∇ × H = Jext +
∂D
∂t

(1.11)

In order to consider propagating waves in free space we com-
bine the curl equations and remove the effects of external charge
and current (Jext = 0 and B = µ0H). Then we assume that the dielec-
tric function does not vary over length scales similar to the optical
wavelength, therefore ∇ε = 0, and that the field has a harmonic time
dependence E(r, t) = E(r)e−iωt hence ∂2E(r,t)

∂t2 = −ω2E(r, t), allowing us to
arrive upon a simplified version of the wave equation:

∇
2E +

(
ω
c

)2
εE = 0 (1.12)
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1.3 The Wave Equation

Figure 1.2: (a,b) show a comparison of the theoretical and experi-
mental values of the real and imaginary components of the dielec-
tric function of gold. (c,d) show the real and imaginary refractive
indices calculated from (a,b). Orange shows the experimental val-
ues measured by Johnson and Christy. Blue shows the summation of
the free electron (Drude) and the interband components discussed in
the text. The free electron contribution is calculated using the Drude
parameters ωp = 1.38 × 1015s−1 , Γ = 1.08 × 1014s−1 and the interband
parameters ω̃p = 4.5 × 1015,γ = 9 × 1014s−1 and ω0 = 2πc/λ =450 nm [9].
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1.4 Surface Plasmon Polaritons

1.4 Surface Plasmon Polaritons

Now that we have arrived at a usable version of the wave equation
we can define and consider a metal-dielectric interface for the prop-
agation of surface plasmon polaritons. The interface is defined as a
discrete change in dielectric function as we transition from the metal
into the dielectric i.e. from a medium with a complex frequency-
dependent dielectric constant, εm(ω), into another medium of purely
real frequency-dependent dielectric constant, εd(ω). In order to sim-
plify our coordinate system we centre the interface at z = 0 and al-
low it to expand infinitely in x and y so that ε(r, ω) = εm for z < 0 and
ε(r, ω) = εd for z > 0, as shown in Figure 1.3. We will only consider
transverse magnetic (TM) modes as there is no solution for transverse
electronic (TE) modes in this case, therefore:

Ei =


Ei,x

0

Ei,z

 eikx−iωteiki,z for i = m, d (1.13)

The wavevector parallel to the surface, kx, must be conserved
therefore the wavevectors are related via:

k2
x + k2

i,z = εik2 for i = m, d (1.14)

where k = 2π/λ is the vacuum wavelength. Once again we as-
sume ∇ ·D = 0 as our space is source free. This allows us to determine
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1.4 Surface Plasmon Polaritons

Figure 1.3: A schematic representation of the metal-dielectric inter-
face, shown to support surface plasmon polaritons throughout this
section. The interface is at z = 0 and expands infinitely into x and y.

the ratio of Ei,z to Ei,x as a ratio of the wavevectors. This can then be
used to simplify equation 1.13 to:

Ei = Ei,x


1

0

−kx/ki,z

 eikx−iωteiki,z for i = m, d (1.15)

Up to this point we have mathematically defined how the fields
act within their respective metal and dielectric half spaces. However,
our interest really focuses upon how they interact at the interface. For
this we must consider the continuity of fields, E and D, parallel and
perpendicular to the surface respectively such that:

Em,x = Ed,x (1.16)

εmEm,z = εdEd,z (1.17)
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1.4 Surface Plasmon Polaritons

We can then combine these equations to give us four equations
for determining the four field components. As we are considering
propagating waves the kx = 0 solution is unhelpful, leaving us with
the εmkd,z = εdkm,z solution. By substituting this into equation 1.14 we
can calculate the wavevectors along and normal to the propagation
direction in terms of the angular frequency via:

k2
x =

εmεd

εm + εd

ω2

c2 (1.18)

k2
i,z =

ε2
i

εm + εd
k2, for i = m, d (1.19)

We can now understand the conditions for the existence of a lo-
calised interfacial propagating mode in terms of the dielectric con-
stants of the metal and the dielectric medium. The first condition is
that for the mode to be confined to the interface the wavevector
normal to the interface must be purely imaginary. For this to be the
case the sum of εm and εd must be real and negative as can be seen
in equation 1.19. We also require the wavevector parallel to the plane
to have a significant real component to allow it to propagate along
the surface. Therefore, the real components must satisfy both of these
conditions:

εm(ω) · εd(ω) < 0 (1.20)

εm(ω) + εd(ω) < 0 (1.21)

This essentially means that for an interface to be able to support
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1.4 Surface Plasmon Polaritons

these oscillations it must be between a metal and a dielectric, con-
firming our previous assumption.

We can now quantify the degree of confinement by calculating
the decay length into the dielectric via [12]:

Lz =
λ

2π

 |Re[εm]| + εd

ε2
d

1/2

(1.22)

as 194 nm for 600 nm excitation at a water: gold interface. Although
this appears to be a relatively large distance, the surface plasmon
resonance is highly sensitive to the refractive index within this volume
making it an excellent probe for changes in the dielectric medium
at the interface. However, as the plasmon is not confined in either
x or y the detection volume is relatively large and can be calcu-
lated as 5.5 × 107 nm3 (π×300 nm × 300 nm × 194 nm) for diffraction lim-
ited 600 nm excitation, half the confocal diffraction limited sample
volume (1.1 × 108 nm3).

We have now proved that surface plasmon polaritons are a di-
rect consequence of Maxwell’s equations at the interface between
metal and dielectric media due to the boundary conditions inflicted
by their dielectric constants. However, we are yet to understand how
we can use this high degree of interfacial confinement for sensing, or
even how it is possible to optically drive these oscillations.

The most common technique for the excitation of surface plas-
mon polaritons for sensing is the Krechtman geometry, shown
schematically in Figure 1.4 as part of a flow cell [13]. This technique
utilises a high refractive index prism to cause total internal reflection
leading to the excitation of an evanescent wave that can couple
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1.4 Surface Plasmon Polaritons

Figure 1.4: A simple schematic of the Krechtman geometry show-
ing the utilisation of a high refractive index prism to couple incoming
light to surface plasmon polaritons via the excitation of evanescent
waves. Extracted from reference [13].

to surface plasmon polaritons along the gold-liquid interface. When
the in-coupling angle causes the respective wavevectors to match,
the evanescent wave couples to the surface plasmon polaritons on
the reverse gold-dielectric interface. This leads to a decrease in the
reflected intensity of the incident beam, therefore, the user can map
out changes in the surface plasmon resonance by scanning the inci-
dent angle and measuring the reflected intensity.1

As previously demonstrated, the resonance position is extremely
sensitive to the dielectric constant on either side of the interface
due to the high degree of confinement. This makes the angular
resonance position an ideal probe for monitoring the binding of
molecules to the surface, without the additional work of fluorescent
labeling, with nanometre thickness resolution.

This technique, termed surface plasmon resonance spectroscopy,
has been used to study binding events such as antibody-antigen,
protein-protein, enzyme-substrate [15, 16], protein-DNA, receptor-

1This can of course be done by monitoring the changes to the reflected intensity
at a constant angle and extrapolating the changes in the resonance. [14]
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1.5 Localised Surface Plasmon Polaritons

drug, protein-virus [16, 17] and living cell-exogenous stimuli [18, 19],
thus demonstrating the nanoscale insights that can be gained
through maximising molecule photon interactions by confining light
on a nanometre scale. However, surface plasmon polaritons at pla-
nar metal-dieletric intrerfaces only offer confinement in one dimen-
sion, therefore limiting field intensities and spatial resolution. From here
the next step in nano-optical sensing is three dimensional confine-
ment, such as that offered by localised surface plasmon polaritons.

1.5 Localised Surface Plasmon Polaritons

Throughout the previous section we have considered how the appli-
cation of interfacial 1-dimensional boundary conditions to Maxwell’s
equations leads to nanometre optical confinement and how this en-
ables the detection of molecular binding dynamics. Within this sec-
tion we will explore the effect of 3-dimensional boundary conditions
arising from the interface between noble metal nanoparticles and
the surrounding medium. From this point it will be clear why localised
surface plasmon modes are sensitive local probes to nanoscale vari-
ations in dielectric constant and how the field enhancement due to
field localisation transforms them into nanoscale magnifying glasses.

We start by assuming that nanoparticles are much smaller than
the wavelength of visible light.2 This allows us to make a quasi-static
approximation i.e. we assume that there is no spatial variation of field
across the particle and therefore the entire volume of the particle re-
sponds simultaneously to changes in field. With this approximation in

2While this is only partially true it is known to be a good enough approximation to
understand the fundamental physics of the system.
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1.5 Localised Surface Plasmon Polaritons

hand we can reduce the wave equation, shown in equation 1.12, to
the Laplace equation, ∇2Φ = 0, where E = −∇Φ. As we are assuming
our nanoparticles are perfectly spherical it becomes advantageous
to work in spherical coordinates. With θ originating parallel to the
static background field E0, we can assume the general azimuthal so-
lution [20]:

Φ(r, θ) =

∞∑
l=0

(Alrl + Blr−(l+1))Pl(cosθ) (1.23)

where Pl(cosθ) are the Legendre Polynomials. To impose our bound-
ary conditions we must split the potential (Φ) into two components:
Φin and Φout, for the potential inside and outside the nanoparticle. In
order to remove the possibility of a singularity at the origin (the centre
of the particle) Φin cannot depend upon r−(l+1), therefore:

Φin(r, θ) =

∞∑
l=0

AlrlPl(cosθ) (1.24)

Φout(r, θ) =

∞∑
l=0

(Blrl + Clr−(l+1))Pl(cosθ) (1.25)

The first boundary condition to be imposed is that as r tends to
∞, the potential outside the nanoparticle must tend to −E0. In this
case the Clr−(l+1) term decreases to 0 as r tends to ∞ and due to our
definition of θ −E0 is equivalent to −E0r cosθ. Therefore, B1 = −E0 and
Bl = 0 for all other values of l.

The second boundary condition is the same condition imposed
on metal-dielectric interfaces in the previous section; at the interface
(in this case at r = a, the radius of the particle) the fields normal and
tangential must be equal within either medium:
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1.5 Localised Surface Plasmon Polaritons

−
1
a
∂Φin

∂θ

∣∣∣∣
r=a

= −
1
a
∂Φout

∂θ

∣∣∣∣
r=a

(1.26)

−ε0εm
∂Φin

∂r

∣∣∣∣
r=a

= −ε0εd
∂Φout

∂r

∣∣∣∣
r=a

(1.27)

This forces A1 and C1 to be the only non-zero coefficients, giving
the solutions [20]:

Φin = −
3εd

εm + 2εd
E0r cosθ (1.28)

Φout = −E0r cosθ +
εm − εd

εm + 2εd
E0a3 cosθ

r2 (1.29)

Now that we have a mathematical representation of the potential
we can attempt to understand it in terms of physical phenomenon.
If we consider that our nanoparticle is essentially an induced dipole
under an applied field, E0, we can re-express the ∝ 1/r2 term in the
potential outside of the nanoparticle, Φout, in terms of its dipole mo-
ment, p, such that the dipole moment satisfies:

Φout = −E0r cosθ +
p · r

4πε0εdR3 , (1.30)

thus forcing the dipole moment to be:

p = 4πε0εma3 εm − εd

εm + 2εd
E0 (1.31)

From this point we can calculate the polarisability, α, of the induced
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1.5 Localised Surface Plasmon Polaritons

Figure 1.5: (a) Magnitude and phase of the polarisability calculated
from the Johnson-Christy dieletric function for 100 nm particles us-
ing equation 1.32. (b) Demonstrates how this polarisability leads to
the wavelength dependence of the scattering and absorption cross-
sections, calculated using equations 1.36

dipole defined by p = ε0εdαE0 as:

α = 4πa3 εm − εd

εm + 2εd
(1.32)

This equation expresses the defining condition for the existence of lo-
calised surface plasmon polaritons, showing that as the real compo-
nent of εm(ω) tends towards −2εd the polarisability tends to infinity3 cre-
ating a resonance. To demonstrate how this affects the polarisability
for a real metal, the polarisability has been plotted for gold in Figure
1.5 (a) using the Johnson and Christy values of the dielectric function.
From the potentials we can now calculate the field inside and outside
the nanoparticle in terms of the dipole moment via E = −∇Φ to:

3In reality the polarisability does not tend to infinity due to the existing, if minimal,
imaginary component of the dieletric function, εm. The imaginary component of the
dielectric function corresponds to the damping of the electrons movement within
the metal, therefore, the higher the mobility of the free electrons, the higher the
polarisability is on resonance.
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1.5 Localised Surface Plasmon Polaritons

Ein =
3εd

εm + 2εd
E0 (1.33)

Eout = E0 +
3n(n · p) − p

4πε0εd

1
r3 (1.34)

This demonstrates that the field inside and outside the nanoparti-
cle also undergoes resonant enhancement due to the excitation of
localised surface plasmon polaritons. This enables the tight confine-
ment of optical fields below the diffraction limit, allowing us to opti-
cally interrogate the surrounding medium through techniques such
as surface enhanced Raman spectroscopy, which we will discuss in
more detail in section 4.1.1.

We can also use shifts in the resonance position of the localised
surface plasmon as a sensitive probe to the local environment via
changes in the local dielectric constant. However, in order to do this
we must first understand how the nanoparticle’s near field couples
to the far field. As the scattering and absorption cross-sections of
the nanoparticle depend directly upon the polarisability, as shown in
equation 1.36, the surface plasmon resonance directly enhances the
scattering and absorption efficiencies via:

Csca =
k4

6π
|α|2 =

8π
3

k4a6
∣∣∣∣∣ εm − εd

εm + 2εd

∣∣∣∣∣2 (1.35)

Cabs = kIm[α] = 4πka3Im
[
εm − εd

εm + 2εd

]
(1.36)

Therefore local changes in the dielectric function of the surround-
ing medium can cause large shifts in the scattering spectrum of single
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1.5 Localised Surface Plasmon Polaritons

nanoparticles, making them ideal local chemical sensors [7, 21].
In equation 1.34 we demonstrated that the field outside the parti-

cle decays with r3. This decay of the plasmon field into the dielectric
determines the degree of confinement and, therefore, the detection
volume for single nanoparticle plasmonic sensing techniques. This
detection volume has been quantified experimentally by perform-
ing single nanoparticle fluorescence correlation spectroscopy in so-
lutions of known concentrations. The detection volume was found to
be 2.7 × 105 nm3 for 80 nm particles, three orders of magnitude smaller
than the diffraction limited volume [22].

Physically the scattering and absorption processes at resonance
correspond to the radiative and non-radiative relaxation pathways
of the localised surface plasmon, thus leading to either re-emission
as scattered light, or absorption via electron-electron and electron-
phonon scattering processes [23]. Therefore, depending on the dif-
ferent applications we rely on either the scattering or the absorption
cross-sections. For example, sensing such as SERS relies upon the ef-
ficient coupling of the near field of the nanoparticle to the far field
via local plasmon excitation leading to re-emission and therefore the
efficiency of SERS depends upon the scattering cross-section. How-
ever, if we wish to use nanoparticles as nanoscale heat generators,
for example to locally destroy cancer cells, then we will clearly be
interested in maximising absorption to maximise heating [24].

From equation 1.36 we can also see that the scattering cross-
section scales with the sixth power of nanoparticle radius, while
the absorption depends upon the cube. Therefore, for larger par-
ticles the scattering cross-section dominates, and for smaller parti-
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1.6 Coupled Localised Surface Plasmons

cles the absorption term dominates. Experimentally this makes large
nanoparticles (>60 nm) ideal for dark-field imaging and spectroscopy,
while scattering from smaller nanoparticles (< 40 nm) can only be de-
tected if an extremely intense light source is used, such as a super
continuum laser [25].

1.6 Coupled Localised Surface Plasmons

In our efforts to reach increasingly high field confinements this sec-
tion utilises the near field coupling between nanostructures. If the dis-
tance between two plasmonic nanostructures is much greater than
the size of the nanostructures it is reasonable to assume that the near
fields do not interact and therefore the plasmonic modes remain
unaltered. This is because the dipole-dipole interaction energy, U,
scales with the cube of the dipole-dipole separation distance, r, as
shown in equation 1.37 [26].

U = −
ξ|µ|2

4πε0r3 (1.37)

where µ is the dipole strength, ξ = 2 if the dipoles are parallel to
one another and ξ = −1 if they are perpendicular. Then, as the two
structures are brought closer together the dipole-dipole interaction
strength increases causing the modes to become hybridised.

If we consider the simple case of coupling two spherical nanopar-
ticles, as demonstrated in Figure 1.6, we can see that the coupling
forces a splitting in the modes of the previously azimuthally symmetric
structures, giving rise to two bright modes: the anti-bonding trans-
verse mode (the single nanoparticle mode), and the bonding longi-
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1.6 Coupled Localised Surface Plasmons

Figure 1.6: (a,c) An ideal representation of the charge distribution of
the transverse (a) and longitudinal (c) modes of nanoparticle dimers,
where blue and red correspond to positive and negative fields re-
spectively. This demonstrates the bonding (longitudinal) and anti-
bonding (transverse) nature of the two modes that leads to their re-
spective red and blue shifts from the single nanoparticle resonance.
(b) shows how the splitting of the transverse and longitudinal modes
manifests in the scattering spectra of DNA origami gold nanoparticle
dimers, extracted from Thacker et al. [28].

tudinal mode (the coupled mode) [27].
The bonding and anti-bonding of modes is a concept that repre-

sents the interaction of the favourable or unfavourable phase of the
unhybridised components. The bonding mode represents a phase
difference between the two unhybridised modes whereby the exci-
tation of one of the modes drives the excitation of the other, there-
fore leading to a decrease in energy of the hybridised mode. The
anti-bonding mode represents a phase difference between the two
modes that upon excitation causes the two modes to oppose each
other and therefore dampen each other, leading to a increase in en-
ergy of the hybridised mode.

The longitudinal modes undergo the strongest interaction as
they effectively feel the shortest interaction distance. This causes
the largest splitting between the bonding and anti-bonding modes
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1.7 The NanoParticle on Mirror

around the single particle resonance, where the splitting depends
upon the separation distance. From the two modes we can only see
the bonding mode in the scattering spectrum. This is because the
anti-bonding mode is impossible to excite from the far field as it re-
quires an inversion of the optical field over length scales far below
the wavelength of light. Therefore this mode does not couple to the
far field and hence belongs to a collection of modes known as dark
modes.

The transverse modes also couple to each other, however as the
effective separation distance is much larger it offers much smaller
changes to the spectrum. Interestingly the observable hybridised
transverse mode is in fact the anti-bonding mode, opposite in char-
acter to that of the longitudinal mode, causing a small but observ-
able blue shift from the single particle resonance.

In terms of field enhancement the coupled mode is the mode of
interest, as it leads to field confinement in the nanogap between the
two particles. Therefore, the coupled mode inherently has a much
smaller mode volume than the transverse mode which has a r3 de-
cay away from the surface of the nanoparticle. Although we wish to
exploit this high degree of confinement and enhancement the fabri-
cation of reproducible nanogap dimers has been found to be a chal-
lenge that can be side stepped by utilising an analogous NanoParti-
cle on Mirror (NPoM) construct.

1.7 The NanoParticle on Mirror

The NanoParticle on Mirror construct is a coupled plasmonic structure
with plasmonic modes similar to a nanoparticle dimer, but with much
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1.7 The NanoParticle on Mirror

Figure 1.7: An ideal representation of the charge distribution of the
transverse (left) and longitudinal (right) modes of nanoparticle on mir-
ror. The centre shows the white light scattering spectrum of a single
NPoM construct, consisting of a 80 nm particle separated from the
gold substrate by a biphenyl-4-thiol (BPT) spacer, demonstrating the
spectral positions and intensities of the two modes. Below the scat-
tering spectra is a finite difference time domain (FDTD) simulation of
the field distribution of the longitudinal mode, showing the ultra high
field confinement of the mode to the gap.

easier fabrication techniques and more reproducible nanogaps [29].
The structure consists of a nanoparticle separated from a noble metal
substrate by an ultra-thin dielectric spacer, as shown in Figure 1.7
(a,c). Coupling between the nanoparticle and the substrate occurs
because as the optically driven electrons begin to collectively oscil-
late within the nanoparticle, they couple to mirror image charges in
the substrate, thus creating a bonding longitudinal mode as shown
in Figure 1.7 (c) giving rise to the scattering spectrum in Figure 1.7 (b).

The fabrication of these structures has three simple steps: firstly, a
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noble metal substrate must be deposited onto a substrate; secondly,
a spacer layer is assembled or deposited upon the noble metal; and
thirdly, nanoparticles are drop cast on top of the spacer, binding to
the surface via either covalent bonds or Van der Waals forces. Intrinsi-
cally this is much simpler than the fabrication of nanoparticle dimers.
This requires careful consideration upon what chemistry can be used
to bind the two particles together prior to considering how the size of
the spacing can be controlled, kept rigid and be as reproducible as
possible.

Decades of research into self-assembled mono-layers has also
simplified the fabrication of NPoMs; the research has led to highly
reproducible, uniform single nanometre layers that can be used as
spacers. [30]. It is these controllable, reproducible, stable single
nanometre gaps that allow us to achieve such low mode volumes,
and therefore incredibly high field confinements.

The NPoM mode volume is calculated from FDTD simulations by
integrating the excited mode’s energy density and dividing it by the
maximum, found at the centre of the gap. The mode volume for
60 nm particle and a 1 nm spacer, excited by 655 nm is 35 nm3 [31].
Thus NPoM confines light 104 times tighter than a single nanoparticle,
106 times better than an interfacial surface plasmon and 107 times be-
low the diffraction limited volume. For this reason the NPoM structure
has been utilised throughout this thesis. More details on the NPoM
fabrication techniques can be found in section 2.5. The rest of this
section will focus on the fundamental physics that underpins the op-
eration and utility of the NPoM structure.

The intense field localisation between the nanoparticle and the
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mirror is due to a large build up of charge on either side of the
nanocavity, similar to the charge build up that occurs in a plate ca-
pacitor. An analytical approach, known as the circuit model, has
been built from this analogy that allows us to quantitatively deter-
mine the effects of changing nanoparticle size, gap distance, and
gap refractive index on the coupled mode position, while providing
an intuitive picture that improves our general understanding of the
system [32].

In this model the nanoparticle and the mirror are treated as iden-
tical LC circuits, consisting of a capacitor and an inductor, coupled
by the gap capacitor. For the case of an insulating spacer this allows
the coupled mode resonance wavelength, λc, to be calculated via:

λc = λp
√

2ε + ε∞ + 4εmη (1.38)

where λp is the plasma wavelength (related to the plasma frequency
ωp), εm is the dielectric constant of the surrounding medium, ε∞ is the
previously discussed offset to the Drude dielectric function and η is the
gap capacitance. The gap capacitance depends on the refractive
index of the gap ng, the nanoparticle radius r, the height of the gap
d via:

η = n1.14
g ln

(
1 +

r
2d
θ2

max

)
(1.39)

where θmax corresponds to the segment of the considered perfectly
spherical particle that contributes to the conductance. From this
model we can intuitively understand that an increase in refractive
index or nanoparticle radius leads to a red shift in the coupled mode
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plasmon while a increase in the gap distance leads to a blue shift.
Now that we have an understanding of the experimental param-

eters that affect the resonance position of NPoM we can attempt
to understand the experimental consequences of the physical be-
haviour of NPoM. The first question we should ask ourselves as experi-
mentalists dealing with any plasmonic structure should be ’What is the
most efficient way to excite the modes?’. If we are considering the
single nanoparticle case, excitation of the plasmon is simple due to
the azimuthal symmetry of the system; resonant light of any polarisa-
tion can excite the plasmon along the polarisation axis. For coupled
plasmonic nanostructures, such as nanoparticle dimers or NPoMs, the
symmetry of the system has been broken. As a consquence, incom-
ing light not only has to match the resonant wavelength of the mode
but also the polarisation axis.

The polarisation conditions for the different modes of single
nanoparticles, dimers and NPoM are shown in Figure 1.8 (b). Con-
ceptually this should make the longitudinal mode of NPoM as easy
to excite as that of a dimer, assuming we have matched the wave-
length and polarisation of the incoming light to the coupled mode.
In reality this is not the case, as for imaging practicality we must illu-
minate our NPoM structures from perpendicular to the substrate.

If incoming light is arriving normal to the substrate, such as that
coming through the centre of a microscope objective or from an un-
focused laser, all possible incoming polarisations result in a polarisa-
tion perpendicular to the orientation of the coupled mode. This can
efficiently excite the transverse mode but is unable to excite the cou-
pled mode.
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Figure 1.8: A table of schematics demonstrating the charge distribu-
tions of single nanoparticle and coupled plasmonic modes (a), their
required excitation polarisations (b) and their NPoM excitation an-
gles (c). The single nanoparticle mode has azimuthal symmetry, and
therefore, can be excited by any linear polarisation. However, when
a single nanoparticle undergoes coupling the azimuthal symmetry is
broken and the newly coupled mode can only be excited by a linear
polarisation aligned along the coupling axis.
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Figure 1.9: A schematic demonstrating the polarisation effects of fo-
cusing light using a high NA objective with linear and radial polarisa-
tion. For linear polarisation, destructive interference occurs causing
a near zero z component. However, if radial polarisation is used con-
structive interference occurs and the z component is maximised.

In order to excite the coupled mode the incoming light needs to
have a polarisation perpendicular to the substrate plane. This is par-
tially possible through the use of high NA objectives that focus from a
very high angle (>60 degrees) thus giving rise to incoming light with a
high z component, allowing us to match the excitation angles of the
coupled mode, as shown in Figure 1.8 (c). Luckily dark-field objec-
tives are commonly high NA to maximise collection efficiency, thus
allowing us to couple our incoherent halogen lamp into our structure
and therefore perform dark-field spectroscopy.4 However, if our ex-
periments require us to couple a laser into the longitudinal mode we
run into a problem: coherence.

The coherence of the incoming laser causes the initial linear polar-
4The exact methods and specifications of the dark-field imaging and spec-

troscopy performed throughout this thesis can be found in section 2.2
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isation of the laser to undergo interference at the focus. The vertical
components destructively interfere leading to a near zero amplitude,
while the horizontal components constructively interfere, as shown
schematically in Figure 1.9. There are two solutions to this problem;
firstly, turn the coherent laser into an incoherent source by continually
randomising the phase front,5 or secondly turn the linear polarised
beam into a radially polarised beam. The radially polarised beam
is generally preferable as it leads to constructive interference, giving
the largest intensity and the smallest possible spot size. The incoherent
approach leads to half the square of the maximum possible intensity
and a large spot size.

For a single colour beam radial polarisation is the correct ap-
proach, however, it is difficult to make a spectrally-broad beam ra-
dially polarised. Therefore, for supercontinuum work it is preferable
to randomise the wavefront instead. In parallel to this the high an-
gle emission from the NPoM vertical dipole also forms a radially po-
larised beam upon recollection. Imaging the radially polarised emis-
sion leads to a characteristic red ring due to the low NA of the imag-
ing lens. Surprisingly it is still possible to excite the plasmonic cavity us-
ing a purely linear beam; this is due to the orthogonal polarisation of
collection of the gap modes [25], such as s11 which is shown schemat-
ically in Figure 1.10.

Up to this point we have discussed the “coupled mode”, however,
NPoM supports a range of coupled modes and the mode we have
discussed up to this point is known as the antenna mode, denoted `1

5This can be done through the use of a spinning diffuser at a focus of the
beam.However, this leads to large losses due to uncollected scattering off the dif-
fuser.
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Figure 1.10: (a) demonstrates how the coupling between the bonding
longitudinal mode, `1 (also referred to as the coupled mode), and
the gap modes, sxy, changes the scattering spectrum as the facet
increases in size. (b) shows the charge distribution of three example
modes; `1, s11 and s02.(a) was extracted from reference [33].
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in Figure 1.10 (b). NPoM also supports gap modes; these are a col-
lection of modes, labeled s modes in Figure 1.10 (b), that exist purely
in the gap between the nanoparticle and the substrate.

Gold nanoparticles have an inherently faceted nature due to their
semi-crystalline structure; for NPoM this leads to much larger con-
tact areas than would be supported by perfectly spherical particles.
This increase in width leads to the gap supporting confined metal-
insulator-metal (MIM) modes, known as gap modes. The charge dis-
tribution of these modes, denoted s modes, is shown graphically in
Figure 1.10 (b). These modes are optically dark due to their confine-
ment to the gap. However, if they spectrally and spatially overlap
with the antenna mode, the `1 mode, highly efficient coupling oc-
curs and emission from the gap mode to the far field becomes pos-
sible. Importantly, this means that as the width of the nanoparticle
facet changes the ` and s modes resonance positions, the width also
modifies their coupling. Therefore, as the facet width increases the `1

mode hybridises with different s modes, as shown in Figure 1.10 (a).
It is reasonable to assume that for the NPoM constructs considered

throughout this thesis the “coupled mode” we examine is in fact an
intensely hybridised combination of the `1 and the s02 modes due to
the large facets 20 nm to 60 nm of the nanoparticles used [34]. Fur-
ther understanding of the complex mode structure of non-spherical
particles on mirror is interesting but beyond the scope of this thesis.

As can be seen in this brief summary of the NPoM construct, it
is easy to fabricate coupled plasmonic system containing a highly
reproducible nanocavity, with an extremely low mode volume and,
therefore, high degree of field confinement. It is for these reasons
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that this structure has been utilised as a platform to understand the
fundamental physics of nanogap plasmonic systems and therefore
to push forward the forefront of plasmonics.
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2. Experimental

Approach

The overarching aim of this thesis is to further the understanding of
plasmon-phonon coupling by experimentally investigating the ultra-
fast time domain. To do this a comprehensive setup is required that al-
lows the user to perform single nanostructure ultrafast measurements
automatically. This chapter provides a general explanation of the
setup’s key features and a small section on sample fabrication.
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2.1 Outline

A large portion of the work completed towards this thesis was centred
around the building and automation of an experimental setup that
can perform a variety of ultrafast and non-linear spectroscopies on a
wide range of plasmonic nanostructures.

The key underpinning features of the system are the ability to lo-
cate a nanostructure, perform linear characterisation, and then ex-
ecute the required non-linear experiment. The nanostructures are
identified on the sample and linearly characterised through the use
of dark-field imaging and spectroscopy. Ultrafast pulse trains can
then be merged, with a combination of wavelengths from 345 nm to
2500 nm, to form a series of pulses. These pulses prepare and examine
the state of the nanostructure through the use of a variety of different
detectors.

Dark-field spectroscopy and imaging are performed using a de-
constructed and restabilised Olympus BX51 illumination arm, and the
range of accessible pulse wavelengths is broad due to the utilisa-
tion of a pair of locked Ti:Sapphire pumped optical parametric os-
cillators (OPOs). This equipment is tied together using modular, class
based software that allows for easily exchangeable equipment with
a procedurally generated customisable user interface, alongside full
particle tracking implementation. Particle tracking in this sense cor-
responds to automatically finding individual nanostructures and per-
forming measurements without user intervention. It is the amalgama-
tion of these three developments that gives the setup its broad ex-
perimental reach. Therefore most of this section provides a complete

47



2.2 Stable Dark-Field Microscopy

understanding of each of these components. We will then briefly de-
scribe the fabrication techniques used to create samples throughout
this thesis.

2.2 Stable Dark-Field Microscopy

The key concept behind dark-field microscopy is that rather than look-
ing at the light reflected from the sample, as in a traditional micro-
scope, we look at the light scattered by the sample. A side by side
comparison of reflection and scattering is shown in Figure 2.1 (a). The
reason for this is that a clean, well-fabricated substrate will reflect but
not scatter light allowing us to image our structures background free.
This is of course particularly efficient for plasmonic nanostructures due
to their large scattering cross-sections, as shown through derivation
of the scattering cross-section for the simple case of a plasmonic
nanoparticle in section 1.1.4.

Experimentally this corresponds to blocking any light that is re-
flected by the sample through complementary filtering of the excita-
tion and collection angles. There are any possible number of filtering
configurations that have beneficial and detrimental effects upon the
spectral and imaging quality, two of which are outlined in Figure 2.1
(b). Most commercial dark-field microscope systems tackle this prob-
lem using a pair of optical components; a dark-field objective, and
a dark-field cube.

Dark-field objectives tackle angular separation by completely
separating the excitation and collection pathways leading to high
angle illumination and ’low’ angle collection, as shown alongside
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Figure 2.1: Comparison of scattering and reflection is shown in (a),
demonstrating that in scattering, unlike in reflection, the angle of the
incoming and outgoing light is different i.e. Φ , Θ. (b) shows how this
concept can be used to create bow-tie and ring filtering arrange-
ments for the illumination (yellow) and collection angles (grey) to cre-
ate a dark-field microscope. Bow-tie illumination is superior for spec-
troscopy as it illuminates the sample up to the maximum incoming
angle of the objective, however, the real space image is distorted
leading to poor imaging quality. For imaging, ring illumination is the
superior option as the centrosymmetric illumination leads to excellent
imaging quality.
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2.2 Stable Dark-Field Microscopy

the full dark-field beam path in Figure 2.2.1 Within the objective the
illumination pathway consists of a parabolic ring mirror that focuses
the light onto the sample. Once the light has been scattered it is
recollected by the central high NA lens. This physical separation of
illumination and collection paths leads to excellent contrast due to
minimal leak of the reflected light. One of the down-sides to this
approach is the poor focusing power of the parabolic mirror, which
leads to a spot size covering several millimetres thus vastly limiting its
intensity.

The dark-field cube maximises in and out coupling from the ob-
jective by utilising another ring mirror. This mirror reflects the light from
the lamp directly into the illumination path of the objective. The rec-
ollected scattered light then passes through the centre of the ring
towards the camera and spectrometer, thus maximising signal by
avoiding losses due to unnecessary beam splitters.

Commercially available dark-field microscope are versatile, easy
to use microscopes and allow the user to examine a wide range of
samples in a variety of configurations. However this flexibility comes
at a cost; stability. The large movement range of the stages and ad-
ditional moving parts that make daily usage of the microscope easy
and accessible lead to problematic levels of drift in x, y and particu-
larly z. Although these features may be useful they are not essential;
therefore, we have found it best to remove the illumination arm from
the microscope and redesign the bulk of the microscope to allow
us to build directly upon the optical table with a custom heavy duty

1The ’low’ angle collection is in fact not that low, it is just lower than the excitation.
Most 100x dark-field objectives collect light with an NA of at least 0.8 NA (approxi-
mately 55 degrees).
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Figure 2.2: A diagram of optics of the dark-field microscope used
throughout this thesis, demonstrating how the illumination and col-
lection pathways are completely separated generating excellent
contrast. The optical paths for in-coupling ultrafast lasers and out-
coupling to additional detectors is highlighted via the red arrows.
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metal framework. The large movement range of the original z stage
is replaced by two stages; a Piezoconcept FOC objective collar with
100µm of computer controlled movement, and a manual Thorlabs
flexure stage with a 1 mm range. The XY stage is replaced with a
Thorlabs MLS203. These simple changes vastly increase the stability
of the system prolonging maximum measurement times from several
minutes to over an hour without realignment.

The objective used to couple the white light in and out of the sys-
tem is the Zeiss EC Epiplan-Neofluar 100x/0.90 BD DIC. The reason for
this is it has excellent transmission efficiency throughout the spectrum,
while the dark-field objectives provided by Olympus have minimal ef-
ficiency in the near infrared, which for a lot of our experiments is ex-
tremely important. The only drawback of this is that the Zeiss objec-
tives have much shorter working distance than the Olympus objec-
tives (0.28 mm compared to 3.2 mm), therefore we are much more
restricted in our choice of samples as it is essentially impossible to work
through a cover slip.

For imaging the collected scattered light is focused down with a
200 mm achromatic lens upon the CCD of a Lumenera Infinity 2. The
dark-field spectra of single structures is taken by collecting and spa-
tially filtering the scattered light using a 50 mm acromatic lens that
focuses down into a 50µm multimode fibre delivering the collected
photons into an Ocean Optics QE65000 spectrometer. This spectrum
is then background subtracted and referenced to that of a Lamber-
tian scatterer.2

2A Lambertian scatterer is a common reference sample used for performing scat-
tering measurements as incoming light is scattered according to Lambert’s cosine
law independent of wavelength, allowing the optical response of the setup to be
removed from the measurement.
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The central electronic components, such as the translational
stages and spectrometers, are automated by design. However, for
integration of this system with additional laser driven spectroscopy
we need to be able to block and unblock the white light selectively.
A custom shutter was built that blocks the dark-field ring from the ob-
jective but allows the laser to pass in and out of the objective. This
was done by wire erosion of the internal plates of a SHB1T Thorlabs di-
aphragm shutter, so that when the shutter is closed there is a half inch
hole through its centre. The shutter can then be computer controlled
via the generation of a TTL signal using an Arduino.

With all of these components in place we are now able to find and
characterise single nanostructures through dark-field microscopy en-
tirely via computer control with a system stable enough for nonlinear
spectroscopy. This paves the way for fully automated, user-free, sin-
gle structure ultrafast spectroscopy.

2.3 Ultrafast Tuneable Laser Sources

The main idea behind the setup is that it has the capability to per-
form a range of ultrafast experiments on single nanostructures; from
the simplest case of a high intensity power series, requiring just one
beam, to Coherent Anti-Stokes Raman Spectroscopy (CARS), requir-
ing three beams with controlled spectral and temporal separations.
Not only do the experiments performed have inherent wavelength
requirements, they require a broadly tuneable range to allow us to
tune the incoming beams to the resonances of particular plasmonic
structures. To fulfill these requirements we have utilised a pair of elec-
tronically synchronised Ti:Sapphires; pumping two Optical Parametric
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Oscillators (OPOs), giving us a full tuning range of 345 nm to 2500 nm.
This is achieved through a combination of the tuneable range of the
Ti:Sapphire, 690 nm to 1090 nm, which can be frequency doubled to
345 nm to 545 nm. The main beam generated within the OPO covers
the 490 nm to 750 nm range and the idler covers 900 nm to 2500 nm.

The only constraint upon this is the OPO must be pumped by
820 nm, therefore, the Ti:Sapphires can not be tuned when we are
using the OPO. However, as the two Ti:Sapphires are electronically
locked we can tune either of the OPO beams across each other.
The operation and characterisation of this system will be explained
in more detail throughout the rest of this section.

2.3.1 Ti:Sapphire Lasers and Optical Parametric Oscillators

In our experimental setup we have achieved two tuneable, syn-
chronised beams through the use of a pair of identical Inspire OPOs
pumped by Ti:Sapphire lasers, a Tsunami and a MaiTai. The Lock-to-
Clock feature of the Tsunami allows the frequency of the two pulse
trains to be matched, creating a constant time difference between
the two pulses, thus facilitating time delay spectroscopy.

A Ti-Sapphire laser is a solid state laser that uses a gain medium
of Ti2O3 doped Al2O3. In our case the beam is generated through
pumping the crystal with a high power 532 nm diode pumped solid
state laser, causing electronic excitation of the Ti+3 ion followed by
red to near infrared fluorescence, as shown in Figure 2.3 [35]. Once
fluorescence occurs the emitted photons perform a round trip of the
2 m long cavity, returning to the crystal 12 ns after emission. Within
these 12 ns the population of the excited state of the Ti+3 ion has fur-
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ther increased due to continuous excitation by the pump laser. As
the initially emitted photons re-pass through the crystal they stimu-
late emission, momentarily vastly increasing the emission rate. There-
fore, a pulse of light is formed and with each round trip further stim-
ulated emission occurs, further increasing the intensity of the pulse.
The intensity of the pulses increases with each lap until an equilibrium
is reached between the rate of stimulated emission and the rate of
excitation by the pump laser. The outcoming wavelength can be
tuned to the optimum OPO input frequency (820 nm) using an ad-
justable slit between two prisms in the centre of the cavity. An inbuilt
acousto-optic modulator can be used for active mode locking of the
laser. Once the laser is mode locked it creates 100 femtosecond high
intensity pulses at a 80.47 MHz repetition rate; the repetition rate can
then be adjusted via changes to the cavity length. In order for the
Tsunami to follow the MaiTai an ultrafast photodiode is placed at the
MaiTai output to monitor the frequency. A piezo mirror is then used to
change the cavity length and therefore frequency of the Tsunami, in
order to match the MaiTai.

Within the OPO the pulsed 820 nm beam passes into a β-barium
borate (BBO) non-linear crystal. By optimising the input angle of the
beam into the crystal phase matching is obtained, and second har-
monic generation occurs generating a 410 nm beam. A wavelength
tuneable cavity is created by focusing the 410 nm beam into a sec-
ond nonlinear crystal with an angular wavelength phase matching
dependence. This creates two beams with frequencies that sum to
that of the pump beam (410 nm in this case), ωp = ω1 + ω2. The OPO
therefore has four potential outputs; the pump (820 nm), the second
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Figure 2.3: A band diagram representing the electron dynamics of
the gain medium, Ti2O3 doped Al2O3, within a Ti:Sapphire laser.

harmonic (410 nm), the signal (495 nm to 750 nm), and the idler (900 nm

to 2500 nm).

2.3.2 Autocorrelation

In order to perform ultrafast spectroscopy, pulse width must be mea-
sured as it is the limiting factor to temporal resolution. The most com-
mon technique to do this is autocorrelation using a frequency dou-
bling crystal such as a β-barium borate (BBO) crystal . To do this the
two pulses to be characterised are spatially overlapped within a BBO
crystal, with a central angle equal to that required for phase match-
ing. This causes the emission of a frequency doubled component
between the two beams. One of the beams can then be scanned
over the other in time using a delay stage, as shown in the experi-
mental setup in Figure 2.4 (a). As the two pulses pass over each other
the second harmonic generation intensity will be a convolution of the
pulses, creating a Gaussian dependent upon the temporal separa-
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tion, τ, and intensity, I(t), as shown in equation 2.1.3

A =

∫
∞

∞

I(t)I(t − τ) (2.1)

In autocorrelation the pulses are identical, therefore the signal stan-
dard deviation, σSHG, is the quadratic mean of the original pulses,
σpulse = σSHG

√
2

. For Gaussian distributions the full width half maximum
(FWHM) is equal to 2

√
2ln2σ, therefore:

FWHMpulse =
FWHMSHG
√

2
(2.2)

3This is of course only the case for Gaussian pulses. If laser pulses of a different
intensity distribution are used the SHG pulse will always be a convolution of the two
laser pulses.

Figure 2.4: (a) The experimental setup required for
auto/crosscorrelation. The dotted line and mirror represent the
changes required to perform autocorrelation of the Tsunami beam
while the unaltered setup performs crosscorrelation of the MaiTai
and Tsunami. (b) A diagram illustrating how single shot correlation
creates a spatial representation of the pulse width every time the
pulses overlap within the BBO crystal.
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One way of applying this experimentally is to measure the intensity of
the signal as the pulses are passed over each other using a photodi-
oide. However, in order to perform real time monitoring a single shot
method is a simple solution. This can be done through the use of a
camera, as shown in Figure 2.4 (b). The spatial pulse width in compar-
ison to the beam width is small, therefore every time the pulses over-
lap the signal contains a spatial convolution of the signal, as shown
in Figure 2.4.

Prior to performing any measurements this technique needs to be
calibrated to determine the relationship between space (pixels) and
time (picoseconds of pulse delay). This is performed by scanning the
pulses over each other, causing the signal to move across the camera
generating a pixel/ picosecond calibration. This can then be used to
determine the FWHMpulse, as shown in equation 2.2.

The single shot autocorrelation calibration is shown in Figure 2.5
(a), (b) and (c), giving a calibration of 385.5 pixels/picosecond. A
single shot is shown graphically in Figure 2.5 (d), where the scale has
been converted from pixels into picoseconds. The data can then be
fitted, allowing the pulse width to be calculated using equation 2.2.
The manufacturer, Spectra Physics, guarantees the pulse length is less
than 300 fs at the pump output of the OPO, which is in agreement
with our measured deconvolved pulse width of 190 fs.

2.3.3 Crosscorrelation

In a system containing two electronically synchronized mode-locked
lasers electronic jitter is present. The jitter is due to the response time
of the electronics in control of the cavity length, and therefore pulse
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Figure 2.5: (a) and (b) demonstrate how the signal moves across the
camera as the delay between the beams is changed. (c) shows the
linear relationship between the position of the maximum intensity and
stepper position used to create a pixel/ps calibration from (a)/(b). (d)
a single shot used to calculate pulse width using the pixel/ps calibra-
tion calculated in (c) fitted with a Gaussian of FWHMSHG = 270 fs.
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Figure 2.6: (a) shows a colour map demonstrating the movement of
the crosscorrelation signal across the camera as the delay between
the two beams is changed. This can be made clearer through nor-
malisation, as shown in (b). The calibration curve shown in (c) has
to be created by averaging at each delay to take into account the
”slow” electronic jitter. (d) shows a single shot of the ”fast” electronic
jitter fitted with a Gaussian of FWHMSHG = 2.8 ps

frequency. The cavity length is changed by using a piezoelectric ac-
tuator to move a mirror within the cavity. Continuous changes are
made to the cavity length in order to match the frequencies of the
two lasers. However, these changes are not instantaneous so an elec-
tronic jitter is created.

In order to characterise the jitter, single shot crosscorrelation be-
tween the two lasers was performed using the same setup as for auto-
correlation. However, the measured pulse width, τT, has contributions
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from the pulse width and the jitter. Assuming the jitter has a Gaussian
distribution and the two pulse widths are identical;

τT =
√

2τ2
pulse + τ2

jitter (2.3)

where the τpulse = FWHMpulse calculated through autocorrelation and
τt = FWHMSHG

√
2

of the signal measured via crosscorrelation. The root
mean squared of the jitter can be calculated via;

rms jitter =

√
1

8ln2
τ jitter (2.4)

The rms jitter was determined to be 830 fs using the fit and calibration
shown in Figure 2.6, and the pulse width calculated through autocor-
relation.

It should be noted that rms jitter is due to the “fast” component of
the jitter and that the signal also jitters on a “slow” time scale, which
can be seen on a live feed from the camera. This system allows
the “slow” component of the jitter to be removed from time resolved
experimental results by simultaneously monitoring the effects of jitter
through single shot cross-correlation. This allows the jitter to be taken
into account in situ or post experiment through shifts to the time delay.

2.4 Automation

An experimental setup can be designed and constructed to be as
modular and flexible as possible. However, if the software control-
ling the system is not also modular and flexible, the setup will never
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reach its full potential. In order to combat this problem we have writ-
ten object orientated experimental code in Python, using instrument
classes with a rigid inheritance hierarchy. This means that an object
of a particular type can be fluidly replaced by an alternative object
and, therefore, piece of equipment. For example, one of the most
useful tools we have developed is the CameraWithLocation object
that allows the user to click upon a point in the image to move it to
the centre of the camera. Due to the inheritance hierarchy it is eas-
ily possible to apply this to any combination of camera and XY stage
without the need for a single line of code to be rewritten. This concept
has also been embraced to generate user interfaces automatically,
to create live image processing tools, and particle tracking.

This idea and structure is the founding basis behind our Python
module, nplab, which has been further developed as a conse-
quence of the work towards this thesis.4 With these tools at our dis-
posal it became possible to create a fully automated setup that finds
nanostructures, via particle tracking, and performs the desired ultra-
fast experiment.

2.4.1 Particle Tracking

In order to perform an experiment upon many hundreds of particles
it becomes productive to design a system that can find particles and
perform experiments without user intervention. This is possible through
utilisation of the previously mentioned CameraWithLocation object
and some simple image processing tools.

4In an attempt to prevent the boredom of the reader we will avoid dis-
cussing this any further. However, I would encourage the reader to down-
load and utilise the repository as it is open source and can be found at
https://github.com/nanophotonics/nplab
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The particle tracking software has been written to operate through
a simple wizard that guides the user through the process. The first step
is to determine the pixel to distance calibration by taking a series of
images at known positions and calculating the image displacement
via correlations. From this it is possible to calculate the pixel to sample
matrix that allows the calculation of the location of each pixel in an
image via a simple dot product.

The next step is to create a large image made up of images of
the area the user wishes to include within the scan. These images
are correlated to one another to maximise alignment and therefore
minimise error when attempting to move to a particular location.

The image is then filtered to determine the location of each nanos-
tructure. Firstly, a greyscale binned version of the image is created,
maximising signal intensity by discarding color and wavelength in-
formation. Secondly, a bilateral Gaussian filter is applied to remove
small groupings of noisy bright pixels. Thresholding is then performed
and the centre of mass of each particle is determined. The filtering
parameters can be tuned by the user, alongside the minimum and
maximum apparent size, to maximise particle detection and minimise
spurious particle detection.

Now the location of each particle has been determined, the user
has the option to select what measurement they wish to perform
upon each particle, such as recording the Raman or dark-field spec-
trum. This is done through the use of a homemade ”task manager”
that allows the user to select, order, and change the inputs of any
functions they wish to perform. These functions are then constructed
into a single function that is performed upon each of the particles

63



2.5 Fabrication Techniques

found in the tiled image.
This system can then be left to perform measurements upon hun-

dreds or thousands of particles, depending on the length of each
individual measurement, without any user intervention. This capabil-
ity has allowed us to perform a host of complicated measurements
demonstrating physics with statistical relevancy, something that is of-
ten disregarded in current research on nanostructures.

2.5 Fabrication Techniques

All of the NPoM structures studied throughout this thesis have been
fabricated using the same technique. First, a gold substrate is pre-
pared by template stripping. An organic self-assembled monolayer
(SAM) is then formed upon the gold surface by self assembly due
to the energetic favourability of a highly packed SAM. Following this
the drop casting of nanoparticles creates many thousands of NPoM
structures.

2.5.1 Template Stripping

The most important requirement in the fabrication of the gold sub-
strates is to ensure that they are as flat and defect free as possible
for two reasons. The first is that any defects in the underlying gold will
cause defects in the self assembled monolayer, thus leading to in-
consistent gap sizes and molecular surface concentrations. The sec-
ond reason is to minimise scattering objects on the sample so that
when using dark-field to find NPoM structures we do not get over-
whelmed by bright scattering from defects and pieces of dirt. This
problem arises because scattering scales with the radius of the parti-
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cle to the power of 6, as shown in Chapter 1, causing dielectric dust
any bigger than several microns to outshine single NPoM structures.

The steps of the method are as follows. A silicon substrate is
cleaned using Decon90, essentially high concentration soap, and
rinsed using ethanol, isopropanol and de-ionised water. The sample is
then dried under nitrogen. A Kurt J.Lesker company PVD 200 electron
beam evaporator is used to deposit a 100 nm layer of gold at 1Å/s.
Once the film has been deposited it is ready to be stripped.

To template strip the gold we use Epo-Tek 377 thermal epoxy to
bind 1 cm x 1 cm squares of silicon to the surface of the evaporated
gold. Once this has cured, the binding between the top silicon sur-
face and the gold, via the epoxy, is stronger than the binding be-
tween the base silicon substrate and the gold. This allows the top
layer to peel the gold from the surface. This creates a flatter surface
than evaporated gold.

The reason for template stripping the gold is that at the begin-
ning of the deposition the layer forms as a mix of polycrystalline gold
and amorphous gold. Throughout the growth, as the thickness of the
layer increases the crystals increase in size, decreasing the proportion
of amorphous gold. This creates steps at the grain boundaries, lead-
ing to an increase in roughness [36]. Previous work within our group
has determined the RMS surface roughness using atomic force mi-
croscopy to decrease from 0.67 nm for evaporated gold, to 0.23 nm for
template stripped gold [37]. A secondary advantage of this process
is that the gold can be stored bound to both silicon layers, therefore
preventing any dust or contaminants from disturbing the surface.
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2.5.2 Self-assembled Monolayer Formation

Self-assembled monolayers (SAMs) are 2-dimensional arrangements
of organic molecules that self-organise due to a combination of
molecule-molecule and molecule-substrate interactions. The re-
quired structure of each of the constituent molecules can be broken
down into three components; the end group, the backbone and the
head group.

The first stage of the self-assembly is for the molecules to strongly
bind to the substrate via the end group, therefore, to form a successful
SAM the end group must have a strong affinity for the substrate. For
SAMs used in the formation of gold NPoMs structures a thiol group
makes an excellent end group as it has a high binding energy to gold
of 1.9 eV [38], all though the exact structure of the binding is still under
discussion [39].

Once the end group has bound to the substrate the molecules
will initially lie flat with the backbone weakly interacting with the sub-
strate. The binding strength between the end group and the sub-
strate is much greater than between the backbone and the sub-
strate, therefore, as the surface density of molecules increases it be-
comes energetically favourable for the molecules to stand up max-
imising packing density. This leads to an increase in interaction be-
tween the backbones of neighboring molecules.

For molecules with aromatic backbones, such as biphenyl-4-thiol
(BPT), the interaction between the π orbitals of the rings causes the
rings to attempt to stack. As the surface density increases the stack-
ing causes the molecules to tilt, for BPT the molecules align at approx-
imately 20 degrees to the substrate [40, 41]. As the packing density
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increases towards the maximum the local arrangement of molecules
form domains of minimum energy.

The formation of the flat layer happens quickly. However, it takes a
long time for the density to increase, therefore in our sample prepara-
tion the template stripped substrate is left in a 1 mM solution of BPT in
ethanol for 22 hours, followed by sonicating and rinsing with ethanol
to remove excess BPT.
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Acousto-Plasmonics

The coupling between a nanostructure’s acoustic modes and its plas-
monic modes provides a powerful probe for investigating a struc-
ture’s nanomechanical properties. This coupling is investigated by
using a pulse of light to excite an acoustic mode and observing in-
duced changes in the plasmonic mode. This is done by performing
pump-probe measurements on individual nanostructures. This chap-
ter will start by detailing the requirements for performing single struc-
ture pump-probe measurements, followed by a review of the relevant
literature. The final section will demonstrate how we have performed
a series of experiments and simulations that have facilitated the de-
velopment of a model that allows us to measure the size of the con-
tact within a single NanoParticle on Mirror construct.
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3.1 Experimental Concepts and Methodology

Pump-probe spectroscopy allows us to study how an optically active
system evolves in time after initial optical excitation through the use
of two pulses of light: the pump and the probe. The pump’s absorp-
tion causes a rapid change in the sample’s optical properties. The
probe pulse arrives after a time delay, τ, and experiences a time de-
lay dependent extinction coefficient, σext(τ), causing a change in the
transmitted/reflected intensity.

With this approach to ultrafast measurements the system is pre-
pared and interrogated by the pump and probe pulses. This is the
main advantage as it allows each measurement to be repeated
many millions of times leading to a vast increase in signal to noise.
In order to do this a train of pulses are generated with a constant
temporal separation. The only theoretical restriction upon the maxi-
mum frequency of pulses is that the system must have relaxed back
to its initial state by the arrival of the subsequent pump pulse.

As previously mentioned, the measurement aims to measure the
change in reflected/transmitted probe in comparison to the steady
state of the system. In order to measure this directly, the pump beam
is modulated at a known frequency inducing a modulation of the
transmitted/reflected probe at the same frequency. The signal can
then be isolated and averaged using a lock-in amplifier, causing a
significant decrease in noise. The signal to noise ratio can be further
increased by increasing the modulation frequency. This is because
of ’pink noise’, noise that has an intensity dependence of 1/f, which
arises from a variety of sources such as vibrations and electronic fluc-
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Figure 3.1: A schematic of the pump-probe coupled dark-field setup.

tuations.
The setup used for the experiments shown in this thesis was cus-

tom built to allow a traditional pump-probe setup to be coupled into
a dark-field microscope - as shown in Figure 3.1. This means nanos-
tructures can be found and characterised using dark-field prior to,
and alongside, pump-probe measurements. This is important for two
main reasons; optimising resonance position, and tracking damage.

The optimum condition for the probe wavelength is for it to be
aligned to the highest gradient of the extinction spectrum, as this
gives the best sensitivity to shifts in the resonance position induced
by the pump pulse. The optimum coupled mode probe wavelength
is determined from the scattering differential for an example NPoM
spectrum, shown in Figure 3.2. As the probe wavelength is fixed in
our experiments the coupled mode position is tailored to align the
probe to the optimum wavelength by changing the nanoparticle size
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Figure 3.2: (a) Shows a generated NPoM spectrum consisting of two
Gaussians. (b) shows the differential of (a) with respect to wave-
length. The red line in (a,b) denotes the optimum probe wavelength
determined by the maximum value in (b).

and the molecular spacer. The nanoparticle size and facet diameter
have a low polydispersity of ≈10%. However, a small variation in the
cavity geometry leads to a larger distribution in the coupled mode
position [42]. In our case this works to our advantage, as it allows us to
select nanoconstructs with the maximum gradient of the resonance
aligned to the probe wavelength.

Nanoscale reconfigurartion (damage) such as facet growth and
bridging can completely change the optical response of NPoMs and
occur at extremely low laser powers due to the high field confine-
ment in NPoM [42]. For pulsed lasers this is even more of a problem,
with restructuring occurring for average powers as low as 1µWµm−2

, while for CW the structures are stable up to at least 200µWµm−2.
Although the peak power for a 80 MHz 100 fs laser is 120,000 times
greater than the average power, damage is usually considered to be
thermal and should therefore scale with average power. This there-

71



3.1 Experimental Concepts and Methodology

Figure 3.3: A schematic of the crystals within an electro optical mod-
ulator (EOM) demonstrating that at zero volts the outgoing polarisa-
tion matches the original polarisation by counter rotating the crystals
to remove the effect of their static bifringence. When the half wave
voltage is applied the outgoing polarisation rotates by 90 degrees.

fore suggests that the damage is not thermal but due to a nonlinear
process. Any change in the contact geometry could vastly change
the ultrafast response, therefore keeping damage to a minimum, by
keeping powers low and monitoring any changes to the dark-field
scattering, is paramount.

Electro optical modulation was used throughout these experi-
ments to modulate the pump beam to allow the change in absorp-
tion of the probe to be detected by lock-in amplification. Electro
optical modulators (EOMs) are a good choice because they are
broadly wavelength tuneable and are capable of high modulation
rates (≈100MHz), unlike mechanical choppers, which can only mod-
ulate at several kHz, or acousto optic modulators (AOMs), which only
operate in a narrow wavelength range. However, EOMs are not per-
fect for ultrafast pulses as they struggle to modulate spectrally broad
pulses due to small manufacturing defects as discused below.

As shown in Figure 3.3, they are built from two crystals rotated 90
degrees to each other within the EOM. This ensures that at zero volt-
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age the static bifringence of one crystal is cancelled out by the other
so that the outgoing polarisation is equal to the incoming polarisation
for all wavelengths. Once the half-wave voltage is applied the polar-
isation is rotated by 90 degrees. The beam passes through a polariser
aligned such that there is 100% transmission when the half-wave volt-
age is applied and 0% when no voltage is applied. Therefore the
applied voltage acts to modulate the beam.

Problems arise when the two crystals differ in length, as this leads
to a wavelength dependent polarisation rotation of the beam. For
a spectrally narrow beam, this is not a problem as a change in the
second polariser’s angle or in the voltage applied compensates for
this effect. However, if the beam is broader than several nanometers
there is a wavelength dependent polarisation rotation that cannot
be offset with either voltage or polarisation, therefore rapidly decreas-
ing modulation efficiency. After some time working with the manu-
facturer (Thorlabs) we were able to test a batch of EOMs to find an
EOM with optimum efficiency.

3.2 Literature of Ultrafast Acousto-Plasmonics

3.2.1 Single Metallic Nanoparticles

The first single metal nanoparticle pump-probe studies were per-
formed by the Vallée group through simultaneous implementation of
pump-probe and Spatial Modulation Microscopy [43]. Spatial Modu-
lation Microscopy (SMM) is a technique used to find and characterise
nanostructures by scanning a laser across a surface and measuring
the changes in transmitted intensity. This can be related to absorption
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Figure 3.4: The effect of pump power on the time-dependent change
in transmission for single silver nanoparticles. (a) shows the time-
dependent response of a single 30 nm nanoparticle for three differ-
ent pump powers fitted with exponential decays, determining the
electron-phonon scattering time as τe−ph = 1 ps for 180µW pump
power (dotted line), 1.05 ps for 280µW (solid line) and 1.3 ps for 480µW
(upper dashed line). (b) shows the power dependence of τe−ph for
two nanoparticles denoted by open squares and closed circles. Ex-
tracted from reference [43].

and, therefore, the extinction coefficient (σext), thus allowing calcula-
tion of nanoparticle diameter accurate within 1 nm [43]. However, as
the scattering component is ignored, this only works if the extinction
cross-section is dominated by absorption, which is not the case for
nanostructures larger than 40 nm.

Their pump-probe experiments were performed using 100 fs pulses
from a Ti:Sapphire oscillator and a frequency doubling beta barium
borate (BBO) crystal to generate pump (λPP), and probe beams (λPR)
with wavelengths of 850 nm and 425 nm respectively. The relative
change in transmission (4T/T) was then measured as a function of
pump-probe delay for different pump powers, allowing examination
of the electron-phonon scattering rate’s dependence upon initial ex-
citation energy, as demonstrated in Figure 3.4 [43].

In 2011 the Vallée group continued their work by examining the
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acoustic vibrations of a silver nanoparticle post-optical excitation
[44]. The pump-probe experiment was performed for a longer pump-
probe delay than in previous work allowing the examination of the ex-
cited acoustic modes. The excited acoustic mode is a consequence
of the rapid energy injection into the nanoparticle lattice due to
electron-phonon scattering. The nanoparticle expands as the kinetic
energy in the lattice causes the bonds to stretch. This rapid expansion
leads to the excitation of an acoustic breathing mode. Each expan-
sion and contraction moderates the electronic properties, leading to
a change in the dielectric function and therefore λSPR. The period of
the oscillations (9.7 ps as shown in Figure 3.5) was used to calculate
the size of the nanoparticle. This is straightforward as the period of
the breathing mode is the time taken for an acoustic wave to travel
from the surface of the nanoparticle to the centre and back to the
surface:

T =
2R
vs

(3.1)

Therefore the diameter of the nanoparticle is equal to the speed
of sound in silver multiplied by the breathing mode period. For the
nanoparticles studied in this work an additional prefactor has to be
included to account for the silica shell coating the nanoparticles.
The diameter determined by the breathing mode was 34 nm, in good
agreement with the 30 nm diameter found through SMM measure-
ments. The author suggests that the discrepancy is due to their treat-
ment of the silica shell as a infinite matrix instead of a layer of finite
thickness of 12 nm.

Throughout this section we have seen how ultrafast dynamics in
the simplest nanostructure, spherical nanoparticles, can be exam-
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Figure 3.5: The transient absorption of silica encased nanoparticles
showing excitation of the breathing mode. The fitted breathing mode
(red line) determines the period of oscillation to be 9.7 ps.The inset
shows the nanoparticle’s extinction spectra for two orthogonal po-
larisations, demonstrating the particles slight asymmetry. Extracted
from reference [44].

76



3.2 Literature of Ultrafast Acousto-Plasmonics

ined through pump-probe spectroscopy. The obvious next step in
complexity is to examine and understand the dynamics that dictate
the ultrafast behaviour of plasmonic nanowires and nanorods.

3.2.2 Nanowires and Nanorods

In 2008 Orrit et al. performed the first single nanorod measurements
on gold nanorods by using a dark-field coupled pump-probe mi-
crosope [45]. This allowed the nanorods to be located and charac-
terised by their scattering spectra. This is much faster than in previous
spatial modulation spectroscopy measurements as it does not require
the sample to be rastered across a laser [43]. The probe beam was
generated from a frequency doubled OPO beam allowing its wave-
length to be scanned from 520 nm to 700 nm. This is extremely helpful
because it allowed the probe wavelength to be tuned to the steep-
est part of the scattering spectrum maximising signal. The pump-
probe measurements revealed the clear presence of two acoustic
modes; the extensional mode and the breathing mode, as shown in
Figure 3.6. By using TEM the dimensions of the nanorods can be accu-
rately determined. This facilitates the calculation of the Young’s mod-
ulus of individual nanorods by comparison of their acoustic mode fre-
quencies.

More recently, work by the Cerullo group has shown that by using a
broadband probe they could map shifts in the resonant wavelength
due to the acoustic elongation mode of an array of nanorods [46].
This allowed them to calculate the required elongation to generate
such a shift. For their 70 nm nanorods a maximum elongation of 3
pm was determined. However, as previous measurements have been
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Figure 3.6: (a) The ultrafast response of single nanorods, demonstrat-
ing two clear acoustic modes. (b) The Fourier transform of the ultra-
fast trace shown in (a), confirming the presence of the two modes;
the breathing mode at 80GHz, and the extensional mode at 10 Ghz.
Extracted from reference [45].

unable to characterise the maximum elongation, it is unclear if these
results demonstrate an increase in sensitivity.

This section has furthered our understanding of how pump-
probe measurements can be used to accurately characterise the
nanoscale morphology of nanorods, with an accuracy that is tradi-
tionally out of reach of optical measurements. Now that we have
gained an understanding of the potential of acousto-plasmonic cou-
pling as a nanomechanical probe, we move onto see how acousto-
plasmonic coupling has been investigated in coupled plasmonic
nanostructures.

3.2.3 Coupled Nanoparticle Pairs

The effect of separation distance upon nanoparticle-nanoparticle
electron and phonon dynamics due to coupling was investigated
in 2007 through the use of electron-beam fabricated gold nanodisc
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Figure 3.7: A comparison of the dependencies of coherent phonon
oscillation and the surface plasmon resonance upon separation dis-
tance between nanodisc pairs demonstrating their similarities ex-
tracted from reference [47]. The separation distance (s) is expressed
in terms of the discs’ diameter (D). The equation shown describes the
red line used to fit the data.

arrays [47]. Ensemble absorption and transient absorption measure-
ments were attempted on nanodiscs horizontally separated with dis-
tances of 2 nm, 7 nm, 12 nm, 17 nm, 27 nm and 212 nm. However, due
to bridging between the discs the transient measurements performed
on the 2 nm gap dimers had to be discarded. The absorption spectra
were taken using a white light source (400 nm to 1100 nm) with polari-
sation parallel and perpendicular to the gap between the two discs.
This allowed selective excitation of modes parallel (longitudinal) and
perpendicular (transverse) to the separation.

By decreasing the separation between the nanodiscs their cou-
pling strength increases, causing the localised plasmon modes par-
allel and perpendicular to become non-degenerate. The mode par-
allel to the separation is a bonding mode and, therefore, it red shifts
and increases in intensity with decreasing separation distance. Con-
trarily, the perpendicular mode is an anti-bonding mode, therefore
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as the separation distance decreases the mode blue shifts and de-
creases in intensity. This conclusion can be reached simply if the ef-
fect of collective charge oscillation of one disc upon the other disc
is considered, as explained more thoroughly in the fundamentals of
plasmonics section (section 1.6).

Transient absorption was utilised to characterise coherent phonon
oscillations using a 400 nm pump and a pulsed white laser probe (the
same laser used for absorption spectra), with the polarisation of both
lasers set to be parallel to the separation. The period of the coherent
phonon oscillation was found to range from 50 ps to 80 ps dependent
on the separation distance, with a trend very similar to that of the
SPR amplitude, as demonstrated in Figure 3.7.1 The author therefore
suggests that the near field coupling affecting the SPR is also affecting
the coherent lattice oscillation. This seems unlikely as the frequency
of oscillation is wildly different. The acoustic coupling is more likely
to be similar to that found between two pendulums mounted upon
a wooden beam, where coupling occurs via the supporting beam.
In this case, the nanodiscs would be coupling through the substrate.
This is possible due to the strong adhesion of the nanodiscs to the
substrate due to their fabrication through e-beam lithography.

Similar experiments have been performed on nanocuboids by the
Tamai group at Kwansei Gakuin University of Japan [48, 49]. As with
the previous work on nanodisc pairs, absorption and transient absorp-
tion techniques were used. The change in absorption spectra found
similar inter-object coupling for the excitation of modes parallel to

1While it seems theoretically reasonable that the fitted trend is correct the data
is seriously lacking from 0.5 to 2.5 s/D and therefore if the final point was removed a
straight line could easily be fitted to the data.
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separation. In order to understand if the coherent phonon excitation
affected the SPR resonance position or caused broadening, transient
absorption measurements were taken with the probe wavelength just
above and below λSPR. This allowed the oscillation in signal to be de-
termined as a shifting in the resonance position, as the two probe
positions gave opposing phase oscillations. In disagreement with the
nanodiscs study, there was found to be no significant change in the
period of coherent phonon oscillation between single or paired ob-
jects for any separation distance. This supports the idea that the shift
in the phonon mode frequency has a different origin to the shift in
plasmon frequency found in the nanodisc study.

3.2.4 Nanostructure Substrate Contacts

The acoustic modes of a nanostructure have an inherent depen-
dency on its binding to the substrate, as the adhesive force restricts
the acoustic modes and causes a perturbation. This is most strongly
observable for nanodiscs created via e-beam, as they are essen-
tially carved out of a structure and have a very large contact area.
In 2015 Stephan Link et al. from Rice University investigated this ef-
fect by modifying an adhesive layer between the nanodiscs and the
substrate [50]. As the mechanical coupling to the substrate was in-
creased, by increasing the thickness of the adhesive layer, the nan-
odisc breathing mode was shown to blue shift. In the experiments a
86 MHz Ti:Sapphire 820 nm beam was used as the probe and a fre-
quency doubled 410 nm beam was used as the pump. This work fur-
ther supports the interesting idea that acoustics can act as an incred-
ibly sensitive probe to nanoscale mechanical properties.
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In order to further characterise nanoscale contacts it would be
helpful to utilise an acoustic mode that involves the contact itself,
rather than just looking at the perturbation of a single nanostructure’s
modes, as this would be directly affected by any modifications to the
nanoscale contact geometry.

In 2012 Giullet et al. performed a series of pump-probe exper-
iments using an interferometric probe, which allows the detection
of vibrations that do not couple to the plasmonic modes of the sys-
tem [51]. This facilitated the first observation of the bouncing mode,
where single gold nanoparticles were seen to bounce on a glass sub-
strate. This acoustic mode involves axial motion of the centre of mass
of the nanoparticle causing the contact to stretch and compress as
the nanoparticle bounces up and down. The nanoparticles used in
the study were large (from 120 nm to 760 nm in diameter); it is unclear
if this was due to signal to noise problems with the technique. Guil-
let et al. modelled the nanoparticles as perfect spheres. This limited
them from developing any real understanding about the contact, as
nanoparticles have an inherently faceted nature [34]. They demon-
strate a rough R7/6 dependence of the period upon the radius of the
nanoparticle, in agreement with Hertzian contact mechanics.

Further work on the bouncing of nanoparticles by Kim et al. at the
University of Strasbourg was performed using a novel technique that
utilises a fs pulse to launch an acoustic wave from the back side of the
substrate as the pump. The benefit of this is that it removes the thermal
and electric effects that are normally observed in pump-probe mea-
surements, hopefully making it easier to resolve the acoustic modes.
The problems with this technique are two-fold; firstly, focussing two
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beams on either side of the substrate is difficult to do accurately there-
fore single structure measurements becomes arduous; secondly, the
acoustic signature of the substrate becomes convoluted with that of
the nanostructure, making analysis difficult.

In Kim’s work a monolayer of many gold nanoparticles was used,
thus circumventing the previously mentioned alignment problems.
This does however make interpretation more difficult due to the com-
plexity of coupled plasmonic modes. The period of the bounc-
ing mode was measured to be ≈ 51 ps. However, the fundamental
acoustic mode of the nickel substrate can be simply calculated as
49 ps using the given thickness of 147 nm and the speed of sound in
nickel as 6040 m/s. Therefore, it is unclear if the measurement truly
measured the bouncing mode of the nanoparticles or if it measured
the bulk wave of the nickel effecting the nanoparticle coupling. This
could however easily be proven to not be the case by performing
measurements on samples with varying nickel thicknesses. This tech-
nique has previously been used to measure the fundamental and
higher order acoustic modes of gold films in 2008 by Yamaguchi et
al. [52].

3.2.5 Summary of Literature

The variety of plasmonic nanostructures that have been investigated
with femtosecond pump-probe is large, and has highlighted an array
of interesting physical phenomena. However, only a small number of
measurements have been made upon individual nanostructures due
to experimental difficulty. To further our understanding of more com-
plicated nanostructures (such as hybrid nanostructures), which are
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more likely to have increased polydispersity, and therefore increased
error in ensemble measurements, we need to measure them individ-
ually.

This is of particular importance for the investigation of coupled
nanostructures with single nanometre gaps. The inherently high field
confinement of the coupled plasmonic modes found in these systems
causes the optical response of the structure to be highly sensitive to
nanoscale changes, as discussed for NPoM in section 1.7. This makes
ensemble measurements difficult without impossibly high uniformity.

If individual nanostructures could be investigated, the interactions
between groupings of nanostructures would be much easier to exam-
ine compared to ensemble measurements. For example, in the nan-
odisc pair work some separation distances were bridged. This meant
that the authors could not use any of the nanopairs arranged for that
separation distance, as the bridging of a small proportion of their ar-
rays would cause the entire measurement to be incorrect. This could
be easily overcome by selectively examining structures.

Single structure measurements have been accomplished in the
past through combining pump-probe with spatial modulation mi-
croscopy for locating the nanoparticles. This approach requires the
rastering of the sample across the laser to build up an image, which
can be extremely time consuming. Therefore it is much easier to per-
form single nanostructure pump-probe within a dark-field imaging mi-
croscope, allowing the nanostructures to be easily found and linearly
characterised.

In summary, femtosecond pump-probe spectroscopy provides
an interesting technique to examine the dynamics of many plas-
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monic nanostructures through ensemble and single structure mea-
surements. However, as the nanostructures become more compli-
cated the importance of single structure measurements increases.

3.3 Ultra-confined Acousto-Plasmonic Coupling

The vibrational modes of nanostructures can be crucial to their func-
tional properties. In some cases, such as acousto-optic modulators,
the coupling between mechanical motion and optical properties is
desirable to achieve optimal modulation [53–55]. In other cases, such
as photon emission from quantum emitters, the coupling introduces
unwanted decoherence [56]. As a result, there has been a contin-
ued interest in identifying the characteristic vibrational resonances of
nanostructures.

With the advent of improved capabilities for confining light us-
ing the plasmonic properties of noble metals, opportunities have
emerged to enhance optomechanical couplings on the nanoscale
[57, 58]. The morphologies of nanostructures are often only partially
characterised, and studies of the vibrational modes reveal informa-
tion beyond the reach of many techniques. As mentioned in more
detail in section 3.2, ultrafast optical spectroscopies have been used
to study the breathing modes of ensembles of nanoparticles, and
can identify the average nanoparticle size [59, 60]. Fundamental
studies of the vibrational modes of isolated nanoparticles have re-
vealed the influence of geometry, environment, and elastic mod-
uli [46, 61, 62]. Plasmonic discs have been shown to display mechan-
ical resonances dependent on their adhesion to a dielectric sub-
strate [50], suggesting the utility of plasmonic confinement for local
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mechano-sensing. However, there is little understanding of vibrations
in complex coupled nano-geometries (especially individual nanos-
tructures), nor of the effects of plasmonic confinement in providing a
local probe of nanoscale motion or architecture.

In order to explore the potential for acousto-plasmonic character-
isation of high field confinement coupled plasmonic systems we have
measured the pump-probe response of NPoMs. In order to optimise
sensitivity to the acoustic modes of the NPoM system, pump-probe
measurements were performed by pumping the transverse mode
and probing the coupled mode. This allowed us to remove electri-
cal effects which would be present if the interband were pumped,
or if pump and probe were centred on the same plasmonic mode.
In this case electrical excitation of the coupled mode leads to an
exponential decay that dominates the signal. This is because the
electrons involved in the oscillation of the coupled mode would be
directly excited in either of these two cases, while if the pump is cen-
tred on the transverse mode the coupled mode is mainly affected
by the phonons excited via electron-phonon scattering after initial
pumping.

To perform these measurements the residual of the OPO pump
was utilised as the probe hence the probe wavelength was fixed
to 820 nm. Therefore, in order to maximise sensitivity to shifts in the
resonant wavelength the NPoM has to be constructed to position
the coupled mode at ≈850 nm. This resonance position was tuned
by careful selection of the spacer molecule, as this allowed the
nanoparticle size to be fixed at 100 nm thus maximising the extinc-
tion cross-section. In this case biphenyl-4-thiol (BPT) is used giving a

86



3.3 Ultra-confined Acousto-Plasmonic Coupling

nanoparticle film spacing of 1.3 nm [34].

3.3.1 Pump-Probe Results

As discussed in section 3.1, it is well known that gold nanostructures
can easily become deformed by light due to the low cohesive energy
of gold [42, 63]. To minimise damage, ultrafast measurements were
performed with 0.5µWµm−2 and 0.1µWµm−2 average powers for
pump and probe beams, respectively. Damage, monitored through
dark-field scattering spectra taken before and after every scan, was
minimal (Figure 3.8(a)). Time-resolved changes in reflectance (Figure
3.8(b)) revealed a fast mode (Tr ≈30 ps), corresponding to the ring-
ing or breathing mode of the nanoparticle. However, clearly visible is
a slower oscillation (Tr ≈250 ps), which we term the bouncing mode.
Similar behaviour is seen for all NPoMs with variations in both ringing
and bouncing mode frequencies.

The ringing mode has been widely investigated and is unequivo-
cally attributed to the radial expansion and contraction of isolated
nanoparticles [64]. Excited by plasmon enhanced surface photo-
heating of electrons, its period is the time taken for phonons to travel
the diameter of the nanoparticle [59, 60]. By contrast, the bouncing
mode is only visible if the nanoparticle sits on a substrate.

3.3.2 Acoustics Simulations

Simulations were found to be crucial in developing a deeper under-
standing of what insights can be gained by studying the bouncing
mode. This is because it allows us to computationally manipulate the
nanoscale geometry and therefore study its effect upon the bounc-
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Figure 3.8: (a) Dark-field scattering spectra of NPoM resonances
acquired before and after pump-probe measurement. (b) Time-
resolved differential reflectivity, scanning forward (grey) and back-
wards (black) in time delay, showing good repeatability. Fit to slow
oscillation (red) gives Tb. Inset: Fourier transform of oscillations.

ing mode period. From this we develop and test a simple analytical
model, based upon springs in series, that allows the contact area to
be measured for individual NPoMs; a task that has never before been
possible. For the simulations the finite element method was used to
calculate the eigenmodes of the system through continuum elasticity
using the COMSOL Multiphysics R© structural mechanics module.

Continuum elasticity is the structural mechanical treatment of a
body assuming an infinitely reversibly deformable continuum. It is in-
finitely reversibly deformable in the sense that the structure will always
return to its original shape after stretching, no matter the magnitude
of the local displacement, which is clearly unreasonable in some cir-
cumstances but acceptable for eigenfrequency studies. By treating
the structure as a continuum we are neglecting the fact that ma-
terials are made up of atoms. This is generally reasonable due to
the comparatively large length scales studied throughout most ex-
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periments, however, when working on the nanoscale this is intrinsi-
cally called into question. Nonetheless, the use of continuum elas-
ticity to understand the acoustic modes of nanostructures is ubiqui-
tous and simulated results are so far in good agreement with experi-
ments [65–67].

Throughout these simulations the materials used were treated as
linearly elastic, which means we apply Hooke’s Law in three dimen-
sions. This allows us to relate a force matrix, F, to the generated dis-
placement matrix, U, via the structure’s mass, stiffness, and damping
matrices; M, K and C, respectively as shown in equation 3.2.

Mü + Cu̇ + Ku = F (3.2)

In eigenfrequency analysis, damping is ignored to give the un-
damped natural eigenfrequencies of a structure, reducing equation
3.2 to equation 3.3.

Mü + Ku = 0 (3.3)

The vibrations are assumed to be harmonic (sinusoidal), therefore the
solutions to equation 3.3 must satisfy

u(t) = Ueiωt (3.4)

and therefore:
ü(t) = −ω2Ueiωt (3.5)

89



3.3 Ultra-confined Acousto-Plasmonic Coupling

Substitution of equations 3.4 and 3.5 into equation 3.3 generates

−ω2MUeiωt + KUeiωt = 0 (3.6)

which when divided by eiωt simplifies to

(K − ω2M)U = 0 (3.7)

This equation can then be solved in terms of the eigenvalue, ω2, and
the eigenvector, U, using the finite element method. The eigenfre-
quency is the square of the mode’s real angular frequency, ω, while
the eigenvector describes the ”shape” of the distortion due to the os-
cillation of the mode at angular frequency. Conceptually, this means
that when the structure is deformed into this shape and released it
oscillates at the eigenfrequency. In practicality, the excitation of a
mode depends on the overlap of the mode’s displacement field with
the initial deformation of the structure. Therefore, as the initial excita-
tion field will rarely overlap with only a single mode, multiple eigen-
vectors/eigenfrequencies are excited that will linearly superimpose
to describe the oscillation of the system as a whole.

The Finite element method (FEM) is a numerical approach for solv-
ing a set of matrix equations for an arbitrary structure. It achieves this
by breaking the system into a mesh of elements with independent
material parameters at each point. The solution to the given gov-
erning equations is then calculated by either a direct or an indirect
solver.

Throughout this work commercial software (COMSOL) was used to
calculate the eigenfrequencies of NPoMs through its indirect solver,
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Figure 3.9: A diagram demonstrating the rotationally symmetric NPoM
structure used to decrease simulation times when performing FEM
simulations.

as it is easy to use and less time consuming to set up than a home-
made solver. However one of the main drawbacks of using com-
mercial software is that it is often unclear how the solutions are being
reached as it is often proprietary. This is the case for COMSOL’s indi-
rect solver, which is understandable yet inconvenient. For calculating
the vibrational modes of nanostructures, FEM eigenfrequency analy-
sis has been demonstrated to perform well [65–67].

In order to perform efficient NPoM simulations a rotationally sym-
metric model was used, as shown in Figure 3.9. When performing ro-
tationally symmetric calculations it is obviously important to be aware
that non-rotationally symmetric modes cannot be calculated. Origi-
nally the nanoparticle was modeled as a perfect sphere with a point
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contact to the spacer as shown in Figure 3.9. The mesh used through-
out the calculations was extremely non-uniform, as the calculations
were super sensitive to the contact geometry. Therefore, a much
higher mesh density was required around the contact than through-
out the rest of the structure to ensure convergence. For all the cal-
culations the Young’s modulus and Poisson ratio used for gold were
79 GPa and 0.44 [68]. The material parameters for the self assembled
monolayer were found in the literature to be 200 GPa [69]. Although
it seems unreasonable to treat a single layer of molecules as a contin-
uum, the initial measurements to determine the material parameters
were performed using nanoindentation upon a SAM, therefore these
measurements should already take this effect into account at least
for displacements as small as those found in this study.

The ringing mode, also known as the breathing mode, is the fun-
damental mode of a single nanoparticle, as shown in Figure 3.10 (a).
This mode corresponds to an oscillatory radial contraction and ex-
pansion of the nanoparticle, shown graphically in the top left of Fig-
ure 3.10. The period of this mode is the time taken for a sound wave
to travel from the edge of the nanoparticle to the centre and back
to the edge, Tr = DNP/vs. FEM simulations on NPoMs found this mode
to be mainly unperturbed by its interaction with the substrate, as seen
in left side of Figure 3.10

The bouncing mode was found through FEM as the lowest fre-
quency mode of the NPoM structure. It corresponds to the nanopar-
ticle rising up away from the substrate, causing the contact to be put
under strain, followed by it being compressed back into the substrate
causing compression of the base of nanoparticle, the SAM, and the
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Figure 3.10: The two dominant acoustic modes excited by pumping
the transverse mode of the nanoparticle on mirror construct. (a) Lin-
ear and (b) log strain scales. The ringing mode is spread throughout
the nanoparticle; however, the bouncing mode is tightly confined
within 1 nm of the contact. The schematics above exaggerate the
displacements for clarity.
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Figure 3.11: (a) Bouncing mode strain distribution along a vertical line
through the point of maximum strain (in Figure 3.10). (b) The exponen-
tial drop strain drop off with z when moving away from the contact in
the NP, the spacer and the substrate.

substrate. This is shown graphically in the top right of Figure 3.10. The
strain map of the bouncing mode ( Figure 3.10) shows that almost all
of the strain is localised to the contact. If the strain distribution in Z

at the point of maximum strain is considered it can be seen that the
strain decays exponentially in all three components (NP, SAM, sub-
strate), as shown in Figure 3.11.

Initially the period predicted by FEM was almost two orders of
magnitude below that measured in experiments; clearly problem-
atic. The problem arises due to our treatment of nanoparticles as
perfect spheres, which we have clearly demonstrated is not the case
through scanning electron microscopy, as shown in Figure 3.12 [34]. It
would not only be impractical to recreate the full crystal structure of
a nanoparticle but it would also require us to select one of the many
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Figure 3.12: (a) a scanning electron microscope image of 100 nm gold
nanoparticles purchased from BBI Solutions (b) The effect of increas-
ing facet width, w, upon the relation between the bouncing and ring-
ing mode period, Tb and Tr.

possible crystal structures available [70]. Building on the strain maps,
we see that the bouncing mode is mainly sensitive to the contact.
Therefore, to most accurately model the NPoM contact the spherical
NP was replaced with a sphere cropped at the base, thus introduc-
ing a facet of tuneable width, w. Introduction of the facet causes
a rapid increase of the bouncing mode frequency with increasing
facet width. This is shown in Figure 3.12 (b) by comparing the bounc-
ing and ringing mode periods. This comparison allows us to directly
compare our experiments with simulations.

These FEM simulations allow us to computationally test and prove
our basic understanding of what the bouncing mode is and how it re-
sponds to changes in geometry. However, it does not help us under-
stand why changing parameters such as facet width and nanoparti-
cle size have such a drastic effect. In order to gain this level of under-
standing we need to create an analytical model. To do so we turn to
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a simple model based on springs in series.

3.3.3 Analytical Model

The basic idea behind our model is that the system should be repre-
sentable by three springs, collectively compressing and extending in
series. Within this simple concept each spring represents one of the
three layers that undergo elastic deformation as the bouncing mode
oscillates. These components are; the nanoparticle, the spacer, and
the substrate.

The nanoparticle is initially considered as an elastic sphere to allow
simple calculation of its elastic energy, as demonstrated by Lau et
al. [71]. The first step of this approach is to define the z displacement
of the sphere’s surface, uz(ρ), as it is pushed into the rigid substrate
due to pure geometrical arguments.

uz = δ − R

1 −
√

1 −
(ρ
R

)2
 ≈ δ (1 − ρ2

2δR

)
(3.8)

A diagram is shown in Figure 3.13 in order to clearly outline the param-
eters at hand. Importantly, δ corresponds to the central displacement
of the sphere described by δ ≡ 2R − h. Throughout the deformation
the volume of the sphere must be conserved, therefore, the contact
radius is directly dependent on the height of the deformed sphere, h,
and the original radius, R, via:

a2 =
4
3

R2
[
2R
h
−

h2

(2R)2

]
(3.9)

If the sphere is pushed into the substrate the stress will be maximum
at the centre of the contact and decrease as it tends towards the
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edge, as described by equation 3.10 [72, 73].

σ(ρ) = σ0

(
1 −

p2

a2

)−1/2

+ σ1

(
a −

p2

a2

)1/2

(3.10)

thus leading to a displacement of:

uz(ρ) =
πa
K

[
σ0 +

1
2
σ1

(
1 −

ρ2

a2

)]
(3.11)

where K ≡ EB/(1 − ν2) is the effective modulus of the contact. By
equating equations 3.8 and 3.11, σ0 and σ1 can be determined:

σ0 =
K
π

(
δ
a
−

a
R

)
σ1 =

K
π

(2a
R

)
(3.12)

Figure 3.13: A diagram to clearly demonstrate the compression of a
sphere when pushed into a rigid substrate, annotated with the rele-
vant parameters.
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We can therefore determine the elastic energy by integrating over
the stress multiplied by the displacement:

Uel =
1
2

∫ a

0
uz(x)σz(x) d2x = K

[
δ2a −

2
3
δa3

R
+

1
5

a5

R2

]
(3.13)

=
8√
(3)

KR3Φ(h/2R) (3.14)

where the function Φ(x) ≡
√

x−1 − x2[(1 − x)2
−

4
9 (1 − x)(x−1

− x2) +

4
45 (x−1

− x2)], which for values close to unity can be approximated by
Φ(x) ≈ (1 − x)5/2. For our study only extremely small deformations are
expected, therefore h/2R will be extremely close to 1. Consequently
equation 3.14 can be rewritten as:

Uel =
8
√

3
KR3

(
1 −

h
2R

)5/2

(3.15)

Throughout the FEM simulations we demonstrated that in order to cor-
rectly predict the bouncing mode period we need to take into ac-
count nanoparticle faceting, therefore we must also take it into ac-
count in our analytical model. To do this we must re-centre the equi-
librium position of the elastic energy. This is easily done by substituting
h = 2R − δ + z, where δ is the depth of the cut into the sphere used to
create the facet and z is the offset due to the applied force or oscil-
lation. When these new values are substituted into equation 3.15 we
arrive at:

Uel =
8
√

3
KR3

(z + δ
2R

)5/2
(3.16)

We then differentiate equation 3.16 with respect to z to calculate the
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force required to move the sphere out of its equilibrium position by a
distance z:

F =
∂Uel

∂z
=

10
√

3
K
√

Rδ3/2
(
1 +

z
δ

)3/2
(3.17)

For small changes in z the force can be linearised through a binomial
expansion allowing us to arrive at:

F '
5
√

12
E∗Au

√

Dδ3/2
(
3

z
δ

+ 1
)

(3.18)

If we apply Hooke’s law this generates a spring constant kNP depen-
dent upon the facet width, w, where w ≈

√
Dδ and D is the sphere

diameter.

KNP '
15
√

12
E∗Au

√

Dδ '
15E∗Auw

4
√

3
(3.19)

The spacer can be treated as a cylinder with the width of the facet,
w, and height of the spacer, d. This potentially vastly oversimplifies the
compression of a self assembled monolayer as it does not allow for
any effects dependent upon rearrangement of the molecules in the
gap to take place. However there are two clear reasons why this is
an acceptable approximation. The first is that the spacer will only un-
dergo extremely small compressions, therefore it is unlikely that there
will be enough force to modify the molecular arrangement. The sec-
ond; potentially more important reason is that the experiments per-
formed to determine the Young’s modulus of SAMs, YSAM, found in
the literature are executed through nanoindentation. Therefore con-
ceptually the Young’s modulus should already take these effects into
account [69]. The spring constant for the spacer, kspacer, is easily calcu-
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Figure 3.14: A visual description of an incompressible flat cylindrical in-
denter pushing into an elastic half space (the substrate). The applied
force is labeled as F and the area of the contact is A.

lated as shown in many physics and engineering text books [74, 75]:

kspacer =
YSAMπw2

4d
(3.20)

The substrate can be independently treated as an elastic half
space being compressed by a rigid cylindrical indenter, where the
indenter represents a combination of the spacer and the nanoparti-
cle. The stress across the contact can be expressed as:

σ(ρ) = σ0

(
1 −

ρ2

a2

)−1/2

(3.21)

This results in a constant vertical displacement within the contact due
to the rigidity of the indenter of uz:

uz =
πσ0a

E∗
(3.22)
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The force can then be calculated by integrating the stress across the
contact.

F =

∫ a

0
2πσ(ρ) dρ = 2πσ0a2 (3.23)

This can be rewritten in terms of the vertical displacment via substitu-
tion of equation 3.22.

F = 2aE∗Auuz (3.24)

The spring constant of the substrate, ksub, is therefore defined via:

ksub = 2aE∗Au (3.25)

Springs in series have an effective spring constant, ke f f , which in our
case is calculated via:

1
ke f f

=
1

kNP
+

1
kspacer

+
1

ksub
(3.26)

The effective spring constant is related to the bouncing mode period
via Tb = 2π

√
(m/ke f f ). Therefore, for a fixed facet size and nanoparti-

cle diameter we can predict the bouncing mode frequency by cal-
culating the effective spring constant from equation 3.26 and substi-
tuting it into the equation shown above.

In order to calculate the bouncing mode period correctly an at-
tempt must be made to take into account the actual mass of the
nanoparticles given their non-spherical shape. To achieve this we
consider the nanoparticles as regular icosahedra, which is a com-
mon structure seen in SEM images of the nanoparticles, shown in Fig-
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ure 3.12 [34]. In practicality this leads us to reduce the mass of the
particle to that of the icosahedron by multiplying it by the ratio of the
volume of the circumscribed sphere to that of the icosahedron, f .
This ratio is easily calculated as 60.5%. This can be shown by rewriting
the radius of the circumscribed sphere in terms of the edge length
of the icosahedron through, r = a

4

(
10 + 2

√
5
)1/2, as shown in equation

3.27, where the volume of the icosohedron Vicos = 5
12 (3 +

√
5)a3.

f =
Vicos

Vsphere
=

20(3 +
√

5)

π(2
√

5 + 10)3/2
≈ 60.5% (3.27)

For the purpose of comparing the analytical model to simulations, a
smaller volume reduction had to be used, f ≈ 80%, as it is impossible
to create an icosahedron within a 2 - dimensional azimuthal model
as is used throughout this work.

From our analytical model we now can predict what frequency
we should find in our simulations and how it compares to our exper-
imental results. The best way to perform this is by comparing both
the bouncing and ringing mode periods for different facet widths
and nanoparticle radii, for simulations and analytical results. We can
see in Figure 3.15 (a) that the simulation and analytical values match
well across the board. In order to further confirm the capability of
our analytical model we have compared the ratio of the bouncing
and ringing mode periods for a constant nanoparticle size, 100 nm,
and a range of facet widths, w, as shown in Figure 3.15 (b). To fur-
ther examine this relationship log(w) is plotted against log(Tb) in Figure
3.15 (c). The fitting of the log-log plots clearly demonstrates how well
the analytical model recreates the simulation results, with the analyt-
ical model predicting Tb ∝ w−0.54 and the simulation results showing
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Figure 3.15: (a) Full simulations of bouncing mode vs ringing mode
period (open circles). Analytical approximation (dashed lines) and
experimental results on several NPoMs (blue filled circles) are also plot-
ted. (b), (c) Comparison of full finite-element simulations with analytic
approximation.
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Tb ∝ w−0.53.
In order to utilise our model to its full potential we rewrite the rela-

tionship between the facet width, the bouncing mode and the ring-
ing mode. This allows us to calculate the size of the bottom facet for
a single NPoM construct.

Starting with equation 3.26 we substitute each value of kx from
equations 3.19, 3.20 and 3.25 , followed by substitution of the radius
by the ringing mode period via R = 1

2 TrvAu, where vAu is the speed of
sound in gold. This has then been rearranged to give the facet width:

w = l[1+
√

1 + (c/l)2]
(3.28)

where:

l =
c′T3

r v3
AuρAu

2T2
bE∗Au

≈
T3

r

T2
b

6.2 × 104 [ms−1]

c2 =
16π2E∗Au

5c′YSAM
ld

c′ =
2π3

15

(
4
√

3
5

+ 3
)
≈ 18.2

(3.29)

For the NPoM structures studied throughout this work, where a gold
particle and substrate are separated by a stiff molecular spacer,
(c/l)2

' 0.04 � 1, therefore, equation 3.28 reduces to w ' 2l. This
allows us to simplify and rewrite equation 3.28 to give the facet width
to diameter ratio:

104



3.3 Ultra-confined Acousto-Plasmonic Coupling

w
D

= c′
v2

AuρAu

E∗Au

(
Tr

Tb

)2

= 38.2
(

Tr

Tb

)2

(3.30)

This can therefore be used to calculate the facet width from the ex-
perimentally measured bouncing and ringing mode periods for single
structures. For the structures measured throughout this study, shown
as filled points on Figure 3.15 (a), we can calculate the average facet
width as w = 60±10 nm. This is in excellent agreement with bulk SEM
measurements where the average width is 55 nm [34].

3.3.4 Ultraconfined Acousto-plasmonic Coupling

Acousto-optic modulation is crucial for research and telecommuni-
cations. Within research acousto-optic modulators (AOMs) are used
throughout spectroscopy. However, they are essential for ultrafast
measurements as they are used for active mode locking within ultra-
fast lasers and to enhance detection efficiencies through lock-in de-
tection; making many of the breakthroughs in ultrafast spectroscopy
possible. In telecommunications AOMs are used to encode signals in
the frequency domain. For this purpose these systems need to be as
efficient as possible. Traditionally research into this has focused upon
materials research.

Throughout this work we have not only demonstrated the extraor-
dinary levels of confinement of both the plasmonic coupled mode
and the acoustic bouncing mode, but also that these two modes
are both confined around the contact, as shown in Figure 3.10 and
Figure 1.7. This means that the coupled plasmonic resonance is ex-
tremely sensitive to any changes in contact geometry and almost all
of the deformation due to the bouncing mode occurs within 1 nm of
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the contact. For this reason it appears logical that this combination of
acousto-plasmonic confinement could lead to highly efficient mod-
ulation. To demonstrate this we have calculated the acousto-optic
figure of merit for three different styles of acousto-optic modulator: a
traditional lithium niobate Bragg cell, a surface acoustic wave geo-
metrical deflector, and the NPoM bouncing mode modulator.

A lithium niobate Bragg cell uses an acoustic transducer to create
a transient Bragg grating, through the elasto-optic effect, that de-
flects the input beam. To calculate the efficiency of this approach
we consider an acoustic wave of wavelength Λ = 2π/q, with strain
at position, x, and time, t, described by s(x, t) = S0 cos(Ωt − qx). The
acoustic intensity is therefore Is = 1

2ρv2
s S2

0 in a medium of density ρ,
and speed of sound vs. The refractive index of the medium n is as-
sumed to undergo a perturbation as the acoustic wave changes the
relative strain within the material, ∆n(x, t) = − 1

2βn3s(s, t) where β is the
photoelastic constant. The minus sign shows that positive strain (di-
lation) leads to a reduction of the refractive index. As a result the
refractive index has a harmonic variation in time:

n(x, t) = n − ∆n0 cos(Ωt − qx) (3.31)

with amplitude ∆n0 = 1
2βn3S0 =

√
MIs/2, where M = β2n6/(ρv3

s ) is a
material parameter known as the acousto-optic Figure of Merit (FoM).

Therefore, the acoustic wave induces a periodic variation in the
refractive index of the crystal, creating a transient Bragg reflector that
momentarily diffracts the incoming optical wave, leading to a mod-
ulation of the deflected beam. The incoming optical wave is defined
as having angular frequency ω, effective wavelength λ = λ0/n, wave
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Figure 3.16: A simple diagram demonstrating the relation between
the deflection angle, θ, the length of the crystal, L, and the effective
interaction length, Le f f .

vector k and incoming angle θ, as shown in Figure 3.16.
As the acoustic frequency is much lower than the optical fre-

quency (by 5 order of magnitude), the acoustic wave can be con-
sidered as a stationary (”frozen”) sinusoidal function;

n(x) = n − ∆n0 cos(qx − φ) (3.32)

where φ is the phase. The reflection, R, from this periodic refractive
index grating can be calculated by integrating the reflectivity from
many stacked layers, giving;

R =
π

λ2
0

( L
sinθ

)2
∆n2

0 (3.33)

=
π2

2λ2
0

L2
e f f MIS (3.34)

where the length of the crystal is L, as shown in the Figure 3.16, and
the diffraction angle is the Bragg angle, sinθB = q/2k = λ/2Λ (which is
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small, removing any significant polarisation dependence).
The reflectivity from the acoustic grating is therefore proportional

to the acoustic wave intensity (IS), the material’s Figure of merit (FOM,
M), and the penetration depth (Le f f ). This can be inverted to calcu-
late M:

M =
2λ2

0

π2
R

ISL2
e f f

(3.35)

which can be determined experimentally from the light scattered by
the acoustic wave into the diffracted direction (R). For lithium niobate
this has been determined as 1.5 × 10−14W m−2 [76].

A geometrical deflector may be a better comparison to a bounc-
ing mode modulator as it utilises small local changes to modulate the
beam, rather than bulk waves such as those used within the Bragg
cell. The idea behind the geometric deflector is that a laser is fo-
cused down onto the surface of a mirror which transiently deflects the
beam at the given frequency. This works by the excitation of surface
acoustic waves distorting the surface of the mirror, causing the inci-
dent laser to be deflected, thereby modulating the reflected beam’s
intensity. This is demonstrated graphically in Figure 3.17.

As in our treatment of the lithium niobate Bragg Cell, the acoustic
wave has wavelength Λ = 2π/q and time- and position-dependent
z-displacement described by Z(x, t) = Z0 sin(Ωt + qx). Assuming the
incident beam is normal to the undistorted mirror, the deflection an-
gle of the beam at position x depends on the differential dz/dx =

qZ0 sin(Ωt + qx), as in Figure 3.17. The maximum gradient is therefore
qZ0, related to the deflection angle 2θ by tan(θ) = qZ0. For 100% mod-
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Figure 3.17: A schematic illustrating the deflection of a laser by a mirror
deformed by a surface acoustic wave.

ulation the reflected beam must be angularly deflected more that its
angular width, i.e. when tan(2θ) ≈ λ0/r, for a focused beam of spot
radius r. Hence the wave amplitude needed is Z0 ≈ λ0/(qr). Convert-
ing this acoustic amplitude to acoustic intensity, IS, depending on
Rayleigh speed of sound, vR, gives the intensity for 100% modulation:

Is =
ρv3

R

8

(2λ0

πr

)2
(3.36)

For a spot size of 50µm, and a silver mirror modulator (ρ =10 500 kg m−3,
vR =1592 m s−1) the intensity required for maximum modulation is
5 × 108 W m−2. As before, this allows a FOM to be calculated from
equation 3.35; with the interaction length taken as the diameter of
the laser spot, the FOM is 9 × 10−14 m2 W−1, slightly larger than bulk
lithium niobate (1.5 × 10−14m2 W−1).

The bouncing mode modulator would have an effective FOM
based on the equivalent acousto-plasmonic coupling parameters to
those used in equation 3.35: the change in scattering intensity when
the bouncing mode is excited, the effective length of the interaction,
and the acoustic power needed to excite the bouncing mode.
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Figure 3.18: The effect of indenting the nanoparticle 2 nm into the film
of the NPoM on the optical scattering spectrum. This creates a 49%
decrease in scattering at the probe wavelength, tuned to one side
of the plasmon resonance peak in the near infrared.

To calculate the change in NPoM scattering due to the bouncing
mode we implement the geometrical changes due to the acous-
tic deformation into full 3-D finite difference time domain simulations.
In our continuum elasticity simulations (COMSOL), a 2 nm maximum
indentation of the nanoparticle into the substrate occurs when the
acoustic wave has an intensity of IS = 1.2 × 108W m−2. The scattering
spectrum is then calculated for this 2 nm indentation and compared
to the unperturbed spectrum using finite difference time domain sim-
ulations, as shown in Figure 3.18.

The spectra demonstrate a maximum reduction in scattering of
∆S/S ≈ 49%. Note that in experiments the acoustic mode amplitude
and thus the fractional change in scattering are far smaller. Two con-
tributions are compared for this scattering; firstly, the change in the
dielectric constant of the gold caused by the strain surrounding the
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plasmonic gap, and secondly, the deformation of the geometry. The
latter is found to dominate the changes in the optical scattering.

We can now calculate our FOM by treating the value for ∆S/S

(giving the proportional redirection of light by the acoustic wave) as
R for traditional AOMs. The only value in the equation that is more
difficult to define is the interaction length (Le f f ) as this would intuitively
correspond to the height of the NPoM gap. However, since the en-
tire structure interacts with light within its scattering cross-section of
πd2

S = 6 × 10−14m2 (as shown in Figure 3.18), we conservatively set
Le f f = ds =280 nm.

Inputting these values into equation 3.35 determines the FOM to
be 7× 10−8m2W−1. This is six orders of magnitude higher than the FOM
for either the Bragg cell or the geometric deflector, thus demonstrat-
ing that coupled plasmonic systems with concentric ultra high field
confinement of both plasmonic and acoustic modes could be used
to perform highly efficient acousto-optic modulation.

3.3.5 Summary

In this work we have utilised femtosecond pump-probe experiments
and a mixture of simulations to investigate the utility of the acous-
tic bouncing mode found in NPoMs. Initially pump-probe measure-
ments were performed on a set of single NPoM constructs, allow-
ing the bouncing and ringing mode periods to be measured using
the setup and techniques discussed in section 3.1. The origin of the
bouncing and ringing modes were then confirmed through FEM sim-
ulations, which in turn shone light upon the importance of faceting in
determining the bouncing mode period, shown in section 3.3.2.
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We then developed a simple analytical model based upon
springs in series that allowed us to calculate the size of the nanopar-
ticle facet by measuring the bouncing mode period, and ringing
mode period, for individual NPoM structures, as discussed in section
3.3.3. The average measured facet size was found to be in good
agreement with bulk nanoparticle SEM measurements. This is impor-
tant because it is an extremely difficult task to measure the size of
the contact facet for single NPoM using electron microscopy as prior
to imaging a cross-section must be taken using a focused ion beam,
which is a destructive technique with the potential to distort the struc-
ture and ruin the measurement.

Moving on from this, we investigated the coupling strength be-
tween the bouncing mode and the coupled plasmonic mode, and
their potential for use within acousto-optic modulation. Both of these
modes have extremely high confinement around the gap, therefore
any alteration or perturbation of the structure due to the bounc-
ing mode induces a large shift in the scattering due to the coupled
mode. To describe this quantitatively we performed finite difference
time domain simulations for the perturbed and unpertubed system.
The perturbed system was recreated by indenting the nanoparticle
into the substrate by 2 nm, causing a maximum 50% decrease in scat-
tering. The elastic energy required to cause such a deformation was
calculated by integrating the strain energy found to create a 2 nm

indentation in FEM simulations.
This allowed us to calculate the modulation efficiency and com-

pare it to the more traditional Bragg cell modulators. The bouncing
mode modulator was found to be 6 orders of magnitude more effi-
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cient, therefore suggesting that coupled plasmonic systems - which
have inherently high field confinement - can be coupled to highly
confined acoustic modes to create extremely efficient acousto-optic
modulation. However, there are clear disadvantages and hurdles
that need to be overcome. The main problems would most likely be
the rather small damage thresholds, as discussed in section 3.1, the
difficultly of manufacturing coupled systems with controllable and
identical contacts and recollection efficiency of the scattered light.
Therefore, if someone wished to pursue this as a viable technological
option they would need to investigate how the damage thresholds
of NPoM can be improved; this could be through the use of coatings
or by replacing gold with a hardier alternative.
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4. Introduction to Ultrafast

Molecular Phonon-Plasmon

Coupling

Molecular sensing through Surface Enhanced Raman Spectroscopy
(SERS) is one of the most appealing applications of plasmonic con-
finement as it facilitates the study of the vibrational dynamics of few-
to single-molecules. However, little is known about how molecu-
lar vibrational dynamics are altered by the high fields and phonon
occupations created when plasmonic cavities are excited with ul-
trafast pulses. Therefore the rest of this thesis (Chapters 4, 5 and
6) will attempt to push forward our understanding of plasmon cou-
pled molecular vibrational dynamics through picosecond vibrational
spectroscopy. In this chapter we will form the theoretical and ex-
perimental foundations required to understand how plasmonic con-
finement can be used to optically excite and interrogate molecular
vibrations, through Surface Enhanced Raman Spectroscopy (SERS),
and Surface Enhanced Coherent Anti-Stokes Raman Spectroscopy
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(SE-CARS), giving the reader the necessary tools to interpret Chap-
ters 5 and 6.
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4.1 Molecular Vibration

4.1 Molecular Vibration

The atoms that make up a molecule have their equilibrium positions
dictated by the minima of an energy landscape. A small displace-
ment of any of the atoms leads to a restoring force and an altering
of the landscape due to bond bending and stretching forces. There-
fore, the collective movement of the atoms supports harmonic mo-
tion around each atom’s equilibrium position; a vibration. Due to this
inherent dependence upon the energy landscape, which originates
as a direct consequence of the chemical structure, each molecule
has a distinct set of available vibrational modes. It is for this rea-
son that a molecule’s vibrational modes have been widely used as
a molecular fingerprint. One of the simplest ways to determine a
molecule’s vibrational fingerprint is through Raman spectroscopy.

4.1.1 Raman Spectroscopy

Raman scattering is an optical inelastic scattering process where an
incoming photon is initially ”absorbed” by a molecule,1 and then in-
stantaneously re-emitted as a red shifted photon. This is possible as
the absorption of the photon leads to the excitation of a virtual state,
followed by its instantaneous relaxation into a vibrational mode, caus-
ing the emission of a red shifted photon, as demonstrated graphically
in Figure 4.1. Therefore, the energy of the scattered photon is equal to
the energy of the original photon minus the energy of the vibrational
mode.

1It is also possible for Raman scattering to occur from other nanostructures, such
as metal nanoparticles [77]. However, the low frequency of these modes can make
it experimentally difficult due to the high quality of filtering required and Raman scat-
tering is most commonly used in the study of molecules.
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Figure 4.1: A comparison of the energy level transitions involved
Rayleigh and Raman scattering, showing the two types of Raman
scattering; Stokes and Anti-Stokes scattering. Dashed lines (- -) are
virtual energy states and full lines (–) are real energy states.

Experimentally this can be utilised to determine the vibrational
spectrum of a molecule by scattering a laser from the medium, block-
ing the elastically scattered light and recording the spectrum. This
simple process makes this technique non-invasive and easy to use in
a variety of situations. In molecular sensing it can be used for identifi-
cation or to determine how a molecule interacts with its surroundings.
Because of this, Raman spectroscopy has been used as a powerful
tool in a range of fields; from studying the structural properties of cell
walls [78], to finding the strongest composition of concrete [79].

The Raman scattering spectrum paints an incomplete picture of
the vibrational modes as not all vibrational modes are Raman active.
The Raman scattering selection rules dictate that a vibrational mode
can only be Raman active if its oscillation leads to a change in the
polarisability of the molecule, therefore only charge-symmetric vibra-
tional modes can be excited via Raman scattering. A knock on effect
of this is that the Raman scattering cross-section comes directly from
a molecule’s polarisabilities’ dependence upon nuclear motion.
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We can understand this dependence classically by considering
scattering as the re-radiation of incoming light via an induced dipole.
The intensity of the scattered light, I, at an angle to the dipole, θ,
depends directly upon the frequency of the incoming light, ωs, and
the magnitude of the induced dipole moment, P, via;

I = k′ω4
s P2sin2θ where k′ = 1/(32π2ε0c3) (4.1)

To investigate the effect of the polarisability upon scattering we
consider the strength and orientation of the induced dipole moment,
P, to be linearly related to the applied field, E, via the polarisability, α.

P = α · E (4.2)

We know that the polarisability has an inherent dependence upon
the spatial distribution of charges across the molecule. Therefore, if
the molecule begins to vibrate, the constituent atoms move from their
equilibrium positions, potentially causing a change in the polarisabil-
ity. To study this effect further we must rewrite the polarisability in terms
of the relative location of each of the molecule’s atoms, known as the
nuclear coordinates, q. To do this we perform a Taylor expansion on
the polarisability with respect to q.

α = α|q=0 + q
∂α
∂q

∣∣∣
q=0 +

q2

2
∂2α

∂q2

∣∣∣
q=0 + ..... (4.3)

This assumes that the nuclear coordinate system has been centred
such that the system is in equilibrium at q=0. If we assume that the
vibration can be treated as a simple harmonic oscillator, the atomic
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motion is dictated by q = qvib cos(ωvibt+δvib) where: qvib is the amplitude,
ωvib is the frequency, and δvib is the phase of vibration.

In the case of simple harmonic motion, the restoring force must
be linearly proportional to the displacement, therefore, only the linear
term of the polarisability shown in equation 4.3 needs to be taken into
account. The polarisability of the vibration, αvib, thus reduces to:

αvib = α|q=0 + α′vibq where α′vib =
∂α
∂q

∣∣∣
q=0 (4.4)

and therefore:

αvib = α|q=0 + α′vibqvib cos(ωvibt + δvib) (4.5)

Substituting this into equation 4.2 we can see that the dipole mo-
ment induced by incident light of frequency ω0, and hence field
E = E0 cosω0t is:

P = E0 cosω0t(α|q=0 + α′vibqvib cos(ωvibt + δvib)) (4.6)

which can be rearranged through simple trigonometric identities to
arrive at:

P = α|q=0E0 cosω0t +
1
2
α′vibE0qvib cos((ω0 ± ωvib)t ± δvib) (4.7)

The induced dipole has frequency components at the incident light
frequency, ω0 (Rayleigh scattering), and at the red and blue shifted
frequencies, ω0 ± ωvib (Raman scattering). The blue and red shifted
components of the Raman scattering correspond to the creation
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(Stokes scattering) and the annihilation (anti-Stokes scattering) of a
vibration of energy hωvib. Equation 4.7 defines what is known as the
Raman polarisability, αvib = 1

2α
′

vibqvib. The intensity of Raman scattered
light therefore depends directly upon the polarisability due to nuclear
motion, rather than due to the motion of bound electrons, as is the
case for Rayleigh scattering.

Raman scattering has a relatively low probability compared to
Rayleigh as the charge to mass ratio of a proton is 1837 times smaller
than that of an electron. This is most easily observed in terms of the
Raman scattering cross-section, which ranges from 10−30 to 10−25cm2.
This means that if a laser is focused down to a diffraction limited spot
of approximately 1µm2 each photon has a 1 in 1017 probability of Ra-
man scattering. Therefore, if we wish to use Raman to perform few
or single molecule studies we need huge field intensities. One way
to achieve this is through Surface Enhanced Raman Spectroscopy
(SERS).

4.1.2 Surface Enhanced Raman Scattering (SERS)

Surface Enhanced Raman Spectroscopy (SERS) is a technique that
uses the near field enhancement provided by plasmonic nanostruc-
tures to maximise Raman scattering efficiency by increasing the in-
and out-coupling efficiencies. Mathematically this works because
the detected signal intensity is dependent upon the square of both
the incoming and outgoing fields, E(λlaser) and E(λraman). To calcu-
late the increase in efficiency, known as the enhancement factor,
we compare the enhanced field to the original field E0 via:
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enhancementSERS =

∣∣∣∣∣E(λlaser)
E0

∣∣∣∣∣2 × ∣∣∣∣∣E(λraman)
E0

∣∣∣∣∣2 (4.8)

Hence, the higher the field intensities the higher the Raman scatter-
ing. Therefore, if we can increase our field intensities we can observe
the dynamics of fewer molecules. This is one of the main driving forces
behind plasmonic nanostructure design, pushing research forwards
from the initial discovery of SERS by Fleischmann et al. in 1976, for
molecules absorbed onto a rough silver electrode [80], to the now
widely used spherical metal nanoparticles, and beyond.2

Although research surrounding maximising plasmonic enhace-
ment has come a long way from the simple spherical nanoparticle,
it is still the most used structure for the study of biological systems us-
ing SERS. This is mainly due to its accessibility [82]. However, simply
by changing the shape of the nanostructure and introducing sharp
points it has been demonstrated that you can further increase the
maximum field. In particular this has led to an increase in the use of
nanostars for chemical sensing, thus maintaining the practicality of
using single structures while maximising signal [83]. However, for the
work contained in this thesis our aim is to further understand the fun-
damental physics behind few molecule plasmon interactions. There-
fore, we are less interested in the versatility of the system and more
interested in maximising the field intensity.

For this reason we turn to utilising plasmon-plasmon coupling via
the Nanoparticle-on-Mirror structure, as discussed in section 1.7, to
maximise Raman scattering. Over the past five years this structure has

2Although Flesischmann et al. discovered the effect, the SERS acronym itself was
later coined by the Van Duyne group [81].
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been utilised to explore molecule-plasmon coupling through SERS in a
variety of different instances, from the effect of single atom protrusions
leading to optomechanical coupling [84], to studying the electronic
and double layer interactions in electrochemistry [85].

Although Raman scattering is predominatly used to study molec-
ular scattering in SERS, the high field confinement also leads to a res-
onant enhancement of inelastic scattering with the plasmonic struc-
tures constituent electrons. This generates an electronic Raman scat-
tering (ERS) background in SERS measurements.

Electronic Background

Electronic Raman scattering (ERS) is usually encountered as an incon-
venience to SERS as it creates a broadband background that can ob-
scure molecular vibrations. The emission process is similar to molecu-
lar Raman but involves the electronic states of the metal, rather than
the vibrational states of the molecule. The electron is excited to a
virtual state through absorption of a plasmon of energy ~ωp with a
momentum kick ∆k due to plasmon localisation, followed by relax-
tion to a state ∆E above or below its initial state. This is shown for +∆E

and −∆E in Figure 4.2 (a), where red or blue shifted emission occurs
respectively. Therefore the electron emits light at ~ω = ~ωp±∆E, similar
to molecular Raman, however, as there is a continuum of electronic
states for the excited electron to relax into, the emission is broadband,
as shown in the emission spectra shown Figure 4.2 (b).

As the blue shifted (anti-Stokes) emission generated from ERS de-
pends directly on the electron energy distribution it can be used as
a probe of the electron temperature. The temperature can be cal-
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Figure 4.2: (a) shows the electronic Raman scattering (ERS) process
for electrons around the Fermi energy (E f ) in gold. The electrons are
initially excited into a virtual state through absorption of a plasmon
causing the electron to receive a momentum “kick” of ∆k due to the
plasmon localisation. The electron then relaxes into a state of mo-
mentum k = k0 + ∆k and energy E = E0 + ∆E emitting a red or blue
shifted photon for positive or negative values of ∆E respectively. [86]
(b) shows the effect of temperature on the blue shifted emission of
the ERS process shown in (a). (c) shows a comparison of the temper-
ature calculated from fitting a Boltzmann distribution to the spectra
shown in (b) to the experimentally controlled sample temperature.
(b) an (c) are extracted from reference [87].
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culated by fitting a Boltzman distribution to the energy distribution of
the emitted photons, as shown in Figure 4.2 (b), using [87]:

IAS ∝ e
−hν
kBT (4.9)

calculation of the electron temperature using this technique has pre-
viously been verified by correlating the sample temperature with the
measured electron temperature, as shown in Figure 4.2 (c) [87].

4.1.3 Ultrafast SERS

Although traditional single colour continuous wave SERS can gener-
ate a wide range of information, it is possible to gain further informa-
tion about molecule-plasmon interactions by using a tuneable ultra-
fast laser source, such as an Optical Paramteric Oscillator (OPO), as
the Raman pump laser. The first obvious increase in capabilities is the
ability to tune the laser across the plasmon resonance, allowing us
to investigate the effect of the in-coupling and out-coupling wave-
lengths, and therefore allowing the optimum pumping wavelength
to be determined. For the NanoParticle on Mirror construct this ex-
periment allowed the discovery of an anomalous shift between the
apparent near field and far field resonance wavelengths due to the
interference of the different plasmonic modes within the cavity [88].

A secondary, and potentially more insightful, effect of using a laser
generated by an OPO is its ultrafast pulse width. This opens up a
whole avenue of experiments that investigate the temporal dynam-
ics of molecular-phonon plasmon interactions. However, performing
Raman with ultrafast pulses has a fundamental singal-to-noise limiting
flaw: the time-bandwidth product.
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Table 4.1: A table showing the different limits to pulse width in the
spectral and temporal domains for different pulse shapes.

Function Intensity ∆tFWHM Frequency ∆ωp K
Gaussian e−2(t/∆t)2

1.177τG e−(ΩG)2/2 2.355/τG 0.441
sech sech2(t/τs) 1.163τs sech2(πΩτs/2) 1.122/τs 0.315
Lorentzian [1 + (t/τL)2]−2 1.287τL e−2|Ω|τL 0.693/τL 0.142

This relationship limits the minimum spectral width of a pulse for a
particular temporal width and is a direct consequence of the Fourier
transform that connects the two. If the time-dependent intensity of
the pulse’s field is described by E(t) = S(t) cos(ω0t + φ), where S(t) is
the envelope function, the Fourier transform connecting the tempo-
ral width to the minimum spectral width can be calculated. This al-
lows the ratio between the temporal and spectral to be determined
as:

∆t∆v ≥ K (4.10)

Where K depends on the exact form of S(t). The spectrally filtered
pulses used throughout this thesis are Gaussian pulses, hence S(t) =

e−2(t/τG)2 , which gives K = 0.441. A table detailing the relationships
between the different envelope functions, their full width half max,
and K is shown in Table 4.1. The table clearly shows that a Lorentzian
pulse is the ideal pulse shape for ultrafast spectroscopy as it maximises
spectral and temporal resolution.

The initial Ti:Sapphire pulses that pump the OPO have a temporal
width of 100 fs (at 820 nm) and a minimal spectral width of 10 nm. This is
problematic for performing SERS measurements as a spectrally broad
pump pulse leads to a broadening of the Raman peaks and, sub-
sequently, a decrease in peak height causing a reduction in signal-
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to-noise. Therefore, the pump pulse must be spectrally filtered to in-
crease the signal to noise of the SERS signal. This decreases the peak
width and, therefore, increases the peak height, leading to an in-
crease in the signal to noise ratio. However, as highlighted above,
this also leads to an increase in temporal width and therefore a loss
in temporal resolution. The exact experimental techniques utilised for
spectral filtering in this thesis are discussed in section 4.3.

Now that we understand the pulse shape and the relation be-
tween its temporal and spectral widths we are equipped to attempt
experiments that utilise our ultrafast pulses. One interesting way to
do this is to perform time resolved molecular-phonon studies. This
can be done in two ways: firstly, this can be achieved by perform-
ing pump-probe SERS measurements. These are similar to the pump-
probe measurements performed in Chapter 3, but instead of mea-
suring the change in absorption of the probe, the change in SERS ex-
cited by the probe is evaluated. This is an interesting technique that
has a lot of potential. However, as with the pump-probe measure-
ments contained in Chapter 3, the measurement attempts to detect
a small change in a much larger signal thus requiring a high signal
to noise (≈ 1 in 106). As these measurements must be performed at
the low pump powers, to ensure the longevity of the nanostructure,
a SERS count rate higher than 100 s−1 is hard to achieve, therefore,
an excessively long measurement time would be required. The sec-
ond approach circumnavigates this problem by generating a pure
time-resolved signal through Coherent Anti-Stokes Raman Scattering
(CARS).
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4.1.4 Coherent Anti-Stokes Raman Scattering (CARS)

In ultrafast spectroscopy, time resolved measurements are often per-
formed by preparing the state of the system using a pump pulse, and
then interrogating the system by measuring a signal generated by a
probe pulse. The signal can then be monitored as a function of the
time delay between the pump and probe pulses, allowing the ultra-
fast dynamics of the system to be investigated. The signal can be
either absorption (as discussed and performed in section 3), scatter-
ing, or even fluorescence [89].

However our aim when utilising CARS is to prepare the molecule
into an excited phonon mode, which cannot be achieved with a sin-
gle pulse.3 Instead the preparation of the system requires two pulses
that coherently drive the population of the phonon mode by stim-
ulated Raman scattering. This requires a pulse to initially excite the
system to the virtual state, as with traditional Raman, accompanied
by another pulse that matches the energy of the outcoming Raman,
therefore stimulating the process and driving the molecule from the
virtual state into the excited vibrational state, as demonstrated graph-
ically in Figure 4.3.

Now that the state of the system has been prepared, the arrival
of the probe pulse leads to the re-excitation of the molecule into the
virtual state followed by its decay into the ground state. Relaxation
occurs through emission of a photon at the anti-Stokes position of the
probe pulse, as shown in Figure 4.3. Therefore by modifying the arrival

3This is only the case if we are aiming to excite Raman active phonon modes.
If instead we wished to probe the dynamics of infra red active phonon modes we
could of course excite them directly, however, this comes with other experimental
complications.
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Figure 4.3: An energy level description of the CARS process, show-
ing the initial excitation from the ground state, EG, to a virtual state
by the pump pulse, ωpump, followed by stimulation into the excited vi-
brational mode by the Stokes pulse, ωStokes, and re-exciatation into a
virtual state by the probe pulse, ωprobe, leading to emission of the CARS
signal, ωCARS.

time of the probe pulse and tracking the intensity of the anti-Stokes
peak it is possible to track the phonon population as a function of
time.

Time resolved CARS has been used to understand the Raman
active phonon dynamics in bulk crystals for a wide range of differ-
ent molecules [90–92]. However, in order to study few- and single-
molecule dynamics the signal must be vastly enhanced. As the CARS
process is directly dependent on the field intensity of each pulse, a
high signal can be achieved by using high peak powers. This ap-
proach is often used in combination with a white Stokes laser so
that the measured spectrum contains the full Raman spectrum [93].
Through using high intensities the signal-to-noise ratio can out-perform
traditional Raman, and in particular this has been utilised for imaging
cells with resolution and chemical information outside the reach of
traditional bright field imaging [94].
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Although this enhancement makes the process much more effi-
cient than traditional Raman it still lacks the signal-to-noise to perform
few- or single-molecule time resolved studies. The obvious solution
is Surface Enhanced CARS (SE-CARS) which, as the name suggests,
uses the plasmonic enhancement used in SERS to enhance the CARS
signal. This leads to an even greater enhancement than in SERS as the
signal is proportional to the field intensity of each photon involved.
The enhancement therefore scales as shown in equation 4.11.

enhancementCARS =

∣∣∣∣∣∣E(λPump)
E0

∣∣∣∣∣∣2 ×
∣∣∣∣∣E(λStokes)

E0

∣∣∣∣∣2 × ∣∣∣∣∣E(λProbe)
E0

∣∣∣∣∣2 × ∣∣∣∣∣E(λCARS)
E0

∣∣∣∣∣2
(4.11)

SE-CARS has been used with varying levels of success throughout the
literature and this will be discussed in further detail in section 4.2.

A common problem when performing CARS measurements, and
in particular SE-CARS measurements, is the generation of a Four Wave
Mixing (FWM) signal from an unintended medium that obscures the
CARS signal. In SE-CARS measurements this occurs within the plas-
monic medium and is mediated by either electronic two-photon ab-
sorption or electronic CARS, leading to emission that can be spec-
trally identical to molecular CARS.

The two-photon absorption process corresponds to the excite-
ment of an electron to a real excited state by the absorption of a
pair of photons, ω1 and ω2, followed by relaxation stimulated by ω3,
leading to the emission of a photon, ω4, as shown in Figure 4.4 (a),
such that ω4 = ω1 + ω2 − ω3.

The electronic CARS processes, shown in Figure 4.4 (b), is similar to
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Figure 4.4: Energy level diagrams of the different electronic FWM pro-
cesses that can occur within plasmonic nanostructures. (a) shows
two-photon absorption mediated FWM and (b) shows Raman medi-
ated electronic CARS where each excitation in the electronic CARS
process relies upon a momentum kick, ∆k, from the localisation of the
plasmon.

molecular CARS but involves the electronic states, rather than molec-
ular phonons, as in electronic Raman scattering discussed in section
4.1.2. The initial photon, ω1, excites an electron from the Fermi en-
ergy to a virtual state prior to relaxation stimulated by ω3 to an en-
ergy above the Fermi energy. The electron is then re-excited to a
virtual state by the absorption of ω2 prior to emitting ω4 as it relaxes
to the Fermi energy. Therefore, the electronic CARS emission is at
ω4 = ω1 + ω2 − ω3 and is spectrally identical to both molecular CARS
( assuming ω1 = ωp, ω2 = ωx, ω3 = ωS and therefore ω4 = ωCARS) and
two-photon FWM.

In SE-CARS measurements distinguishing these three processes
can be done in two ways: either by their unique temporal response
or by investigating the effect of the input frequencies, ω1, ω2 and ω3.
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As all of the signals will have a lifetime dependent on their excited
state dynamics, the decays can be used to distinguish the three ef-
fects. Experimentally this is done by measuring the decay of the signal
with the delay of each of the input beams. The excited state of the
CARS signals is prepared by the ω1/p and ω3/S pulses, therefore, these
two pulses must arrive at zero relative delay. The time delay of the
ω4/x pulse can then be scanned to measure the temporal response,
as is the objective of tr-CARS. If the decay is much below the ex-
pected molecular-phonon lifetime the signal is generally attributed to
electronic FWM and treated as a mixture of 2-photon absorption and
electronic CARS. Although this approach has been shown to work in
bulk it causes a potentially comprising convolution of experimental
results.

The origin of the signal can instead be determined by investigat-
ing the effect of spectrally detuning each of the input beams. If
the signal is purely due to molecular CARS the Stokes pump (ω3,S)
has to match the Stokes emission generated by the pump pulse.
Therefore, if the spectral seperation between the pump and Stokes
pulses does not match the vibrational resonance the signal will tend
to zero. In comparison the electronic FWM mechanisms only depend
on the enhancement of the input fields by the plasmon resonance.
Therefore the electronic FWM signals are much less sensitive to de-
tuning since the plasmon resonance is much broader than the input
pulses (100 nm compared to 1 nm). Therefore, investigating the de-
pendence of the signal upon the frequency of the input beams al-
lows the origin of the signal to be determined without convoluting our
conclusion with our time-resolved experimental results. This is the most
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reliable approach to distinguish molecular CARS and electronic FWM
and will be demonstrated experimentally in section 5.

4.2 Literature on Ultrafast Molecular Phonon Dy-

namics

Time resolved coherent anti-Stokes Raman scattering has been
utilised on many occasions to study the evolution of phonon modes
in bulk, generally investigating the effects of phonon decay and
quantum beating [95–99]. CARS has also been recently shown to
be able to achieve single molecule detection efficiency by increas-
ing the signal-to-noise through plasmonic confinement, termed Sur-
face Enhanced CARS (SE-CARS) [100]. The combination of these two
approaches to perform time resolved CARS on a small number of
molecules has yielded debatable levels of success.

In 2014 the Potma group published a paper that claimed to ob-
serve the time resolved dynamics of the phonon mode of a sin-
gle molecule through SE-CARS [101]. The paper investigated the
behaviour of trans-1,2-bis-(4-pyridyl) ethylene (BPE) coated upon
commercially purchased silica coated gold nanoparticle dimers, as
shown in Figure 4.5 (a). Time resolved traces were measured that
show signal oscillations that were attributed to a beating between
two phonon modes, shown in Figure 4.5 (b). In 2016 the Potma group
published another paper examining exactly the same structure, how-
ever, this time when performing time resolved measurements no clear
molecular signal was observed, as shown in Figure 4.5 (c) [102]. The
signal instead consisted of a peak at t = 0 that the authors attributed
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Figure 4.5: Excerpts taken from Potma’s time-resolved CARS papers;
showing (a) diagram and TEM of the examined structures, (b) the orig-
inal temporal response published in the 2014 paper [101] and (c) the
temporal response published in the 2016 paper [102]
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to the non-resonant four wave mixing signal from the metal. Along-
side the signal shown in Figure 4.5 (c) is a measure of the damage
sustained throughout the measurement that suggests the reason no
molecular signal was measured was due to destruction of the sample.
The only difference between the two measurements is the use of a
degenerate pump and probe in the 2014 paper, compared to spec-
trally independent pump and probe in the 2016 paper. This should
have led to spectral separation of the two pulse and three pulse CARS
signals, but should not affect the time resolved response. The rest of
the 2016 paper demonstrates a valiant and useful characterisation
of the different damage classifications and the related statistics that
occur when performing ps-SERS.

It is therefore clear that more work needs to be done on under-
standing the ultrafast dynamics of molecular-phonons in plasmonic
hot spots. In section 5.3 we will discuss how we have begun to ad-
dress this by performing tr-CARS measurements on individual NPoM
structures.

4.3 Experimental Methods

The experiments performed within this thesis studying molecular vi-
bration use two techniques: picosecond-Raman, and coherent anti-
Stokes Raman spectroscopy (CARS). These techniques are performed
upon single nanostructures to allow us to utilise the effect of plas-
monic enhancement to examine a small number of molecules and
their interactions with the plasmon. These approaches are known as
picosecond Surface Enhanced Raman Spectroscopy (ps-SERS) and
Surface Enhanced Coherent Anti-Stokes Raman Spectroscopy (SE-
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CARS). The setup used to perform ps-SERS and SE-CARS contains a
custom-built fully-automated dark-field microscope, as shown in Fig-
ure 4.6. The dark-field microscope is used to image and characterise
nanostructures prior to and post ultrafast measurements, for more de-
tails please refer to section 2.2.

For ps-SERS and SE-CARS the lasers used are generated from a
Ti:Sapphire OPO system as detailed in section 2.3. The raw beams
are unusable for Raman or spectrally resolved CARS due to their spec-
tral width, as explained in section 4.1. Therefore the beams must be
spectrally filtered prior to performing the proposed experiments. This
will be explained in the following section in conjunction with the tune-
able spectral filtering used to block the Rayleigh scattered light prior
to detection.

4.3.1 Tuneable Filtering

Filtering is a key component of a ps-SERS and SE-CARS setup and
must be performed in both the excitation and detection paths. In
the work contained within this thesis the filtering used in the excita-
tion for SE-CARS is done by a combination of two PhotonEtc volume
Bragg grating tuneable filters, selecting the wavelengths of the pump
and probe beams λp and λx from the OPO beam, and a Spectro-
lab prism filter selecting the Stokes pump wavelength λS from the
Ti:Sapphire residual. The beam used to perform ps-SERS is the same
as the Raman pump in SE-CARS measurement, denoted λp. The col-
lected scattered light is filtered using two stacks of Delta thin film linear
filters.

The filters used in excitation create narrow bandpasses, decreas-
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Figure 4.6: A simplified diagram of the setup used to perform single
nanostructure tr-CARS and ps-SERS measurements.
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Figure 4.7: A diagram demonstrating the use of a volume Bragg grat-
ing with relevant parameters labeled. The function of the grating can
be described fully by these parameters alongside the refractive index
of the glass, n0. The angles θ and φ are the angles of the incoming
light and the grating vector, −→Kg, with respect to the vector normal to
the surface of the glass, −→N. Extracted from reference [103].
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ing the line width of the laser from 10 nm to 1 nm to 2 nm with high trans-
mission efficiency (≈ 40%). In both cases this is performed through the
use of a dispersive element causing the laser to spread spatially prior
to spatial filtering to cut out the selected band.

In the PhotonEtc the dispersive element is a volume Bragg grating.
This is a thick piece of silver halide glass with optical wavelength peri-
odic oscillations in refractive index along its length, as demonstrated
in Figure 4.7 [103]. This creates a highly efficient grating due to the se-
lective interference and large interaction volume, with a tuning range
of 400 nm to 1000 nm. To tune the wavelength of the filtered light the
angle between the incoming beam and the volume Bragg grating is
altered, thus changing the effective spacing and altering the Bragg
condition, where the Bragg condition is defined by equation 4.12 in
combination with Figure 4.7 [103].

λB = 2n0Λ sinθ (4.12)

Experimentally this allows the wavelength to be computer controlled
by rotating the grating using a motor inside the filter.

Dispersion within the SpectroLab filter works by double passing a
pair of prisms mounted on a rotational stage for wavelength control.
As the pair of prisms is passed through twice, dispersion occurs four
times - once at every interface - maximising spectral spread and,
therefore, filter resolution. The dispersion, δ, depends upon the re-
fractive index of the prism, nprism, compared to air, n0, and the prism
angle, σ, via:
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nprism

n0
=

sin
(
σ+δ

2

)
sin(σ2 )

(4.13)

The dispersed beam is focused through a slit to cut the selected
wavelength prior to recollection by a second lens, resulting in a 1 nm

- 2 nm spectral-width collimated beam.
The last set of tuneable filters utilise thin film interference and are

used to filter out the Rayleigh scattered light from the collected Ra-
man scattering. The filters consist of alternating layers of high and low
refractive index material, allowing the interference to be tailored to
reflect or transmit wavelengths selectively. Thus by building up stacks
of varying thicknesses filters can be made of arbitrary spectral shape.
In our case this just corresponds to long pass or short pass filters. The
filters are made tuneable by depositing a linear continuously varying
stack along a piece of glass which means that the spectral edge of
the filter can be tuned by spatially translating the filter through the
beam. As the efficiency of Raman is incredibly low in comparison
to Rayleigh scattered light the filtering efficiency has to be extremely
high, therefore, for our experiments we have utilised 3 sets of Delta
Optics Tuneable filters (3GLVLWP and 3GLVSWP) to achieve a mini-
mum OD of 1 in 109 to 1012 for short and long pass filters respectively
across the 320 nm to 850 nm range.

4.3.2 Picosecond SERS

For ps-SERS experiments the main output of the OPO is used as the
pump, which gives us the capability to tune the wavelength, λp, from
490 nm to 750 nm. This has three main advantages. Firstly, the wave-
length can be used as an experimental parameter, allowing us to ex-
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plore the interaction between the plasmon resonance position, the
incoming laser wavelength, and the outgoing Raman wavelength.
Secondly, it allows us to maximise the Raman signal by tuning the
laser to the peak in detection efficiency due to the spectral response
of the equipment and the plasmon resonance. Thirdly, it allows us
to tune the laser to 633 nm; which allows comparison with the most
common fixed wavelength used in Raman spectroscopy, and there-
fore, we can utilise notch filters made for CW Raman. This allows us
to perform Stokes and anti-Stokes measurements simultaneously. This
would otherwise be incredibly difficult as currently there is not a com-
mercially tuneable alternative.

After the output from the OPO the beam is filtered using the Pho-
tonEtc laser line tuneable filter to a 1 nm wide beam at λp. The beam
is focused down by a 100x 0.9 NA Zeiss Epiplan-Neofluar dark-field
objective creating a diffraction limited spot on the sample. The SERS
light scattered by the sample is efficiently recollected and sent to-
wards the Shamrock 303i monochromator. The input slit of the sham-
rock is set to 200µm to allow for a reasonable balance between signal
and resolution. The light is then diffracted by a 600 lines/inch grating
prior to being refocused at 300 mm on an Andor Newton 971 EM-
CCD, allowing the ps Raman spectra to be recorded. The EMCCD is
operated in conventional mode (non-EM) as this allows a lower read
speed to be used that results in lower read noise and therefore better
signal-to-noise for the long integration times needed to detect low
count rate signals (< 10 counts/s).
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5. Time Resolved Coherent

Anti-Stokes Raman Spec-

troscopy

The surface enhancement offered by plasmonic structures routinely
provides us with optical access to few-molecule dynamics, however,
combining this with ultrafast time-resolved spectroscopies has proven
difficult. Throughout this chapter we will demonstrate how we over-
come these experimental difficulties to successfully implement Sur-
face Enhanced time-resolved Coherent Anti-Stokes Raman Spec-
troscopy (SE-tr-CARS). We will then discuss how performing SE-tr-CARS
demonstrates that the measurement environment led to an acceler-
ation of the decay of the vibrational lifetime of 2-mercaptopyridine
from ≥0.96 ps to far below our ≈0.5 ps pulse width.
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5.2 Preparatory CARS Experiments

5.1 Experimental Intent

The initial aim of this chapter is to explain our experimental approach
to performing Surface Enhanced time resolved Coherent Anti-Stokes
Raman Spectroscopy (SE-tr-CARS) by drawing on the foundations
built upon in Chapter 4.1. This will start by discussing our chosen
spectral arrangement prior to leading the reader through a series
of preparatory experiments that ensure tr-CARS has been setup cor-
rectly, and that the observed signal is predominantly CARS.

The second aim is to demonstrate how we have utilised this ap-
proach to investigate the ultrafast vibrational dynamics of approxi-
mately 100 2-mercaptopyridine molecules in a NPoM plasmonic cav-
ity [104].

5.2 Preparatory CARS Experiments

To perform time resolved Coherent Anti-Stokes Raman Spectroscopy
(tr-CARS) we require three separate input beams; the Raman pump,
the Stokes pump, and the probe, as outlined in section 4.1.4. The
spectral separation of the Raman pump, λp, and the Stokes pump,
λS, has to match the Stokes shift of the molecular vibration. The probe
wavelength, λx, has to be chosen such that it allows spectral isolation
of the the tr-CARS signal. This is because when performing tr-CARS a
constant 2-pulse CARS signal will be generated along side the tr-CARS
signal via the process shown in Figure 5.1 (a). Therefore the probe,
λx, has to be spectrally detuned from λp to allow spectral separation
of the 2-pulse and time-resolved CARS signals. A schematic of the
excitation process of 2-pulse and tr-CARS is shown Figure 5.1 (a). A

142



5.2 Preparatory CARS Experiments

variable map demonstrating the energy, wavelength and time re-
quirements of each pulse relative to the energy and arrival time of
the pump pulse is shown in Figure 5.1 (b).

The vibrational mode is matched experimentally by using the
tuneable OPO beam (filtered by a PhotonEtc filter) as the Raman
Pump and the fixed 820 nm beam (filtered by the SpectroLab filter)
as the Stokes pump. This allows us to tune the Raman pump to shift
the Stokes emission to overlap with the 820 nm Stokes pump, however,
this limits us to Stokes shifts above 1150 cm−1 (from 750 nm to 820 nm).

There are three possible options for the probe pulse wavelength,
λx. The first and simplest option is to use the frequency doubled resid-
ual of the Ti:Sapphire beam at 410 nm. However, this directly pumps
the interband absorption of gold, leading to increased damage. It
also shifts the CARS emitted light to 385 nm (assuming a 1585 cm−1 vi-
brational mode), leading to poor outcoupling efficiency due to the
interband and its spectral seperation from the coupled mode plas-
monic resonance.

The second option is to use the second OPO via electronic syn-
chronisation. However, this leads to a decrease in temporal resolu-
tion, as discussed and characterised in section 2.3.3. Hence, this so-
lution is unsuitable for tr-CARS as the phonon mode lifetime is on the
timescale of the electronic jitter (picoseconds).

The last solution, and the approach used throughout this thesis,
is to filter two, spectrally independent, 1 nm beams from the 10 nm

broad OPO beam by using a pair of PhotonEtc filters. This is possible
because the output power from the OPO is large (≈300 mW) in com-
parison to the power required on sample (≈4µW) allowing us to sac-
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5.2 Preparatory CARS Experiments

Figure 5.1: (a) shows the different processes that could occur when
attempting to perform tr-CARS on NPoM, within the spacer molecules
(CARS), and within the gold (FWM). (b) shows a map of the temporal
and spectral pulse requirements for performing tr-CARS on BPT NPoM
and the resulting 2-pulse and tr-CARS signals, highlighting the neces-
sity of optimising the delay of the Stokes pulse, τS, and controlling the
probe time delay, τx.
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5.2 Preparatory CARS Experiments

rifice power by tuning to either side of the Gaussian pulse. The only
problem with this approach is that the stability of the filtered pulses
decreases away from the centre of the original pulse. This is due to
the wavelength instability of the OPO output and it can lead to very
large power oscillations in the filtered pulses.

The signals of both 2-pulse and tr-CARS are detected via a spec-
trometer. The main advantage of this over a single photon or contin-
uous avalanche photo diode is its inherent spectral resolution. This al-
lows us to isolate the contribution from the 2-pulse CARS signal, the tr-
CARS signal, and the electronic Raman anti-Stokes background pre-
viously discussed in section 4.1.2.1 This is important as it allows us to
continuously probe the molecular damage in the system via the 2-
pulse CARS signal.

Throughout the preparatory CARS experiments the standard
NPoM structure has been used, constituting a BPT spacer and 80 nm

particles above a flat gold film. This creates a stable and reproducible
Raman, and therefore, CARS signal.

The first step in setting up tr-CARS is to determine the spectral over-
lap of the three pulses by checking that the Stokes emission from the
Raman pump overlaps with the Stokes pump, and that the separa-
tion between the Raman pump and the probe pulse is large enough
for the Stokes and, therefore, CARS signals (2-pulse and tr) to be inde-
pendently spectrally resolved. A spectrum demonstrating the over-
lap between the emission from the 1585 cm−1 vibrational mode gener-
ated by a 726 nm pump pulse with the 820 nm Stokes pulse are shown
in Figure 5.2, alongside the Stokes signal from a 716 nm probe pulse.

1The data analysis required to extract each of these signals from a tr-CARS spec-
trum will be explained in more detail in section 5.3
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5.2 Preparatory CARS Experiments

Figure 5.2: (a) An overlap of the Stokes spectra generated from the
probe pulse, at 716 nm, the Raman pump, at 726 nm, and a filtered
down Stokes pump pulse, demonstrating the spectral alignment pro-
cedure and overlap precision between the 1585 cm−1 vibration and
the Stokes pump laser.

The clear visibility of the two spectra demonstrates that the necessary
λp λx detuning has been achieved. These spectra demonstrate that
the input beams meet the wavelength requirements shown in Figure
5.1 (a) for performing tr-CARS.

It is clear from Figure 5.2 that the spectral separation between the
Raman spectra allows both spectra to be collected simultaneously.
This opens the door to performing self referenced time-resolved Ra-
man spectroscopy. The reason this technique has not be pursued fur-
ther within this thesis is because the signal-to-noise is inherently limited
by the low count rate. Therefore, if the ultrafast change in the Raman
signal is as small as the changes observed in the pump-probe results
(≈ 1 in 105 as shown in Chapter 3) the total counts would need to be
at least 105. Therefore, to perform time-resolved Raman we would
either need to use long integration times (at least 100 s) or increase
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5.2 Preparatory CARS Experiments

the average powers of the input beams. Alternatively we can cir-
cumvent this problem by performing background free time-resolved
measurements, such as tr-CARS.

Once the lasers have been aligned spectrally the zero time de-
lays, τS = 0 and τx = 0, must be determined. The tr-CARS signal
has a relatively short lifetime of ≈ 1 ps, therefore, finding the zero re-
quires scanning steps of ≈ 300µm. It is therefore much easier to use
the pump-probe signal from a semiconductor quantum well GaAs
sample to find the zero, as the excited electron density has a decay
of several hundred picoseconds, allowing time zero to be detected
within 200 mm of the zero. The one shortfall of this approach is that
the rise time of the pump-probe signal is not instantaneous, therefore,
the temporal alignment is not perfect. For this alignment the 820 nm

beam is used as the pump and the filtered components of the OPO
beam are used as the probe. The pump is modulated through the
use of an EOM and changes in the reflection of the probe are lock-in
detected with an avalanche photo diode. This allows the two OPO
beams to be temporarily aligned to the 820 nm pulse.

Once the beams are temporally overlapped they need to be spa-
tially overlapped upon a single nanostructure. This is done through
the use of the dark-field microscope discussed in section 2.2.

The time delay between the Raman pump and the Stokes pump
can now be scanned to better determine the zero position, τS = 0,
through detection of 2-pulse CARS emission created via the CARS
process described in Figure 5.3 (a) using the pulse arrangement
shown in Figure 5.3 (b). An intensity map demonstrating how the 2-
pulse CARS spectrum changes with Stokes delay is shown in Figure
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5.2 Preparatory CARS Experiments

Figure 5.3: (a) shows the energy diagram for the 2-pulse CARS pro-
cess. (b) shows the spectral and temporal requirements for perform-
ing two-pulse CARS on BPT NPoM. The inset demonstrates how the
Stokes pulse is aligned to the 1585 cm−1 vibration of the BPT NPoM
SERS spectrum. (c) shows how the 2-pulse CARS emission changes
with the Stokes delay, τS, and (d) shows a Gaussian fit of maximum
CARS with Stokes time delay, τS, allowing the average pulse width,
τCARS, of the Stokes and pump beams to be deconvolved as 520 fs
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5.2 Preparatory CARS Experiments

Figure 5.4: (a) shows a wavelength scan of the Raman pump laser,
shifting the wavelength of the vibrational transition, therefore chang-
ing the proportion of overlap with the Stokes pump and thus modify-
ing the CARS intensity. (b) shows a plot of maximum CARS intensity
vs wavelength, generated from (a), overlapped with the λp =725 nm
spectrum.

5.3 (c) and the time dependence of the extracted peak heights are
shown in (d) demonstrating the Gaussian dependence of the signal
upon τS. The temporal width of the Gaussian is determined by the
convolution of the two Gaussian input pulses as the lifetime of the vir-
tual state is much faster than the pulse widths. Thus time-resolved 2-
pulse CARS effectively performs cross-correlation between the Stokes
and pump pulses. This allows us to determine the temporal widths
of our pulses by fitting a Gaussian to the 2-pulse CARS signal inten-
sity vs Stokes delay and deconvoluting the average pulse width as
τCARS = 520 fs from the 2-pulse FWHM τ2PCARS via:

τCARS =
τ2PCARS
√

2
(5.1)

This measurement of the pulse widths will give slightly incorrect val-
ues as it assumes the pulses are identical. This is unlikely due to the
difference in spectral filtering of each beam.

Since τS = 0 has been determined λp can be tuned to directly
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5.2 Preparatory CARS Experiments

optimise the 2-pulse CARS intensity by further maximising the overlap
between the Stokes pump and the Stokes emission, as shown in a
λp scan in Figure 5.4 (a). The maximum CARS intensity can then be
extracted and plotted against emission wavelength, as shown in (b),
this can then be fitted with a Gaussian. The width of the Gaussian
corresponds to a convolution of the two input beams, therefore, the
width of the Gaussian fitted to the wavelength scan, ∆λwl−scan, should
be
√

2 larger than the width of the 2-pulse CARS peak, ∆λCARS. This is
found to be correct with ∆λwl−scan = 4 nm ≈

√
2×∆λCARS =

√
2×2.6 nm =

3.7 nm.
Only once the Raman and Stokes pumps have been perfectly

aligned in wavelength and time can the probe pulse be aligned.
This is because the probe pulse is non-resonant, and therefore, can
only be aligned by attempting tr-CARS measurements. Once the zero
time delay of all three pulses has been found tr-CARS measurements
can be performed.

Often in tr-SE-CARS measurements a large signal at time zero is at-
tributed to non-resonant four wave mixing (FWM) of the input beams
within the plasmonic medium. However, within our measurements the
excitation wavelength dependence of the emission is only consistent
with a CARS signal, as discussed in detail in section 4.1.4. A reminder
of the difference between CARS and the most commonly considered
FWM process is shown schematically in 5.5 (a).

The excitation wavelength dependence is first shown to be incon-
sistent with FWM in the wavelength scan, shown in 5.4, it demonstrates
that when the Stokes pulse does not align with the Stokes emission
there is no non-linear emission, suggesting the non-linear emission is
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5.2 Preparatory CARS Experiments

Figure 5.5: (a) shows the CARS emission process for ωtr−CARS and
ω2P−CARS alongside the two-photon absorption assisted FWM emis-
sion process for ωFWM (b) shows an example spectrum of tr-CARS of
the 1585 cm−1 vibrational mode of BPT. The spectrum shows two clear
peaks at ωtr−CARS and ω2P−CARS but no obvious peak at ωFWM, there-
fore demonstrating that CARS is dominating FWM in our experiments.
(c) shows the pulse arrangements used to capture (b)
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sensitive to detunings of several nm’s. Secondly, in the spectrum gen-
erated by tr-CARS it can be seen that there are two peaks, as shown
in Figure 5.5 (b). Clearly visible in the spectrum is a peak at 645 nm,
with a frequency ωtr−CARS = ωp − ωS + ωx (tr-CARS), and a peak at
650 nm, with a frequency ω2P−CARS = 2ωp − ωS (2-pulse CARS). How-
ever, there is not a clear third peak around 640 nm, which would cor-
respond to a signal from frequency mixing of the Stokes and probe
pulses at ωFWM = 2ωx − ωS. If the observed non-linear emission was
due to four wave mixing within the metal the only wavelength depen-
dence would be due to the plasmonic resonance. Therefore, tuning
the pump wavelength by several nm’s would not greatly affect the
FWM emission and in the three pulse measurement all of the three
peaks would have similar intensities. However, if the peaks are due to
CARS then the 640 nm peak should not exist. Since there is no resonant
molecular vibration and scanning the pump laser shifts the Stokes
pump off resonance with the 1585 cm−1 vibration and the emission
disappears. This proves that the two peaks we see in tr-CARS mea-
surements are due to 2-pulse and time-resolved CARS signals from the
1585 cm−1 molecular vibration. We are therefore ready to perform tr-
CARS measurements on NPoM armed with the knowledge that the
signal we see is purely due to the resonant excitation of the molecu-
lar vibration.
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5.3 The Effect of Ultra Confined Plasmonic Modes

upon Molecular Phonon Lifetimes

The first step to observing the effect of plasmonic coupling upon the
lifetime of molecular vibrations is to find a molecule whose lifetime
can be resolved by our experiment setup and forms a stable SAM.
For this we turn to 2-mercaptopyridine (MCP), whose continuous-
wave bulk Raman spectra, shown in Figure 5.6, shows sharp clear
peaks. The vibration we have chosen to examine has a Stokes shift
of 1505 cm−1 and corresponds to the ring stretching mode. We have
chosen this mode because it has the longest vibrational lifetime within
our accessible range of Raman shift (νvib >1150 cm−1).

The vibrational lifetime of a Raman mode is estimated through its
linewidth as they are directly connected via a Fourier transform that
leads to:

∆t ≥
K

c · ∆νvib
, (5.2)

where K=0.142 for Lorentzians as discussed in section 4.1.2. How-
ever, equation 5.2 only considers homogenous broadening, not in-
homogenous. Homogenous broadening is due to dephasing and
energy relaxation of the molecular vibration, these processes deter-
mine the measured lifetime of the vibration. Inhomegenous broad-
ening of the measured Raman signal occurs because the measure-
ment examines a large number of molecules in a range of conforma-
tions, each with a small shift in the vibrational energy, this leads to a
Gaussian broadening of the vibration but does not correspond to a
decrease in the vibrational lifetime. Hence, equation 5.2 measures
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Figure 5.6: (a) shows a comparison of the Bulk and NPoM Raman
Spectra taken using a 633 nm HeNe Raman Pump and a 10µm split
to allow us to resolve the natural linewidth of the vibrational mode.
(b) shows a fit for the 1505 cm−1 vibrational mode of the powder,
showing the FWHM of 4.9 cm−1 and therefore a deconvoluted life-
time of 0.96 ps. The inset in (b) shows the molecular structure of 2-
mercaptopyridine.

the minimum vibrational lifetime.
A Lorentzian has been fitted to the 1505 cm−1 peak of the CW pow-

der spectrum, as shown in Figure 5.6 (b), finding a FWHM of 4.9 cm−1.
This means that the minimum decay time of the mode is 0.96 ps as:

In Figure 5.6 the bulk spectrum is shown alongside the NPoM spec-
trum and it can clearly be seen that the NPoM spectrum is some-
what altered. The 1505 cm−1 mode appears to undergo consider-
able broadening. This is most likely due to a increase in the variety of
molecular conformations as the MCP binds to the gold and interacts
with residual water from the nanoparticle deposition, rather than due
to a decrease in the lifetime of the mode. The changes in peak ratios
around 1100 cm−1 are due to the polarisation selectivity of the NPoM
cavity leading to the enhancement of vibrational modes along the
axis of the plasmonic mode.

To perform tr-CARS the three pulses are spectrally aligned to ex-
cite the 1505 cm−1 mode, as shown in Figure 5.7 (b). A 731 nm Raman
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pump aligns the Stokes emission to the 820 nm Stokes pump and a
721 nm probe is used for re-excitation. The Raman and Stokes pumps
are temporally overlapped using two pulse CARS, as discussed in sec-
tion 5.2. The probe pulse is then scanned over the two pulses in
time, generating a spectrum (such as that shown in Figure 5.7 (c)) for
each time delay as shown in Figure 5.8 (a,c). The spectra shown are
recorded using an input power of 4µW for each laser beam and a 10
second integration time. As the wavelengths of the peaks are deter-
mined by the input pulses the peaks are easily cut from the spectra
prior to polynomial fitting and removal of the background, as shown
in Figure 5.7 (c), the peaks can then be fitted background free, as
shown in Figure 5.7 (d). Allowing the time dependencies of each of
the processes shown in Figure 5.7 (a) to be analysed independently.
Figure 5.8 (a) appears to show a much larger FWM signal than found
in the tr-CARS spectrum measured for BPT NPoM. This is probably due
to a combination of for two possible exaplnations. Firstly, it could be
due to increase in signal-to-noise causing an apparent increase in
FWM signal. Secondly, it could be due to the broadness of the MCP
Raman in comparison to BPT causing the energy shift between the
probe and Stokes pulses to become resonant leading to the genera-
tion of a small intensity of CARS at λFWM.

The fitted values for the peak heights, determined via Figure 5.7
(c,d) from Figure 5.8 (c), are used as the signal intensities for the three
signals (FWM, 2-pulse CARS and tr-CARS) for each time delay. As we
have determined the signal intensity for all three peaks we can nor-
malise the time-resolved signal to the 2-pulse signal, allowing us to
calculate the time resolved response of the molecule without the ef-
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Figure 5.7: (a) is an energy diagram that shows all the processes that
can occur when performing tr-CARS on NPoM. (b) shows the tempo-
ral and spectral pulse requirements for performing tr-CARS on MCP
NPoM. (c,d) show an example spectrum undergoing analysis. In (c)
firstly the peak positions are identified so that the peaks can be re-
moved from the spectrum, allowing the electronic background to be
fit with a 7-order polynomial. The electronic background is then sub-
tracted from the original signal and the height and area of the three
peaks determined via fitting Lorentzians, as shown in (d). This allows
each of the processes shown in (a) to be isolated and independently
analysed.
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fects of damage, as shown in Figure 5.8 (b). The problem with this
approach is that each signal does not have the same power depen-
dence upon each of the input beams, as highlighted by:

I3P−CARS = Ipump × IStokes × Iprobe (5.3)

I2P−CARS = I2
pump × IStokes (5.4)

therefore, by normalising the three pulse signal (I3P−CARS) to the two
pulse signal (I2P−CARS) any changes in the Stokes pump (IStokes) will be
taken fully into account. Fluctuations in the Raman pump (Ipump) will
be partially taken into account but with a quadratic dependence
rather than a linear dependence. The variations in the probe intensity
(Iprobe) , however, will not be taken into account at all.

The decay of the tr-CARS signal with τx predicted from the bulk
linewidth is shown alongside the experimental tr-CARS τx depen-
dence in Figure 5.8 (d). The function used to recreate the decay
predicted by the bulk Raman measurements is a sigmoid rise multi-
plied by an exponential decay such that:

Itr−CARS =
e

−τx
τtr−CARS

1 + e−
τx+τ0
τrise

(5.5)

where τtr−CARS is the predicted tr-CARS decay time, τ0 is the zero offset
of the sigmoid rise allowing the rise to be aligned to our experimental
definition of τx = 0 and τrise is the rise time. τrise and τ0 were chosen
to best fit our experimental data as 0.12 ps and 0.2 ps respectively.
τtr−CARS was set to 0.96 ps as determined from the bulk linewidth mea-
surement.

The tr-CARS signal measured experimentally clearly decays much

157



5.3The Effect of Ultra Confined Plasmonic Modes upon Molecular Phonon Lifetimes

Figure 5.8: (a) shows the tr-CARS spectrum at τS = 0 and τx = 0 from
the tr-CARS scan of τx shown in (c), allowing the identification of the
three peaks due to FWM, tr-CARS and 2pCARS. (b) shows how the
peak height of the tr-CARS found in (c) can be normalised to the
2pCARS peak height to remove noise. (d) shows a comparison of the
experimentally measured phonon decay, determined via tr-CARS (a-
c), and the predicted decay from the linewidth measurements of the
MCP powder shown in Figure 5.6.
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faster than predicted. The decay is so much faster than the predicted
decay that a high quality Gaussian fit can be performed on the data.
This suggests that the decay has decreased to far below our pulse
widths and, therefore, measuring the decay is beyond our time reso-
lution. We can however unequivocally state that the decay time of
the vibration has greatly decreased in comparison to bulk. However,
it is unclear if this is due to the high phonon occupation generated
by SE-CARS measurements, the high plasmon occupation created by
pulsed lasers or direct coupling of the vibrations of the molecule to
the underlying metal substrate, irrespective of the plasmonics of the
system.

The high phonon occupation induced in SE-CARS measurements
could lead to an increase in phonon-phonon scattering events that
could lead to a decrease in the lifetime, as witnessed for increases in
temperature for molecular crystals [105–108].

The high plasmon occupation generated by pulsed lasers could
lead to a reduction in the decay time due to optomechanical cou-
pling [109]. Optomechanical coupling has previously been shown to
lead to super linear Stokes emission in NPoM due to stimulated vibra-
tional pumping [104], but no experimental insights have been made
that interrogate the effect of phonon-plasmon optomechanical cou-
pling upon vibrational lifetime.

The proximity of molecules to a metal substrate has previously
been shown to decrease their vibrational lifetime through an elec-
tron mediated phonon interaction for CO on Cu(111) [110].

These three very different effects can all lead to the observed de-
crease in vibrational lifetime of 2-MCP in NPoM. However, as we are
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unable to measure the decay we are unable to investigate the ef-
fect of any experimental parameters upon the reduction in lifetime.
Therefore, we can not determine its true origin.

5.4 Summary

Throughout the CARS work contained within this chapter we have de-
veloped a tr-CARS system based around an intricate arrangement of
spectral filtering to study the nonlinear response of NPoM while main-
taining spectral and temporal resolution.

Our first important discovery is that in the studied system the vibra-
tionally resonant CARS signal dominates over the non-resonant FWM
signal generated within the metal, allowing us to guarantee our mea-
surements probe the vibrational states of the molecule rather than
the non-linear response of the metal. A distinction that is often dif-
ficult to make in CARS measurements [111–114]. This was proven by
investigating the spectral response of the signal generated when at-
tempting to perform CARS on BPT 80 nm NPoM structures. The signal
generated when performing 2-pulse CARS was shown to disappear
when the Stokes pulse was detuned from the vibrational resonance,
as shown in Figure 5.4, thus demonstrating the signal is dominated by
molecular CARS. This was further emphasised in the tr-CARS spectra,
where two clear peaks are visible; at ωp −ωS +ωx and 2ωp −ωS. These
peaks correspond to tr-CARS and 2-pulse CARS respectively, however,
there is no clear signal at 2ωx−ωS which would correspond to the non-
resonant FWM of the probe and Stokes pulses within the metal. This
therefore confirms that the non-linear signals observed at ωp−ωS +ωx

and 2ωp − ωS are due to the 2 and tr-CARS signals.
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Moving on from section 5.2 we used our system to measure the tr-
CARS signal of 2-MCP within a NPoM plasmonic cavity with the clear
knowledge that the observed signal is purely due to molecular vi-
brational dynamics. The tr-CARS measurement showed that the life-
time of the 1505 cm−1 vibrational mode of bulk 2-MCP decreases from
0.96 ps to far below the pulse width (500 fs) when in a plasmonic cav-
ity excited by ps illumination, as shown in Figure 5.8.

As we have concluded that our signal is purely vibrational, and
that the measured lifetime has rapidly decreased from the bulk, this
has interesting consequences on previous work; the tr-CARS signal
attributed to FWM by the Potma group in 2016 could in fact be the
fast vibrational decay of the molecule [102].

The decrease in vibrational lifetime could be due to one of, or
a combination of, the following factors. The high phonon occupa-
tion generated by coherent population of the phonon mode within
a plasmonic cavity leads to a rapid increase in phonon-phonon scat-
tering and, therefore, a decrease in the vibrational lifetime. This has
previously been seen in temperature dependent measurements on
molecular crystals [105–108]. The high plasmon occupations excited
by ps excitation could lead to a rapid increase in optomechanical
coupling between the plasmonic cavity and the molecular vibration
leading to optomechanical damping and, therefore, a reduction in
vibrational lifetime [109]. The decrease in lifetime could be due to
molecules within the cavity coupling to the underlying substrate via
electron mediated phonon coupling, as has been shown for CO on
Cu(111) [110].

These three unique physical phenomenon could all lead to a de-
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crease in vibrational lifetime, however, as we are unable to quantise
the vibrational lifetime we are unable to determine the effect of ex-
perimental parameters, such as laser power and resonance position,
and therefore, we are unable to determine the origin behind the in-
crease in decay rate. Therefore, to further interrogate the ultrafast
dynamics of molecular vibrations within plasmonic cavities we turn
to Power dependent ps-SERS.
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6. Power Dependent

ps-SERS
When exciting plasmonic cavities with ultrafast pulses a much higher
plasmon occupation is achieved than for traditional, continuous
wave, excitation. When performing picosecond SERS this leads to
rapidly increased phonon populations, however, little is known about
how this effects molecular phonon dynamics. To rectify this we
perform power dependent ps-SERS on over 1000 plasmonic cavities
through fully automated ps-SERS. These experiments enable us to in-
vestigate power-dependent saturation of the Stokes scattering with
statistical relevancy, thus allowing us to guarantee it is not a con-
sequence of molecular damage. The experiment also facilitates
the study of temperature dependent intramolecular anharmonic
phonon interactions that can explain the accelerated vibrational de-
cay witnessed in Chapter 5. The chapter will then conclude by dis-
cussing the possible physical processes behind the observed satura-
tion resulting in one possible explanation: intermolecular anharmonic
phonon coupling.
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6.1 Experimental Intent

SERS can be used to directly investigate plasmon-phonon coupling
as the Stokes scattered intensity, IS(ν), is proportional to the molecular
phonon population, np(ν), such that:

IS(ν) ∝ P · [1 + np(ν)] (6.1)

where the power of the Raman pump laser is P and the phonon en-
ergy Ep is related to its Raman shift νby Ep = hcν. However, in traditional
continuous wave SERS the phonon population of the observable vi-
brations (ν ≥400 cm−1) is close to zero and, therefore, the phonon pop-
ulation’s contribution to the Stokes scattering is almost non-existent.

For ps-SERS this is not necessarily the case, as a combination of the
ps pulsed nature of the excitation and the Stokes process’ ability to
create phonons leads to two crucial effects. Firstly, when performing
ps-SERS phonons are excited in bursts via the Stokes process with the
arrival of each pulse, rather than randomly in time as in CW excitation.
Secondly, as we demonstrated and discussed in Chapter 5, the life-
time of a molecular phonon is similar to our pulse width (on the order
of a ps), therefore we can assume any phonon excited by a pulse will
last for the duration of that pulse. Therefore, the phonon population
created by the Stokes process in ps-SERS experiments is increased by
the inverse of the duty cycle. In our experiments this corresponds to
an approximate increase in the excited phonon population of 12,500
compared to that achieved in continuous wave measurements at
the same average power. Hence, ps-SERS can be used to perform
experiments on molecular phonon dynamics that are hugely imprac-
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tical/impossible using CW excitation.
We previously utilised this concept to perform power dependent

ps-SERS experiments that demonstrated a super linear increase in
SERS scattering for sufficiently high power, followed by sample de-
segregation at higher powers [104]. Since these measurements were
performed significant advances have been made in increasing the
signal-to-noise of our ps-SERS rig alongside full automation, thus mak-
ing the experiments contained within this chapter possible.

In particular these advances allow us to perform measurements
with much shorter integration times on a much larger number of
nanostructures, allowing us to minimise and isolate the effects of
damage, a problem that riddles ultrafast surface enhanced vibra-
tional spectroscopies [102, 104, 115, 116]. This will allow us to inves-
tigate plasmon-phonon or phonon-phonon coupling effects at the
highest possible powers, allowing us to excite plasmon and phonon
populations similar to those that led to a decrease in vibrational life-
time in our tr-CARS experiments.

6.2 ps-SERS power series

Our initial series of experiments consists of performing ps-SERS spec-
troscopy at average powers ranging from 100 nW to 60µW. In order
to prevent damage, to both the molecule and the gold [104], the in-
tegration time was inversely scaled with power, thus keeping the total
input energy constant for each measurement. For example, if an in-
tegration time of 100 s was used for the 100 nW measurement then
10 s would be used for the 1µW spectra and 1 s for the 10µW data
point.
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Initially the measurement was performed on only a few constructs
and each power series showed a qualitatively similar trend to the
example series shown in Figure 6.1 (a,b). However, the scaling and
onset for non-linear effects were found to vary considerably. This
is interesting, as the samples are found to be highly reproducible
in dark-field scattering spectra [34] suggesting these measurements
are much more sensitive to nanoscale changes. Therefore, to better
understand the variety in our results we perform a series of power-
dependent measurements on a total of over 500 particles.

To perform such measurements the particle tracking setup de-
scribed in section 2.4.1 is utilised. Once a particle is located and cen-
tered a dark-field spectrum and image is recorded, followed by a
power-series and finally another dark-field spectrum to monitor dam-
age. The power-series consists of setting the laser power, using an
electronically controlled tuneable filter wheel,1 and taking a SERS
spectrum for the range of desired powers. As the initial particle
tracking code was written as generally as possible the power-series
could be seamlessly integrated into the particle tracking procedure
by adding the function using the task manager.

The power-series is performed on a large number of particles. This
allows the varying behaviour of each individual nanostructure to be
compared and the reasons for their differences understood.

The first step when processing each spectrum is to determine the
approximate peak positions.2 Once the peak positions have been
determined the data processing follows the same steps outlined in

1The filter wheel was made in house by combining an Thorlabs Elliptec motor with
a NDC-100C-2 reflective filter wheel

2Through the use of the open source Python package PeakUtils which can be
found at https://pypi.org/project/PeakUtils/
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section 5, Figure 5.7. The peaks are cut out of the spectrum allowing
the electronic background to be fit using a 7 order polynomial.3 A
series of Lorentzians can then be fit to the SERS peaks using the previ-
ously estimated peak positions as the start parameters. Therefore, for
each peak, the height, area, centre, and FWHM are determined.

The extracted peak area is plotted against power, P, for each vi-
bration, as shown for a single NPoM in Figure 6.1 (b). If the peak area
for the largest peak, S, is plotted for a large number of NPoMs, as
shown in Figure 6.1 (c), the variety between them becomes obvious.

Although each series appears different, similarities can easily be
drawn between them. The most obvious of these similarities is that
the rise at low power, roughly less than P =1µWµm−2, is linear but has
a different gradient for each construct. This suggests two possible
NPoM to NPoM inconsistencies: the in/out-coupling efficiency, and
the number of molecules within each cavity. At this point we have
no way of separating these two possibilities, so we must assume they
have similar effects upon the SERS intensity, S. The coupling efficiency,
η, is taken as the peak area at the lowest power, S(P0), divided by the
power, P0 such that:

η =
S(P0)

P0

[
counts

s · µWµm−2

]
(6.2)

The effective in-coupled power, Pin, can therefore be calculated by
multiplying the power, P, by the efficiency, η, divided by the average
NPoM efficiency, η̄, such that:

3Theoretically it is possible to fit the electronic background as a set of Gaussian
peaks centered at the plasmonic mode positions convoluted with the filter cut off.
However, this is not the main objective of this work, therefore the easier option of a
polynomial fit was used.
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Figure 6.1: A series of plots demonstrating the raw and analysed SERS
power-series for a 633 nm pump on 80 nm BPT NPoM structures. (a)
shows the raw SERS spectra for a single NPoM power-series with peak
labels corresponding to the vibrations shown in (e). (b) shows the
peak areas vs power for each of the labeled peaks in (a), represented
by the colour of their labels. (c) demonstrates the apparent diversity
in the power-series for many particles. (d) shows how calculating the
in-coupled power for each of the nanostructures unifies the data. (e)
shows the vibrational modes of BPT visible in (a)
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Pin =
η

η̄
· P

[
µW
µm2

]
(6.3)

Peak area, S, can now be replotted against the in-coupled power,
Pin, causing each nanoparticle power-series to align impressively well,
as shown in Figure 6.1 (d).

Now that the data is normalised to account for in-coupling we
can attempt to understand the physics at work. A simple theoretical
approach assumes that Raman and SERS signals should scale linearly
with pump power. This is because each Stokes scattering event oc-
curs between a single pump photon and a molecule. Therefore, if
the number of photons doubles the probability of a scattering event
doubles, leading to a doubling in the scattered Raman intensity. To
highlight any deviation from this linear trend we normalise the SERS
scattering intensity, S, to the in-coupled power, Pin, such that:

S̃ =
S

Pin
[

counts
s · µW µm−2 ] (6.4)

transforming the data from S, as shown in Figure 6.1 (c), into S̃, as
shown in Figure 6.2 (b).

The NPoM structures we have studied in the power series shown in
Figure 6.2 (a) and (b) are 80 nm nanoparticles separated from a gold
substrate by BPT, fabricated through the process discussed in section
2.5. This structure has a coupled mode position around 830 nm with
slight shifts from this position due to variations in contact facet and
nanoparticle size.

In order to investigate the power-series trends further two pump
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Figure 6.2: (a,b) show the effect of power upon the SERS linearity, S̃,
for NPoM structures constituting 80 nm nanoparticles separated from
a gold film by BPT for a 633 nm pump and a 700 nm pump respectively.
The insets of (a,b) show how the in- and out-coupling wavelengths
of the pump and SERS emission relate to the NPoM linear scattering
spectrum. The point colour corresponds to the power used for that
measurement, where dark blue corresponds to the lowest power and
dark red to the highest.

wavelengths were used, fulfilling two potentially enlightening con-
ditions; non-resonant (633 nm) and resonant (700 nm) Stokes emis-
sion. The exact positions of the pump wavelength and the 1585 cm−1

Stokes vibration are superimposed onto a charcteristic dark-field
spectrum in the insets of Figure 6.2 (a) and (b).

In agreement with the initial linear theory, both of the S̃ power-
series shown demonstrate a constant value at low powers. The 633 nm

pump data then shows a non-linear increase, which does not occur
for the 700 nm pump.

The Stokes signal is superlinear in this region because the phonon
population super linearly increases with power once the phonon
pumping rate becomes much faster than the phonon decay rate.
Therefore, as the Stokes signal is directly proportional to the phonon
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population a non-linear increase in scattering is observed. This has
been previously investigated in detail in a paper written in collabora-
tion with Anna Lombardi et al. [104].

However, at high powers there is a drastic drop in scattering effi-
ciency for both series as the count rate saturates. To quantify this ef-
fect further we have fitted both plots with equation 6.5. This equation
attempts to capture all of the observed effects, but has no theoretical
justification yet.

S̃ =
a + (bPin) c

1 + (Pin/Psat)2 (6.5)

The constant at the beginning of the numerator, a, corresponds to the
average linear increase of counts with power. The (bPin) c term corre-
sponds to the non-linear increase of signal with in-coupled power, Pin,
as observed in the 633 nm pump data and in our previous work [104].

The saturation effect is taken into account by the presence of the
denominator which causes S̃ to decrease rapidly for large in-coupled
powers as Pin/Psat >> 1 but causes little effect at low powers when
Pin/Psat << 1. As can be seen in Figure 6.2 (c) and (d) the fits are high
quality, and are within the error bars of each of the points. The satura-
tion power, Psat, essentially determines the in-coupled power at which
saturation occurs and the rate at which saturation is approached.

The saturation powers for 633 nm and 700 nm pumps are deter-
mined as Psat = 1µWµm−2 and Psat = 29µWµm−2 respectively. The in-
crease in the power required to cause saturation with a 700 nm pump
is most likely due to a decrease in in-coupling efficiency. This is high-
lighted by the difference in scattering efficiency at the pump wave-
lengths in the insets in Figure 6.2.

Before exploring our theoretical understanding of the system fur-
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Figure 6.3: A set of NPoM power-series where each NPoM has two
consecutive power series performed upon it, highlighting the effects
of damage. The series is performed with a 633 nm pump on 80 nm BPT
NPoM. It can clearly be seen in the SERS height (a) and SERS linearity
(b) that the damage that occurs throughout the measurement leads
to a decrease in SERS.

ther it is of utmost importance to guarantee that the process is real
and not a consequence of damage to either the molecule or the
nanostructure. It would be understandable to attribute these effects
to damage, due to the decrease in signal observed throughout the
duration of the measurement, however in the next section we will at-
tempt to disprove this conclusion.

The most obvious measurement that can be performed to isolate
the effects of damage is a set of consecutive power-series upon the
same nanostructure. This was performed by simply adding a second
power-series in the task manager and re-running particle tracking on
a 80 nm BPT sample with a 633 nm pump. The results, shown in Figure
6.3, clearly show that the trend is present in both loop 1 and loop 2.
However, it also shows a drop in signal throughout the measurement
due to damage. Although the saturation trend is clearly maintained,
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it could be claimed that the trend is re-created within each series
by the progression of damage with time. Therefore additional more
concrete evidence is required to disentangle the effects of saturation
from damage.

Concrete evidence is provided by quantifying and comparing
values for damage and suppression. This is done by performing a par-
ticle tracking series where spectra are taken with a power alternating
from low to high, in this case 1µW to 20µW, as shown in Figure 6.4
(a). The suppression can be calculated as a percentage decrease
from the SERS efficiency at low power to the SERS efficiency at the
subsequent high power.

∆S̃Supp,n=n =
S̃(P = high,n = n) − S̃(P = low,n = n)

S̃(P = low,n = n)
(6.6)

The damage sustained throughout this suppression measurement
can then be measured by calculating the percentage decrease in
the SERS efficiency for the low power measurement prior to and post
the high power measurement.

∆S̃dmg,n=n =
S̃low n=n+1 − S̃low,n=n

S̃low n=n
(6.7)

This is then repeated four times per particle for over 200 particles.
The distributions of the values for each suppression and damage
measurement have been plotted in Figure 6.4. It can clearly be
seen that the main cluster of points, highlighted by the 2-D density
map, has a much higher percentage of linear suppression, centred
at (−35 ± 15) %, than of damage, centred at (−15 ± 10) %. This is even
more obvious on the 1-D damage and suppression histograms shown
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Figure 6.4: Data quantifying the effects of damage and linear sup-
pression, clearly showing a much larger effect due to linear suppres-
sion in comparison to damage. An example of the data collected
from each particle in shown in (a). (b) contains a scatter plot showing
the calculated damage and linear suppression percentages from the
measurements shown in (a) performed upon a large number of par-
ticles. The distribution along each axis is also shown, with histograms
along each axis and a 2-d density contour map overlayed onto the
plot. This series is performed upon 80 nm BPT NPoM with a 633 nm
pump.

along each axis.
While this measurement proves the existence of the saturation ef-

fect, it is not obvious what physical model can explain it. To further
our understanding of the saturation effect we have re-examined the
raw data and extracted the dependence of the vibrational energy
on in-coupled power.

The relative peak shift, ∆ν0, is calculated as the shift of the
1585 cm−1 vibration from the low power peak position for each power-
series individually. This removes noise due to laser drift and minor in-
consistencies in the SAM. The peak shift shows a clear red shift, cor-
responding to a decrease in vibrational energy, with increasing in-
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Figure 6.5: (a) shows the effect of the in-coupled power on the peak
shift of the 1585 cm−1 vibration. The peak shift is extracted from the
700 nm pump power-series used for the saturation curve in Figure 6.2
(b). The point colour in (a) corresponds to the power used for that
measurement, where dark blue corresponds to the lowest power and
dark red to the highest. (b) shows the peak shift for the 1585 cm−1 vi-
bration for sequential high and low powers calculated from the high-
low series shown in Figure 6.4.
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coupled power, as shown in Figure 6.5 (a). The red shift shows a very
similar trend to the saturation effect, as can easily be seen by com-
paring Figure 6.5 (a) to the data’s corresponding saturation curve
shown in Figure 6.2 (b).

In order to confirm the peak shift is a real effect and not a con-
sequence of damage the relative peak shift is calculated for the
alternating high-low series as shown in Figure 6.5 (b). The density
map shows a clear red shift for high power measurements, centred
at (−2 ± 1) cm−1, and a shift centred at (0 ± 1) cm−1 for low power
measurements. This clearly supports the validity of the measurement
shown in Figure 6.5 (a) as it demonstrates that high power directly
causes a red shift and that damage does not lead to a shift. There-
fore, we can conclude that the red shift observed in Figure 6.5 (a) is
significant and due to the non-linearities of the system.

As we have now proven the peak shift is real and cannot be a
consequence of damage, we can continue to investigate possible
causes of the peak shift and its correlation with the saturation effect.

Previous temperature dependent SERS measurements have
shown that a high phonon population can lead to peak shifts due
to anharmonic phonon interactions [117]. If the peak shift we ob-
serve is due to a high phonon population there should be a rapid
increase in the anti-Stokes scattering. This is because anti-Stokes scat-
tering events require the molecule to be in an excited vibrational
state. Hence, the anti-Stokes scattering intensity is proportional to the
number of excited phonons, np, and the in-coupled laser power, Pin:

IAS ∝ Pin · np (6.8)
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Therefore, as the fraction of probed molecules in an excited vibra-
tional mode increases, the anti-Stokes scattering increases propor-
tionately. This can be used to calculate the effective temperature
of the molecule and compare it to the effective temperature of the
electrons in the NPoM structure. The effective temperature is defined
as the temperature that would be required to thermally populate the
molecular-phonons or metallic electron states with the measured dis-
tribution in the absence of pumping.

To perform the anti-Stokes measurements a 633 nm pump must be
used. This allows the use of standard notch filters that remove the
pump but allow emission either side of it to be observed.

The effective temperatures are then calculated from the Raman
spectrum through comparison with the temperature dependent ex-
cited energy, E = hν, electron and phonon populations, ne and np:

ne = e
−hν
kbT np =

1

e
hν

kbT − 1
(6.9)

For the electron temperature the Boltzmann distribution is fitted to the
exponential decay of the electronic background of the anti-Stokes
signal, as discussed in section 4.2, using:

Ie,AS ∝ e
−hν
kbT (6.10)

as shown in Figure 6.6 (a). In order to remove the effect of the Raman
cross-section the molecular temperature is calculated from the Stokes
to anti-Stokes peak intensity ratio with a prefactor dependent on the
frequency of the laser, νl, and the vibration, νvib, such that [118]:
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Figure 6.6: (a) shows the Boltzman distribution fitted to the exponential
decays of the electronic anti-Stokes background used to calculate
the electron temperature for an example power series going from
0.44µWµm−2 (blue) to 55µWµm−2 (red). (b) shows the Gaussian fit to
the collection of peaks centered from 1000 cm−1 to 1400 cm−1 used
to calculate the molecular temperature for the same power-series
shown in (a). (c) shows the histograms of the fitted electronic temper-
atures for a low power (0.44µWµm−2) and a high power (55µWµm−2)
demonstrating the clear increase in electron temperature and (d)
shows the same distributions for the molecular temperature.
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Santi−Stokes/SStokes =
np

np + 1
=

(
νl − νvib

νl + νvib

)4

e
−hνvib

kbT (6.11)

where Santi−Stokes is calculated by fitting a single Gaussian to the group-
ing of peaks from 1000 cm−1 to 1400 cm−1 as shown in Figure 6.6 (b).
The grouping of peaks appears to form a single peak due to the
broad spectral width of the excitation pulse and the low signal in-
tensities (<0.3 counts/s/µW) found in anti-Stokes scattering. Equation
6.11 does not take into account additional effects due to the outcou-
pling efficiency of the plasmonic modes or the instrument response
function.

The lowest power measurements (0.44µWµm−2) reassuringly de-
termine the temperature of both the molecules and the electrons
to have a distribution centered around 300 K, as shown in Figure
6.6 (c,d), with median temperatures of (310 ± 60) K and (290 ± 60) K

respectively. However, for the high powers, where saturation com-
mences, an increase in both the electronic and molecular tempera-
tures is seen. For the highest power (55µWµm−2) the median of the
electron temperature increases on average to (960 ± 100) K. How-
ever, some nanoparticles were measured with temperatures as high
as 1400 K. As expected the high power molecular temperatures are
slightly below the electron temperatures with a median temperature
of (860 ± 160) K.

The observed electron temperatures generated by the ps lasers
are close to the melting point for gold (1345 K [119]). This supports
previously observed low damage thresholds for ps lasers in compar-
ison to CW. However, comparing the electron temperature directly
to the melting temperature should be performed with caution. For
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a nanostructure to melt the atomic lattice needs to be raised to the
melting point. The lattice has a much higher specific heat capacity
(CL ≈ 100Ce [120]) due to the difference in mass between the gold
atoms and the electrons, therefore it requires much more energy to
increase the temperature of the lattice than that of the electrons.

The molecular temperature is calculated from the phonon pop-
ulation, and therefore it is the temperature of the molecule, not its
constituent electrons. The measured temperature is therefore relat-
able to temperatures measured in other experiments in the literature,
although the molecules in our experiments return to room temper-
ature within several ps. These results therefore support our previous
observations of molecular cross-linking when performing prolonged
Raman measurements at high powers, as the measured tempera-
tures of the SAM are similar to the 700 K annealing temperature used
to create graphene nanocrystals via cross-linking of BPT SAMS [121].
However, the annealing timescales will be much longer than those
recreated in our previous measurements.

Now that we have shown there is a rapid increase in the molec-
ular temperatures with increasing in-coupled power, we can explore
how anharmonicity shifts the energy of molecular vibrations with in-
creasing phonon population.

The vibrational energy exchange (VEE) model of phonon anhar-
monicty links the energy shift of high energy modes to the popula-
tion of lower energy modes via phonon-phonon coupling [122]. The
model states that a higher energy mode of frequency ν1, couples to
a lower energy mode of frequency ν2, with an interaction strength U,
as shown in Figure 6.7. The population of ν2 therefore causes a time
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Figure 6.7: The anharmonic coupling of the v1 and v2 vibrations lead-
ing to an effective energy shift of ∆ν1 dependent on the interaction
strength, U, the lifetime of the ν2 vibration, τ−1, and the population of
ν2 via equation 6.12.

averaged effective shift to ν1 such that:

∆ν1 =
U

1 + U2τ2 e
−E2
kbT (6.12)

where E2 = hcν2. In order to determine if anharmonicty is the cause
of the shifts shown in Figure 6.5 we have calculated and correlated
the average temperatures and peak shifts for increasing in-coupled
power. This is shown in Figure 6.8 (a) and (b); (a) shows the log ∆ν1

vs 1/T, and (b) shows ∆ν1 vs T. Figure 6.8 (a) shows a clear linear
dependence of log ∆ν1 on the inverse molecular temperature (1/T),
agreeing with equation 6.12 and therefore suggesting that anhar-
monic phonon coupling is the cause of the observed frequency shift.

In the VEE model the gradient of log ∆ν1 vs 1/T is the energy of the
lower frequency mode, E2, therefore by fitting a straight line to Figure
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6.8 (a) we have determined ν2 = 467 cm−1. An estimate of the prefac-
tors has been made by directly fitting the peak shifts vs temperature
in Figure 6.8 (b) using equation 6.12.

In order to further determine the validity of the VEE model we have
searched for the existence of a vibrational mode close to 467 cm−1 by
studying a high signal-to-noise CW SERS NPoM spectrum, as shown
in Figure 6.8 (c,d). The spectrum clearly shows a mode centered at
470 cm−1 with our predicted value (467 cm−1) well within its FWHM. This
is clearly in strong support of VEE as the cause of the measured peak
shifts.

An important implication of the importance of the anharmonic
interaction in NPoM is its effect on the phonon lifetime. In the VEE
model as the population of ν2 increases with temperature the time
averaged lifetime, τ1, of ν1 decreases proportionally to the lifetime of
ν2, τ2, such that:

τ−1
1 = τ−1

2 e
−E2
kbT (6.13)

therefore, the predicted lifetime at lab temperature (292 K)4 can be
calculated as 560 fs using the fitted values of E2 and τ2 from Figure
6.8 (b). To compare equation 6.13 with our experimental results we
have measured the Raman linewidth of room temperature BPT pow-
der for ν1 as 8.9 cm−1. This corresponds to a minimum vibrational life-
time of 530 fs, as discussed in section 4.1.3. The agreement between
these two values suggests that at room temperature anharmonic de-
cay has already begun to dominate over the direct decay process.

4292 K is the set point of the lab air-conditioning and it this is generally maintained
within 1 K
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Figure 6.8: (a) shows the natural log of the peak shift plotted against
the inverse molecular temperature demonstrating a clear straight line
in agreement with the VEE model. By fitting equation 6.12 we have
determined ν2 =467 cm−1. (b) shows the fit of equation 6.12 directly
to the temperature dependent peak shift assuming ν2 = 467 from (a).
The colours of the points in (a) and (b) correspond to the average
power of each point, where blue is the lowest power (0.44µWµm−2)
and red is the highest power (55µWµm−2). (c) is a high signal-to-noise
CW SERS spectrum of a BPT 80 nm NPoM structure allowing us to con-
firm the presence of a 470 cm−1 phonon mode. (d) shows a zoom of
the spectrum shown in (c) demonstrating the alignment of the exper-
imentally determined value ν2 =467 cm−1 with the 470 cm−1 phonon
mode.
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Figure 6.9: (a) shows the effect of temperature on the vibrational life-
time of ν1 compared to the dependence of the anti-Stokes Stokes
ratio in terms of the population n. (b) shows the predicted effect
of anharmonic coupling on the tr-CARS signal at a high tempera-
ture ((860 ± 160) K) compared to that predicted at room temperature
alongside the experimental data points.

Therefore, as the molecular temperature is at or above room temper-
ature we can use equation 6.13 to estimate the effect of the molecu-
lar temperature on the vibrational lifetime, as shown in Figure 6.9 (a).

The molecular temperature measured for the highest power
(55µWµm−2) is on average (860 ± 160) K. This can be used to cal-
culate the high power phonon lifetime using equation 6.13 as 120 fs.
This is 4.5 times faster than the room temperature vibrational decay.
Although our previous tr-CARS measurements were performed on 2-
MCP molecules rather than BPT these calculations suggest that an-
harmonic phonon decay could be the reason for the reduced vibra-
tional lifetime in Chapter 5.

If we investigate this further a proportional reduction in vibrational
lifetime for MCP would correspond to a reduction from 960 fs for the
bulk powder measurement to 210 fs in our tr-CARS measurement. This
decreases the lifetime to below half our pulse width and therefore
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Figure 6.10: A comparison of the correlations present in our exper-
imental results. (a) shows the correlation between the normalised
SERS S̃ and the peak shift, ∆ν1, as they vary with in-coupled power,
Pin. (b) shows the correlation between electron temperature, Te, and
molecular temperature, Tm, as they vary with in-coupled power, Pin.

significantly impacts our ability to resolve it. These two predicted de-
cays are plotted alongside our tr-CARS measurement in Figure 6.9 (b)
and it can clearly be seen that the high temperature decay closely
matches our experimental findings.

Although this suggests that anharmonic coupling is the cause
of the decrease in vibrational lifetime, we have made significant
assumptions about the likeness of the anharmonic properties of 2-
MCP and BPT to get to this point, therefore further investigation is
clearly required. The literature also provides further support of this
idea as anharmonic phonon interactions have previously been ob-
served to lead to rapid decreases in vibrational lifetime with temper-
ature through Raman linewidth measurements [123–128] and time re-
solved Raman [129].

Anharmonic phonon decay provides a good explanation for the
observed peak shift, however it is unable to explain the saturation
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effect. That being said, the anharmonic peak shift shows a strong
correlation with the saturation effect, shown in Figure 6.10 (a). This
suggests that the saturation effect is strongly correlated with the elec-
tron and molecular temperatures, shown in Figure 6.10 (b). Therefore,
as the nanostructure is heated within each pulse a rapid drop in SERS
efficiency occurs, causing a saturation effect.

To consider the effect of rapid heating on the SERS signal we must
first consider the time dynamics of heating. In our simplified model we
assume a Lorentzian pulse is linearly heating the sample from room
temperature (300 K) to a final temperature, T f . This means that the
temperature of the sample varies across the pulse as the integral of
the pulse shape, as shown in Figure 6.11 (a). This demonstrates that
as the pulse heats the sample the Raman spectrum is changing as
a function of time. The experimentally measured signal is therefore
an integral of the temperature dependent Raman signals generated
throughout the pulse. Therefore, the saturation effect can be gener-
ated by a temperature dependent decrease in SERS efficiency.

There are three possible explanations that could lead a rapid in-
crease in temperature to cause a decrease in SERS efficiency: ther-
mal expansion, temperature dependent in- and out-coupling, or in-
termolecular anharmonicity.

Thermal expansion has previously been observed to cause a de-
crease in Raman efficiency in WS2 [130]. The decrease was claimed
to be due to the r−5 dependence of Raman efficiency on the inter-
atomic distance, r. Although single molecule molecular expansion
is generally considered negligible, we will consider it here for com-
pleteness. To apply this idea to our current measurements we have
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Figure 6.11: (a) shows the temporal dependence of a Lorenztian pulse
alongside its effect on the sample temperature assuming heating
from 300 K to 1000 K throughout the pulse. (b) shows the relationship
between the Raman scattering rate and the temperature due to ther-
mal expansion with a thermal coefficient of 0.04 % K−1. (c) shows the
effect of temperature upon the Raman spectra as the pulse heats the
sample where the colour denotes the times and temperatures shown
on (a). (d) shows the possible saturation created by thermal expan-
sion as a function of final temperature for an expansion coefficient of
0.04 % K−1
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6.2 ps-SERS power series

assumed linear thermal expansion (r ∝ T). This allowed us to calcu-
late the effect of final temperature on the decrease in scattering by
integrating the Raman signal as the temperature increases from room
temperature to the final temperature throughout the pulse, as shown
in Figure 6.11 (c). By assuming the final temperature is proportional to
the in-coupled power we can calculate the thermal expansion co-
efficient required to cause a similar saturation effect to that observed
experimentally. This is shown in 6.11(d), determining the required ex-
pansion coefficient as 0.04 % K−1. This is far larger than expected for
BPT molecules.

Thermal expansion of molecular crystals is primarily due to an in-
crease in the space occupied by each molecule. This is because
as the kinetic energy of the atoms increases, they oscillate further
from their equilibrium positions. However, the equilibrium position
themselves are considered to remain relatively constant and there-
fore contribute minimally to the expansion. Therefore, the expan-
sion coefficient for a single molecule must be much lower than those
measured for molecular crystals. An example molecular crystal of
pyridine-I has a expansion coefficient of 0.035 % K−1 [131]. This is similar
to what is required by our simple calculations, suggesting that single
molecule molecular expansion cannot be the cause of the saturation
effect.

The optical in- and out-coupling of plasmonic structures can dras-
tically affect the SERS scattering efficiency, as discussed in section
4.1.2. The in-coupling directly affects the intensity of the field driving
the Raman transition, while the out-coupling affects the re-emission
probability of the scattered photon. It is therefore possible that a tem-
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6.2 ps-SERS power series

perature dependent change to the plasmon resonance could lead
to changes in the SERS signal.

To understand the potential implications of this effect further we
turn to the literature. The temperature dependence of the single
nanoparticle resonance has been examined for 20 nm, 36 nm and
55 nm gold nanoparticles in a silica matrix by Yeshchenko et al. [132].
The authors found that as the temperature was scanned from 290 K to
1190 K a linear reproducible ≈ 20 nm shift occurred alongside broad-
ening. The broadening and shift were found to be independent, with
the former due to an increase in electron-phonon scattering and the
latter a result of volumetric expansion.

In order for the saturation effect to be explained by a linear
change in in- and out-coupling the efficiency needs to reduce to
near zero at high temperatures. A change of resonance position
and width of 20 nm cannot cause a decrease of this magnitude for
a 100 nm wide resonances. This is accentuated for our 633 nm pump
data where the in- and out-coupling wavelengths are off resonance,
therefore further decreasing the effect of resonance position and
width. Although this does not directly correspond to the temperature
response of NPoM or the out-coupling temperature dependence of
SERS it suggests that temperature dependent in- and out-coupling is
unlikely to be the cause of the saturation effect.

Our previous work on optomechanics demonstrated that within a
plasmonic cavity molecules can couple to each other via the plas-
mon. This shows that an excited phonon mode can be delocalised
across a set of molecules within the cavity [104]. This suggests that
intermolecular anharmonic coupling could lead to a second anhar-
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6.2 ps-SERS power series

monic interaction.
The intermolecular anharmonic interaction would be between N

sets of vibrational modes, as shown in Figure 6.12 (a). This would
lead the effective interaction strength to scale with the number of
molecules. An average NPoM cavity contains approximately 100

molecules, therefore, the temperature dependent shifts and broad-
ening would occur at much faster rates. It seems possible that at
room temperature intramolecular anharmonicity dominates. As the
temperature increases intermolecular coupling begins to dominate,
leading to a rapid broadening of the SERS peak, as shown in Fig-
ure 6.12 (c). Therefore, as the ps pulse begins to heat the sample
the intramolecular anharmonicity dominates and a sharp line is emit-
ted to the far field. Once the temperature has risen over a thresh-
old, intermolecular broadening causes the SERS peak to become
indistinguishable from the background. The observed SERS signal is
then dominated by the sharp line emitted at the lower temperatures,
where the intramolecular anharmoncity dominates.

The observed SERS signal would be an integral of the SERS gener-
ated throughout the pulse, as shown in Figure 6.12 (c), generating a
non-Lorentzian lineshape. Upon fitting a Lorentzian to this signal it can
be seen that there is an inherent loss in area due to the Lorentzian’s
inability to account for the broader emission. Experimentally this is
even more complicated because the broader emission blends with
the electronic background and the two become indistinguishable. A
combination of these two effects would cause an effective saturation
of the scattered SERS intensity with increasing in-coupled power.

Of the three presented causes for saturation (thermal expansion,
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6.2 ps-SERS power series

Figure 6.12: (a) A diagram demonstrating the intermolecular anhar-
monic coupling of N molecules. This would cause a rapid shift and
broadening of ν1 with increasing population of ν2 which could cause
an apparent saturation effect. (b) The assumed ultrafast heating
generated by a Lorentzian pulse. (c) A series of example spectra gen-
erated within a single pulse at the temperatures from (b) assuming
a rapid temperature dependent broadening. The sum of the spec-
tra generated throughout the pulse shows the effect of broadening
upon the SERS lineshape. The fit demonstrates the inherent loss in area
that occurs when attempting to fit a Lorentzian to this new lineshape.
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6.3 Summary

temperature dependent in-/out-coupling, or intermolecular anhar-
monicity) intermolecular anharmonicity appears to be the most fea-
sible explanation. Thermal expansion was deemed unlikely due to
its requirement for impossibly high expansion coefficients. Tempera-
ture dependent in- and out-coupling was found to be too weak to
cause saturation [132]. Therefore, intermolecular anharmonicty is the
current leading explanation of the saturation effect.

To follow on from this work a rigorous theoretical investigation
needs to be performed in order to investigate intermolecular an-
harmonicty in plasmonic cavities. This could be in the form of den-
sity functional theory (DFT) simulations. Density functional theory has
previously been used to predict line shifts and broadenings due in-
tramolecular anharmonicities [133]. Therefore, it should be able to re-
veal details about intermolecular coupling, such as the dependence
of broadening on temperature. However, as these simulations require
multiple molecules and gold atoms they will be incredibly computa-
tionally expensive.

6.3 Summary

Throughout this chapter we have investigated the phonon-plasmon
coupling dynamics that dominate SERS at high phonon and plasmon
occupations. This was done by performing power dependent ps-SERS
measurement on over 1000 NPoM structures using an in-house parti-
cle tracking ps-SERS rig.

The initial measurements performed power-dependent Stokes
scattering using 633 nm and 700 nm excitation. Once the variation
in nanoparticle coupling efficiencies had been taken into account
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6.3 Summary

the Stokes scattering for both excitation wavelengths demonstrated
a clear saturation effect at high powers.

The next step was to demonstrate that this effect was not due to
damage sustained by the structure throughout the measurement. To
do this, spectra were collected alternating from low to high power,
which allowed the damage and saturation effect to be quantised
and compared. It was found that although damage does occur
throughout the measurements there is a much stronger effect due
to linear suppression.

Once the existence of the saturation effect had been confirmed
we re-examined the original power-series spectra to find clues to the
physical phenomenon behind the saturation effect. A significant red
shift of the vibrational mode was shown to occur with increasing in-
coupled power and was subsequently confirmed by the high-low se-
ries. Red shifts of vibrational modes in Raman have previously been
explained by temperature dependent anharmonic coupling.

For anharmonic coupling to be the explanation of the observed
red shift, the structure has to dramatically heated with increasing in-
coupled power. To determine if this is the case we performed anti-
Stokes/Stokes measurements. This allowed us to determine the effect
of in-coupled power on the electronic and molecular temperatures.

The temperature measurements allowed us to confirm that anhar-
monic coupling was the cause of the observed red shift, by relating
the measured molecular temperature to the red shift via the anhar-
monic vibrational energy exchange (VEE) model.

An important secondary implication of the relevancy of the VEE
model is its effect on the phonon lifetime. The VEE model states that
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6.3 Summary

as the vibrational population increases it causes a time averaged de-
crease in the phonon modes lifetime. We demonstrate numerically
that this could cause the observed decrease in vibrational lifetime
seen in Chapter 5. This agrees with a range of temperature depen-
dent phonon lifetime experiments in the literature [123–128, 134].

We then demonstrated that although intramolecular anhar-
monicity cannot explain the saturation effect, the saturation is
strongly correlated with the peak shift and, therefore, the temper-
ature. The observation of this correlation drove us to investigate three
possible causes of temperature dependent saturation: thermal ex-
pansion, temperature dependent in- and out-coupling, and inter-
molecular anharmonicity.

Thermal expansion of the molecule could cause a saturation ef-
fect due to the r−5 dependence of Raman scattering upon inter-
atomic distance r [130]. However, the required expansion coefficient
was deemed too large in comparison to those of molecular crystals.

Temperature dependent in- and out-coupling could lead to a sat-
uration effect. This assumes an increase in temperature leads to a
rapid reduction of in- or out-coupling from the molecule. This was
deemed unlikely through comparisons with the literature. Previous
gold nanoparticle measurements suggest that increases in tempera-
ture similar to those observed in our experiments lead to a≈ 20 nm shift
and broadening of the plasmon resonance [132]. This is inadequate
to explain the saturation effect, as the saturation effect requires the
coupling efficiency is reduced to near zero at high temperatures.

The last possible explanation is intermolecular anharmonicity. Pre-
viously in our plasmonic cavities we have observed the collective vi-
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6.3 Summary

bration of molecules [104]. This suggests that anharmonic phonon
coupling can occur between molecules. In this case of anharmonic
coupling the number of possible coupled modes increases by the
number of molecules within the cavity. For BPT NPoM this corresponds
to approximately 100 molecules, therefore, the effect of intermolecu-
lar anharmonic coupling could be 100 times larger than intramolec-
ular at high temperatures [104].

Intermolecular anharmonicity would therefore cause much faster
broadening with increasing temperature and would dominate over
intramolecular anharmonicity at high temperatures. This rapid in-
crease in broadening would cause all SERS above a critical temper-
ature to be indistinguishable from the electronic background, thus
causing an apparent saturation effect. Therefore, intermolecular an-
harmonicity could be the cause of the saturation effect, however fur-
ther simulation work is required to categorically prove this is the case.

The results generated throughout this chapter have pushed for-
ward our understanding of molecular-phonon dynamics in plasmonic
nanocavities. The clear next steps for the research are to perform ul-
tra low power tr-CARS measurements and further simulations of the
effects of intermolecular anharmonicity at high phonon populations.
Ultra low power tr-CARS should allow the temporal response of the
phonon mode to be measured without the anharmonic accelera-
tion of the decay discovered through the ps-SERS power-series, while
a simulated study of the effects of intermolecular anharmonicity will
either confirm or deny that the saturation effects we observe are due
to anharmonicity.
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7. Conclusions and Outlook
The ultrafast measurements contained within this thesis have re-
vealed information about plasmon-phonon coupling out of reach of
most techniques. Chapter three focused on understanding acousto-
plasmonic coupling in ultrahigh field confinement plasmonic systems,
while Chapter Four, Five and Six explored the effect of intense fields
upon molecular-phonon dynamics.

Our understanding of acousto-plasmonic coupling in NPoM was
kick-started by the observation of two clear acoustic NPoM modes
through their perturbation of the coupled plasmonic mode in pump-
probe measurements. The periods of the two modes provided useful
insight when identified as the bouncing and ringing modes by FEM
simulations. Once the modes had been identified, FEM simulations
allow us to understand how the period of the modes is affected by
changes to the geometry, such as changes to the particle diameter
or the size of the contact facet.

Therefore, the FEM simulations gave us a test bed for developing
an analytical model that allows us to calculate the size of the contact
from the period of the two acoustic modes. The model determined
the bouncing mode period by treating the system as three springs in
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series: the nanoparticle, the spacer, and the substrate. The spring
constant for each component was calculated individually and then
used to calculate the effective spring constant ke f f , and therefore,
the bouncing mode period. The equation can be rearranged, sim-
plified and approximated by a series of steps including rewriting the
nanoparticle radius in terms of the ringing mode period. This allows
the facet size to be calculated for individual constructs from the ring-
ing and bouncing mode periods. On average the constructs mea-
sured had a width of w = 60±10 nm in good agreement with ensemble
single nanoparticle SEM measurements of 55 nm.

A further point of interest is the unusually high acousto-plasmonic
FOM. The FOM relates the required acoustic intensity to create a
given modulation and is traditionally calculated when comparing
different acousto optic modulators. The FOM for a NPoM bouncing
mode modulator was calculated by performing FDTD simulations of
NPoM perturbed and unperturbed by the bouncing mode. The FOM
was found to be six orders of magnitude higher than a lithium niobate
Bragg cell and a geometrical deflector. The FOM is so high because
the strain field of the bouncing mode and the plasmonic field of the
coupled mode are confined to the same nanoscale volume of the
structure; at the contact.

In the future of acousto-plasmonics ultra efficient acousto optic
modulation could be a viable next step. However, prior to this there
are short-comings that need to be better understood. For exam-
ple, modulation relies on very efficient changes in the scattering ef-
ficiency; however, currently the scattering efficiency is only 14 %.1

1This is calculated from the scattering cross-section, found via FDTD, as a fraction
of a diffraction limited spot.
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Therefore, the modulated beam undergoes heavy losses, although
the efficiency of the induced changes in scattering are high. This
could potentially be worked around by using an array of NanoPar-
ticle on Mirror constructs, however, manufacturing tolerances would
be extremely tight due to the sensitivity of the bouncing mode period
to changes in the contact geometry.

As we have demonstrated, ultraconfined acousto-plasmonics
can be directly applied as a nanoscale structural mechanical probe.
Building on this research it would be particularly interesting to explore
the potential for using the bouncing mode to replace nanoindenta-
tion measurements for determining the Young’s modulus of molecular
monolayers. For example, DNA origami has recently been used as a
spacer in NPoM structures, therefore by measuring the pump-probe
signal the Young’s modulus of a single DNA origami structure could
be calculated. This experiment could then be repeated with a series
of systematic changes to further understand the structural mechni-
cal properties of DNA origami. The main foreseeable problem with
this work would be knowing the thickness of the spacer; however, this
can often be calculated from the dark-field spectrum.

Ultrafast molecular-phonon plasmon coupling was initially ex-
plored by performing time resolved Coherent anti-Stokes Raman
Spectroscopy (tr-CARS). Our experimental realisation used a set of
three laser line filters to create three spectrally independent 1 nm

broad beams, allowing the measurement to maintain spectral res-
olution. This allowed us to determine that the signal we observed was
purely due to CARS and not non-phonon-resonant FWM, a problem
often encountered when performing CARS measurement.
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The tr-CARS measurements were performed on single MCP NPoM
structures and it was found that the phonon lifetime of the 1505 cm−1

mode decreased from the bulk lifetime of 0.96 ps to below the tem-
poral resolution of the measurement.

In order to investigate if the decrease in phonon lifetime was
due to the plasmon enhanced ps excitation, power dependent ps

Surface Enhanced Raman Spectroscopy (ps-SERS ) measurements
were performed on over a thousand nanoconstructs through parti-
cle tracking.

Once differences in nanoparticle coupling efficiency were taken
into account, the power-series showed a clear decrease in Stokes
scattering efficiency at high powers. In order to demonstrate that this
effect was not due to nanoscale damage a series of control mea-
surements were performed.

The first control measurement simply performed two power-series
on each nanostructure and it demonstrated clear preservation of the
trend. However, theoretically this could be due to further damage
throughout the second loop leading to reproduction of the trend.
To further disprove the damage hypothesis a measurement was per-
formed that took a series of ps-SERS spectra alternating between
high and low powers. This allowed the percentage of damage in-
curred within each high power measurement to be compared to
the percentage of linear suppression witnessed by that measure-
ment. This measurement showed on average a linear suppression of
(−35 ± 15) % with only a (−15 ± 10) % change in signal due to damage,
thus demonstrating that this effect is due to the ultrafast dynamics of
the system and not due to permanent damage.
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Knowing that the saturation effect was not just a consequence of
damage, we re-examined the initial spectra to look for evidence of
the physical phenomenon behind it. We discovered that a red shift
of the phonon mode occurs with increasing in-coupled power, which
was subsequently confirmed by examining the high-low series.

The red shift was determined to be due to temperature depen-
dent anharmonic coupling by measuring the electron and molecular
temperature by performing a Stokes/anti-Stokes power-series. From
these measurements we were able to apply the vibrational energy
exchange (VEE) model and determine that the 1585 cm−1 mode we
are studying couples to the 470 cm−1 mode. This leads to a peak shift
of the 1585 cm−1 mode as the population of the 470 cm−1 mode in-
creases.

An important alternative effect caused by anharmonic coupling
is the temperature dependent decrease it causes to vibrational life-
time. The VEE model shows that the anharmonic coupling causes the
higher energy modes’ vibrational lifetime to be inversely proportional
to the population of the lower energy modes. Using the VEE model
we calculated the effect of anharmonic coupling on the vibrational
lifetime of BPT demonstrating that the decrease in vibrational lifetime
observed in our tr-CARS measurements could be due to anharmonic
phonon coupling.

Anharmonic coupling neatly explains the observed red shift, how-
ever, it is unable to explain the saturation effect. Therefore, despite
the strong correlation between the red shift, temperature and the
saturation effect we must look for an alternate explanation.

We examined three possible temperature dependent explana-
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tions: thermal expansion, temperature dependent in- and out-
coupling and intermolecular anharmonic coupling. Both thermal
expansion and temperature dependent in- and out-coupling were
found to be too weak to explain the measured saturation.

In our previous work we demonstrated that in plasmonic cavi-
ties the vibrational modes of the molecules within the cavity can
couple to one another and vibrate collectively [104]. This suggests
that intermolecular anharmonic interactions are possible between
the molecules within the cavity. This intermolecular anharmonic in-
teraction would increase the number of modes involved in the an-
harmonic interaction proportionally to the number of molecules in
the cavity, N. Therefore, the intermolecular broadening would scale
N times faster with temperature than the intramolecular broaden-
ing. This could cause the intermolecular broadening to dominate at
high temperatures even though it has little effect at room tempera-
ture. Therefore, when the intermolecular broadening dominates at
high temperature the SERS peak becomes so broad that it becomes
indistinguishable from the electronic background and an apparent
saturation effect occurs. Although further work is clearly needed to
confirm that intermolecular anharmonic coupling is the cause of the
saturation effect, it is currently the leading theoretical explanation.

The next step to further understand ultrafast molecular-phonon-

plasmon dynamics is to perform tr-CARS measurements at powers far
below those that have previously been used, thus allowing the acci-
dental increase in effective temperatures to be avoided. As the sig-
nal scales with the cube of the total power, to perform these measure-
ments at lower incident powers the signal-to-noise must be increased.
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One potential scheme for achieving this would be to utilise a combi-
nation of single photon detectors, time tagging, and digital lock-in
amplification through modulation of all three beams. Conceptually
this could lead to vast reductions in noise, therefore allowing much
lower powers to be used.

The origin of the saturation effect witnessed in the power-series
requires further investigation to determine if it is due to intermolecu-
lar anharmonic phonon coupling. This would initially be through DFT
simulations to determine the modal dependence of the intermolecu-
lar anharmonic coupling. The predicted modal dependence could
then be compared with the saturation behaviour of each of the dif-
ferent modes independently allowing us to determine if intermolecu-
lar anharmonic phonon coupling is the cause of the saturation.

To finally conclude this thesis, the work had an inherently diffi-
cult aim; to perform a variety of ultrafast measurements on single
nanocavities. Ultrafast measurements intrinsically require ultrashort
pulses, which naturally have high peak powers. We must then fo-
cus these pulses to a diffraction limited spot and couple them into
a nanocavity; focusing that energy into less than 50 nm3. Therefore
it is unsurprising that when performing these measurements we are
restricted to extremely low powers. It is therefore my opinion that fu-
ture work should be dedicated to one of two avenues; understanding
peak power dependent damage effects of plasmonic nanocavities
and further increasing the signal-to-noise of our measurements. These
two areas of research will provide the largest contribution, and there-
fore, acceleration to the field of ultrafast plasmon-phonon coupling.
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