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Abstract 
 
 This thesis focuses on the exploration of interactions between circularly polarized 
light and plasmonic nanostructures, and nanoparticles. Polarization is an integral part of 
light and has a wealth of applications in the modern world. Circularly polarized light in 
particular interacts in a specific way with the foundation of life itself: the amino-acids, 
among which 23 are chiral. These amino-acids exhibit an optical activity. However this 
phenomenon is weak due to the weak coupling of molecules to an external light field. 
Plasmonic particles, on the other hand, have strong interactions with an external light 
field. They could therefore be perfect candidates in manipulating light polarization and 
interactions with chiral molecules. Two paths were taken in the use of circularly polarized 
light: one was to transfer spin angular momentum from the circularly polarized light to get 
the highest spinning frequency possible of a trapped particle, the other was to fabricate 
structures with high circular dichroism in the visible. 
 Nanoparticles in the form of gold spheres were trapped in aqueous solution by a 2D 
optical trap as described in Appended Paper I. By using a circularly polarized light beam 
for the trapping, it is possible to set these particles into a rotational motion. The reason for 
this rotation is the transfer of the spin angular momentum of the incident photons to the 
absorbing particle. Frequencies of several kHz, the highest reported in literature for 
particles in water, were recorded during the experiments. The results are well explained 
by classic electromagnetism theory and hydrodynamic theory. The maximum spinning 
frequency is reached at equilibrium between the external torque induced by the transfer 
of spin angular momentum, and of the frictional torque originating from the viscosity of 
the surrounding medium. It is worth noting that this viscosity is reduced in the immediate 
vicinity of the particle by the particle heating due to the use of high laser power. The 
transfer of spin angular momentum is put in evidence by an increase of the rotational 
frequency as the laser power is increased. However at high power, both temperature and 
friction increase, which leads to an increase of the influence of the stochastic torque on the 
particle motion. 
 In Appended Paper II, right- and left-circularly polarized light were used as means 
of characterization of the circular dichroism (CD) of nanofabricated metal structures. The 
CD is a measure of the chiral optical response of a material. The structures showing the 
strongest CD in the visible to near-infrared wavelength range were closely packed silver 
tetramers that consist of four disks of increasing heights. They were realized based on both 
the hole-mask colloidal lithography technique and angular metallic evaporation. It 
provided us with a simple fabrication technique for obtaining a uniform coverage of large 
areas. The finite element method (Comsol) and the coupled-dipole approximation were 
used to investigate the origin of this strong CD. It originates in strong near-field 
interactions between the particles caused by the small interparticle distances, combined 
with the 3D nature of the arrangement of the four nanodisks. The gaps present within each 
structure could be of interest in future molecular analysis applications. 
Keywords: Nanoparticles, optical tweezers, colloidal lithography, nanofabrication, 
chirality, plasmonic nanostructures, particle spinning 
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Chapter 1 

 

Introduction 

 

 Nanoplasmonics forms a part of the bigger field of nanophotonics. It describes how 
electromagnetic fields can be confined to dimensions whose order is around the same, or 
smaller than the wavelength. It was in already in 1900 that Paul Drude demonstrated how 
an electron gas in a bulk metal could support a collective electron oscillation known as 
plasma oscillation. Such oscillations are more commonly called plasmons. However, 
despite the apparent simplicity in the description of surface plasmon polaritons and 
localized surface plasmons by classical physics, it is often hard to accurately evaluate the 
extrications of many phenomena in nanoplasmonics. Throughout the 20th and 21st 
centuries, plasmons have been explored and exploited in a number of ways.1–3 

 One aspect of light that can be manipulated by making use of plasmons is its 
polarization.4–7 The ability to manipulate the polarization of light is essential for numerous 
applications including spectroscopy, microscopy, telecommunications, etc. One of its 
earliest applications was probably the use of Iceland spar (see Figure 1A) by navigators to 
tell the direction of the sun in cloudy and twilight conditions. Since then, many advances 
have been made to further the understanding of the interaction between light polarization 
and objects at the micrometre and nanometre scales.8 Though linearly polarized light has 
been a subject of choice and explored extensively, circularly polarized light (CPL) has 
received less attention. 

 
Figure 1: A) Picture of a piece of Calcite crystal whose birefringence splits horizontal and vertical linearly 
polarized light. B) Pictures of the Chrysina aurigans (left) and the Chrysina limbata (right) beetle specimens 
having different reflection values of their chitin depending on the handedness of the impinging CPL and 
displaying their golden- and silver-like appearance, respectively.9 

 Everyday around us and inside us, there are objects that are interacting differently 
depending on the handedness of the circularly polarized light impinging on them.  They 
are called chiral. All amino-acids are chiral, as well as DNA, many molecules, or the wings 
of some beetles (see Fig. 1B). Getting information about the handedness of molecules is 
important in the development of effective drugs; but the intricacies of how circularly 
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polarized light interferes with such chiral objects is interesting in a fundamental way and 
will help in designing artificial chiral structures, or enantiomer-specific sensors.10 

Probing and observing the optical forces exerted by light on matter has been 
brought within reach thanks to optical trapping.11,12 Optical tweezers techniques have been 
used for over 20 years to manipulate and study the properties of micron-sized particles. 
The ability to achieve displacements with a nanometre accuracy and measure forces down 
to the piconewton has opened up new areas of study in biology and physics such as the 
observation of single molecule,13 DNA properties,14 and single metallic particles. Trapping 
of metallic particles is not a challenge anymore.15 Rotation of single plasmonic 
nanostructures in laser tweezers has also been demonstrated.16 However the limits of how 
fast a trapped plasmonic nanoparticle can spin is still an interesting subject to dwell upon. 

Imitating nature at the nanoscale is the domain of nanofabrication. Nanoscale 
objects can be fabricated through top-down fabrication methods like electron-beam 
lithography (EBL),17 or bottom-up fabrication like colloidal lithography.18 Though EBL 
allows great control over nanostructures design, we prefer to it colloidal lithography. It is 
a very versatile method for fabricating square centimetre areas of clusters of nanoparticles, 
nanorings, nanoholes, etc. whose behaviour can be modelled via different calculation 
methods such as coupled-dipole approximation (CDA), or finite element method (FEM). 
Using these tools, we can realize artificial plasmonic chiral structures on the model of 
molecules. Their understanding would provide a useful knowledge about the development 
of an enantiomer-specific sensing platform based on arrays of such handed plasmonic 
nanoparticles. 

In this thesis, the aim was twofold: 1) achieving the highest rotational speed of a 
metallic nanoparticle trapped in a circularly polarized laser beam and finding the limiting 
factor, 2) fabricating plasmonic chiral structures with a strong chiral optical activity 
suitable to be used for sensing and unfolding the interactions involved. 

The outline of the thesis is the following. Chapter 2 describes circularly polarized 
light, the basis of optical trapping and the properties of chiral structures with examples 
from the literature. Chapter 3 is centred on the optical trapping experiments and provides 
details about sample preparation, and optical characterization methods. Chapter 4 focuses 
on plasmonic chiral nanostructures and presents the nanofabrication of the structures, 
optical characterization methods, and simulation methods. Chapter 5 gives a summary and 
future outlook of the research field. 
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Chapter 2 

 

Background 

 

 Given the fact that the phenomenon of light can be explained by the wave-particle 
duality theory, interpretations of light polarization and its interactions with plasmonic 
objects can be emphasized from either viewpoints. Both pictures have already been 
adopted in the field of plasmonics.19,20 This chapter will establish the basics of these two 
complementary aspects of handed light in the context of some examples relevant to my 
own research. 

 

     2. 1. Circularly polarized light 

 When considering light in terms of electromagnetic plane waves, defining circularly 
polarized light is straightforward. A linearly polarized wave has its orientation defined by 
the direction of its electric field wave vector which is confined to a single plane along the 
direction of propagation. For a circularly polarized wave, the electric field vectors have 
constant amplitude but their direction rotate continuously perpendicular to the direction 
of propagation. A circularly polarized wave can also be described by two linearly polarized 
waves of equal amplitude with a phase retardation relative to each other of ± π/2. If the two 
linearly polarized waves have different amplitudes, or if their relative phase retardation is 
different than ± π/2, then we have elliptically polarized light. To establish a convention for 
the rest of this thesis, we will define the handedness of circularly polarized light (CPL) as 
viewed from the source. While looking from the source, if the electric vector of the light 
going away from you rotates clockwise (respectively counter clockwise), the light will be 
right- (respectively left- ) circularly polarized (RCP/LCP). 

 On the other hand, light is also a beam of photons. Each photon has a linear 
momentum ℏk directed along the beam axis perpendicular to the wavefronts, and an 
energy ℏω. In addition, each photon has a spin angular momentum of ℏ aligned parallel 
(LCP) or antiparallel (RCP) to the direction of propagation. In the case of a CPL beam, all 
photon spins possess the same alignment. 

As we will see its implications later in this chapter, light can carry angular 
momentum without being circularly polarized. A light beam can carry an orbital angular 
momentum which is independent from the light polarization. For example, Laguerre-
Gaussian beams (see Figure 2) that have l intertwined helical wavefronts have a wavector 
spiralling around the beam axis. It adds to the photon momentum an azimuthal 
component. Thus each photon gets an orbital angular momentum of lℏ. The orbital angular 
momentum has been exploited with the same aim as in Appended Paper I to spin plasmonic 
nanoparticles via optical tweezers in the literature.21 A vortex beam can additionally be 
used as a microtool in engineering chiral nanostructures.22 Transfer of angular momentum 
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from spin to orbital angular momentum is an interesting subject in the studies of circularly 
polarized light interactions with plasmonic nanoparticles. 

 
Figure 2: Intensity profiles of twelve Laguerre-Gaussian modes LG(p, l) where p is the radial index, and l is 
the azimuthal index of the Laguerre polynomials used to describe them. 

 

     2. 2. Optical forces 

 The first step in investigating CPL was to be able to observe the transfer of angular 
momentum of light to matter. One of the first experiments allowing that was performed in 
1936 by Beth.23 He used a quarter-wave plate suspended from a quartz fibre to transform 
circularly polarized light to linearly polarized light. During the process, the spin angular 
momentum of light was removed from each photon and transferred to the quarter-wave 
waveplate in the form of a measureable torque. 

 Transferring angular momentum to a particle instead, is a different challenge. An 
absorbing particle will absorb both the angular and linear momentum from a light beam.  
Attributing a displacement of the particle to either momentum contribution is a hard task 
to perform. Keeping the particle in a stable position is needed. To solve this problem, the 
use of optical forces provided by optical tweezers are the key. The work by Ashkin et al.24 
has opened the path to the development of optical trapping of microscopic particles 
including biological specimens. It then became a tool with numerous applications in 
biology (microrheology, local heating, single cell manipulation, etc.), and physics. Optical 
trapping of nanoparticles, instead of micrometre-sized particles, is more challenging due 
to the limited amount of force one light can exert on such dimensions. 

 

          2. 2. 1. Optical trapping of plasmonic nanoparticles 

The mechanical forces, i. e. radiation pressure, applied by light on objects it interacts 
with have been explained by Maxwell’s theory of electromagnetism in the 19th century. In 
the case of a particle, one can understand the radiation pressure as a natural consequence 
of the conservation of momentum during absorption and scattering of photons. In 
dielectric materials, electromagnetic fields induce a polarization which translates to a 
gradient force directed towards high intensity field regions. Focusing strongly a laser 
beam, for example, is a method through which we can obtain gradient forces strong enough 
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to trap individual dielectric micro- and nanoparticles. Figure 3 illustrates this simple 
principle. 

 
Figure 3: A dielectric bead is in the path of a focused laser beam. Two rays from the beam with wave vectors 
k1 and k2 are represented. The rays apply forces F1 and F2 when refracted on the surface. The resulting gradient 
force pulls the bead towards the focus of the laser beam. 

 In optical tweezers for dielectric particles, gradient force is dominating. 
Comparatively, metallic nanoparticles strongly absorb and scatter light close to their 
localized surface plasmon resonance (LSPR). This causes the scattering forces to increase, 
and decreases the trap stability. Nonetheless, off-resonant optical tweezers can reliably 
trap metallic nanoparticles as seen in the literature.12 The following theoretical 
considerations allow a better understanding of different concepts in the trapping of 
plasmonic nanoparticles. 

Optical properties of noble metals can be described by the complex dielectric 
function ɛm(ω). This dielectric function can be approximated by the Drude-Lorentz model 
which comprises two major contributions: the electronic interband transitions, and the 
quasi-free movement of the conduction band electrons. 

ɛ𝑚(𝜔) = ɛ𝑟 −
𝜔𝑝

2

𝜔2 + 𝑖𝜔𝛶
+

𝛥𝜀𝛺𝑝
2

𝛺𝑝
2 − 𝜔2 − 𝑖𝛤𝜔

                                                                     (1) 

 In this relation, ɛr describes the relative permittivity at high frequencies, ωp is the 
resonant plasma frequency, Υ is the damping factor, Δε is the oscillator strength, Ωp and Γ 
are respectively the plasma frequency and the damping factor for the bound electrons. 

 Upon illumination, a nanoparticle both absorbs and scatters light in ways expressed 
by the scattering, absorption, and extinction cross sections. If we consider a metallic sphere 
of radius a much smaller than the incident wavelength in vacuum (within the quasi-static 
approximation), surrounded by a medium of dielectric constant ɛ, and excited by a uniform 
external electric field, we can describe this system by an induced dipole moment whose 
complex polarizability is the following:25 

𝛼(𝜔) = 4𝜋𝑎3
ɛ𝑚(𝜔) − ɛ

ɛ𝑚(𝜔) + 2ɛ
                                                                                                     (2) 
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This complex polarizability expresses a resonant condition reached when    
Re[ɛm(ω)] = -2ɛ. It can also be used to calculate, via the Poynting vector, the scattering, 
absorption, and extinction cross sections of a plasmonic nanostructure.1 

𝐶𝑠𝑐𝑎 =
𝑘4

6𝜋
|𝛼|2                                                                                                                       (3. 𝑎) 

𝐶𝑎𝑏𝑠 = 𝑘 𝐼𝑚[𝛼]                                                                                                                     (3. 𝑏) 

𝐶𝑒𝑥𝑡 = 𝐶𝑠𝑐𝑎 + 𝐶𝑎𝑏𝑠                                                                                                                (3. 𝑐) 

 Both characteristics of the laser and the nanoparticle will impact on the forces 
acting on a nanoparticle in a focused laser beam. The time averaged force < �⃗� > on a 
particle due to harmonic fields can be calculated by integrating the Maxwell’s stress tensor, 
𝑇, over a closed surface surrounding the particle (δV): 

< �⃗� > = ∫ < 𝑇(
𝜹𝑽

𝑟, 𝑡) > �⃗⃗�(𝑟)𝑑𝑎                                                                                         (4) 

, where �⃗⃗� is the unit normal to δV, and da is an infinitesimal surface element. From 
this equation, it is possible to develop an analytical expression of the optical forces in the 
case of a small spherical particle within the quasi-static approximation. Considering a 
dipolar particle illuminated by a monochromatic EM wave, the time-averaged induced 
forces acting on this dipole can be derived from the nonrelativistic Lorentz force and split 
into two components, the gradient and the scattering forces:26 

< �⃗� > = < 𝐹𝑔𝑟𝑎𝑑
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗ > + < 𝐹𝑠𝑐𝑎𝑡𝑡

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ >                                                                                    (5. 𝑎) 

< 𝐹𝑔𝑟𝑎𝑑
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗ > =

1

4
ɛ0ɛ 𝑅𝑒[𝛼]∇(�⃗⃗�∗�⃗⃗�)                                                                                      (5. 𝑏) 

< 𝐹𝑠𝑐𝑎𝑡𝑡
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ > =

1

2
ɛ0ɛ 𝐼𝑚[𝛼]𝐼𝑚 (∑ 𝐸𝑠

∗𝛻𝐸𝑠

𝑠

)                                                                    (5. 𝑐) 

, where the sum is over s = x, y, z. The gradient force comes from the intensity profile 
gradient of the laser beam and is proportional to the dispersive part of the complex 
polarizability α. The scattering force comes from the momentum transfer from the 
external field by scattering and absorption to the nanoparticle and is proportional to the 
dissipative part of the polarizability. Since the gradient force pushes the nanoparticle 
towards the intensity maxima of the field and the scattering force pushes the particle in 
the direction of light propagation, we need < 𝐹𝑠𝑐𝑎𝑡𝑡

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ > ≪ < 𝐹𝑔𝑟𝑎𝑑
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗ > to achieve a trap in 3D. 

From these considerations, it is quite straightforward from the calculation of the different 
components of a nanoparticle complex polarizability to choose a proper wavelength to 
achieve trapping. Close to the plasmon resonance, the imaginary part dominates, leading 
to a strong scattering force pushing the nanoparticle in the direction of light propagation. 
Off resonance, one can either get repulsive (negative) gradient forces by being blue-shifted 
respective to the resonance of the particle, or attractive gradient forces by being red-
shifted respective to the plasmon resonance. These considerations are important if we 
want to achieve transfer or angular momentum thanks to a Laguerre-Gaussian beam. Of 
course, in the case of a 2D trap, the scattering force has a less constraining influence. To 
summarize, by combining all the above expressions, it is possible to calculate the optical 
forces exerted on a plasmonic nanoparticle. 
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          2. 2. 2. Transfer of angular momentum 

 Now that we know the basics about nanoparticle manipulation, we can take a look 
at the types of interactions possible between spin angular momentum (SAM), orbital 
angular momentum (OAM), and plasmonic nanostructures. 

 As seen before, Laguerre-Gaussian beam can be a source of OAM.27 They are usually 
identified as LG(p, l), where l corresponds to the azimuthal term, and (p + 1) is the number 
of radial nodes. Their helical wavefronts are supposed to carry for linearly polarized light 
an OAM of lℏ per photon. For a tightly focused beam, the total angular momentum of a 
Laguerre-Gaussian beam can be calculated from Maxwell’s equations within the paraxial 
approximation and is equal to: 

[𝑙 + 𝜎𝑧 + 𝜎𝑧 (
2𝑘𝑧𝑟

2𝑝 + 𝑙 + 1
+ 1)

−1

] ℏ                                                                                      (6) 

, where 𝜎𝑧 = 0, ±1 for linearly and circularly polarized light respectively, k is the 
light wave number, and 𝑧𝑟 is the Rayleigh range. So by using both OAM and SAM it is 
possible to slow down or accelerate the rotational speed of a trapped particle.28 Such 
transfers have already been reported by different authors using trapping relying on 
radiation pressure of a circularly polarized Laguerre-Gaussian beam. A general conclusion 
from their works is that in order for the spin and orbital angular momentum of photons to 
interact in a significant manner with the trapped particle, absorption must be the 
dominant mechanism for the transfer of angular momentum.12 

 However ultimately, the maximum rotational speed is limited by the viscosity of the 
medium surrounding the nanoparticle. For a sphere rotating around a single axis whose 
rotation is driven by an external torque induced by the incident light, the equation of 
motion is the following: 

𝐽
𝑑𝜔

𝑑𝜏
= 𝑀𝑒𝑥𝑡 + 𝑀𝑓 + 𝑀𝑠                                                                                                          (7) 

, where J = 2mR²/5 is the moment of inertia of a sphere of mass m and radius R, ω is 
the instantaneous angular velocity of rotation, Mf is a friction torque related to the viscosity 
of the surrounding medium and proportional to ω, and Ms is the stochastic torque. The 
external torque caused by the SAM transfer is linked to the absorption cross-section 
through Mext = ICabs/ω0 with I being the light intensity. The viscous frictional torque is linked 
to the dynamical viscosity η of the liquid and follow the Stokes equation to give Mf = -
8πR3/ω. At equilibrium of the torques, that is to say when Mext = -Mf, we reach an average 
angular velocity Ω. This condition leads to the expression of the following average 
rotational frequency f: 

𝑓 =
𝐶𝑎𝑏𝑠𝐼

16𝜋2𝜂𝑅3𝜔0
                                                                                                                       (8) 

 It can be noticed that this frequency depends on the viscosity of the liquid η, which 
itself depends on the temperature of the liquid and can be estimated from the following 
equation for a laminar flow: 

𝜂(𝑇) = 𝜂0 exp [
𝐸𝑎

𝑁𝐴𝑘𝐵(𝑇 − 𝑇0)
]                                                                                             (9) 
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, where η0 is the viscosity of the surrounding medium at T = 140 K, Ea is an activation 
energy, kB is the Boltzmann’s constant, NA is the Avogadro number, and T0 is a temperature 
offset. From this equation, two applications of rotation of nanoparticles in optical tweezing 
are apparent: viscosity measurement,29 and temperature sensing.30 But temperature itself 
can be a problem as it is depending as well from the absorption cross-section and the 
temperature increase from ambient temperature is ΔT = CabsI/4πRκ, where κ is the thermal 
conductivity of the surrounding medium. Indeed previous work on trapping experiments 
reported water medium temperatures going over the boiling point.31,32 

So far we considered the spin angular momentum and the orbital angular 
momentum to be independent. This is true in general. SAM is normally associated with the 
polarization of the optical field, and OAM is associated to its phase. Using anisotropic and 
inhomogeneous medium, they can be made to interact and a change in both polarization 
and phase of the beam will occur. Such optical elements that allow this phenomenon are 
called Pancharatnam-Berry phase optical elements. Examples of such optical elements can 
already be found and include q-plates, liquid-crystals systems, etc. Plasmonic metasurfaces 
are also capable of spin-to-orbit coupling in the visible and phase control.33 They rely on 
manipulating locally the optical field by nanoantennas such that the field gets a different 
phase retardation at each nanoantenna. The overall control of the optical field is achieved 
by the arrangement of different nanoantennas on the substrate. One can also use identical 
antennas to control the beam’s phase-front as in Figure 4.34 

 
Figure 4: Schematic representation of spin-to-orbit coupling through a metasurface. By switching the 
polarization of the incident beam from left- to right-handed circularly polarized light thanks to the 
metasurface in inset, the conservation of angular momentum demands that the change in the SAM will be 
transferred to OAM because of the rotational invariance of the metasurface.34 

 By designing a nanoantenna so that the two orthogonal linear polarizations 
experience a π optical retardation, one can switch the handedness of an incident circularly 
polarized light. And then by designing the arrangement of these individual nanoantennas, 
one can dictate the interaction between SAM and OAM through the conservation of angular 
momentum. 

 We have already seen that due to the conservation of angular momentum, we can 
induce rotation to spherical particles via the transfer of SAM.35 Moreover, careful 
engineering of plasmonic nanostructures allows to induce phase retardation on incident 
light. Going further, phase retardation can also be made to vary within a single structure 
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and produce a mechanical torque. Phase retardation variations within a single object will 
produce an orbital angular momentum on the scattered light, which itself, still via the 
conservation of angular momentum, will apply a torque on the plasmonic nanostructure 
and cause its rotation.36 An example of such a structure can be found in Figure 5 and is the 
assembling of four of the nanoantennas from Fig. 4. 

 
Figure 5: Example of design of a light-driven motor in a gammadion shape. The symmetry of the structure 
allows it to induce angular momentum from a linearly-polarized plane wave thanks to patterning of the phase 
retardation within the structure. 

 To maximize the generation of the optical torque, one must work at an illumination 
wavelength where the phase retardation is equal to ±π/2 which depends on the different 
plasmonic modes of the nanostructure. Overall, one can induce angular momentum via a 
single nanostructure through the modification of the phase retardation of the incident 
light within this structure. This is made possible by a simple geometrical consideration on 
the shape of the object; one must break the symmetry of the nanostructure in the plane of 
incidence. 

CPL can be influenced upon by plasmonic nanostructures. Metamaterials can bridge 
the gap between orbital and spin angular momentum by careful design of the nanoparticles 
geometry, as seen in Fig. 4. Furthering the considerations of its geometrical concepts to a 
single structure extends towards the creation of a rotating particle by induced orbital 
angular momentum if the particle has some movement freedom (as seen in Fig. 5), or 
towards the fabrication of planar chiral metamaterials generating chiral fields.10 From spin 
angular momentum to orbital angular momentum, from spinning nanoparticle to chiral 
nanoparticle, the same geometrical considerations seen in the previous paragraphs are 
followed. 

 

     2. 3. Chirality 

 Chirality is the name linked to this simple geometrical property: a chiral object 
cannot be superimposed with its mirror image. For molecules, the two symmetric 
compounds are called the two enantiomers. Chirality can manifest itself as optical activity. 
A chiral structure will have a different response to left- or right-handed circularly 
polarized light. Different phenomena happen when circularly polarized light interacts with 
chiral structures, such as circular dichroism or optical rotary dispersion. Many things 
around us are chiral: the essential amino-acids, proteins, nucleic acids, biomolecules, etc. 
All essential amino-acids have the same handedness. A lot of research has been devoted to 
the origin of chirality. 

 Although chiral molecules are optical active, the chiral optical phenomenon is weak. 
It is due to how the small dipole moments of molecules couple weakly with an external 
light field. Thus, it is difficult to discriminate optically enantiomers which is essential in 
the development of drugs. Plasmonics, due to their high interactions with an external light 
field, could help in overcoming this hurdle. Based on the same design as in Fig. 5, it has 
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been demonstrated that plasmonic nanostructures can have significant chiral optical 
activity.10 

 

          2. 3. 1. Definition of Chirality 

 True chiral structures are three-dimensional. In order to create artificial chiral 
plasmonic structures, we can go through two different geometrical paths depicted in 
Figure 6. 

 
Figure 6: Two different chiralities from a geometrical point of view. On the left, the 4 spheres are identical 
but are placed in space in a handed manner; it is configurational chirality. On the right, the 4 spheres are 
different but are placed at the corners of a regular tetrahedron; it is constitutional chirality. 

 These two same geometries are present in chemistry, but due to its mechanical 
stability, constitutional chirality is more commonly found. Both strategies can be 
implemented by plasmonic nanostructures. However, because of the fact that coupling 
efficiency between the different elements will define the strength of a CD signal, it is 
generally preferable to choose a geometry where coupling is facilitated. The 
configurational geometry having identical individual elements, their resonance will be the 
same and will translate to efficient plasmon couping. 

In order to characterize how chiral a structure is, different evaluation methods are 
available. The circular dichroism (CD) is the one normally used. CD is defined for molecules 
as the difference in absorbance between left- and right-circularly polarized light passing 
through a sample. 

Ѳ (deg) =  𝛥𝐴 (
ln 10

4
) (

180

𝜋
)                                                                                             (10) 

 , where ΔA = ALCP – ARCP, and Ѳ is the ellipticity. However considering only absorbance 
is not valid for plasmonic nanoparticles and one must use the original definition of CD: 

tan Ѳ (𝑟𝑎𝑑) =  
𝐼𝑅𝐶𝑃

1/2
− 𝐼𝐿𝐶𝑃

1/2

𝐼𝑅𝐶𝑃
1/2

+ 𝐼𝐿𝐶𝑃
1/2

                                                                                                  (11) 

 , where I is the intensity of light passing through the structure for right- and left-
circularly polarized light. Another similar quantity, the dissymmetry factor g, is utilized in 
chemistry to quantify the chiroptical response of a medium. It is defined as follows: 

𝑔 =
𝐼𝐿𝐶𝑃 − 𝐼𝑅𝐶𝑃

1
2

(𝐼𝐿𝐶𝑃 + 𝐼𝑅𝐶𝑃)
                                                                                                               (12) 
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 This factor is a dimensionless quantity useful to compare the signs and magnitudes 
of CD signals between different kinds of samples, conditions, and excitation wavelengths. 

 In naturally occurring chiral optical material, if circularly polarized light interacts 
with a chiral molecule, it causes a displacement in the electron clouds of the molecule from 
its equilibrium position in a helical fashion. Due to the helical behaviour of these 
displacement currents, there is an induced magnetic moment created comporting a 
component parallel to the regular electric dipole moment and in the direction of light 
propagation. This gives rise to a particular interaction between circularly polarized light 
and the molecule. If circularly polarized light interacts with a similar plasmonic 
“molecule”, there will be some strong displacement currents between the elements of this 
“molecule” due to the high number of electrons present in metallic particles. Thus, the 
generation of localized plasmons will cause strong chirality in artificial chiral plasmonic 
structures compared with molecules. 

 

          2. 3. 2. Chirality vs. Polarization conversion 

 True three-dimensional chirality comes from the uniaxiality of the structure, as 
compared to biaxial structures that achieve polarization conversion. Uniaxiality is 
reflected into the optical properties of the structure. Upon comparison of CD 
measurements from two opposite directions of illumination, a true chiral object should 
have identical signals. In the case of polarization conversion, the (biaxial) material is 
birefringent upon the two main axis of the lattice polarization. If there is a change in the 
illumination direction, then the sign of the polarization conversion should change. 
Consequently, instead of two identical CD signals, we would obtain two CD signals mirrored 
at the 0 line. Depending on the strength of the signal, one can consider the chiral signal 
and the polarization conversion to be purely additive (low strength signals) and a simple 
comparison of the CD spectra measured from two opposite directions would allow the 
separation of these contributions.17 

 
Figure 7: Experimental transmission spectra upon illumination with LCP (blue line) and RCP (red line) with 
a normal incidence upon the back (continuous line) and front (dashed line) side of the sample substrate. The 
sample substrate is covered with RH silver tetramers described in Appended Paper II. The superposition of 
the respective back and front signals proves the uniaxiality (and the true chirality) of the structure. 

Figure 7 depicts an example of a true chiral uniaxial structure whose complete 
details are described in Appended Paper II. Indeed, there is no change in the line shape of 
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the signals upon changing the illumination direction. This dismisses the presence of 
polarization conversion occurring in the structure. 

 

          2. 3. 3. Superchirality 

 As already mentioned, enantioselective signals are typically quite small. It was 
proposed that, as plasmonic local field enhancements can be used to increase the 
interaction between light and the electronic, vibrational, and rotational resonances of 
molecules, superchiral electromagnetic fields would enhance interactions with chiroptical 
resonances of molecules. Various theoretical aspects of superchiral light have already been 
investigated.37,38  

 The optical chirality C was defined originally by Lipkin:39 

𝐶 =
ɛ0

2
𝑬. 𝞩 × 𝑬 +

1

2𝜇0
𝑩. 𝞩 × 𝑩                                                                                         (13) 

 , where ɛ0 and μ0 are the permittivity and permeability of free space, respectively, 
and E and B are the local electric and magnetic fields. To determine the enantioselectivity 
of a system, we can come back to the expression of the dissymmetry factor g defined in 
equation (12). For a chiral molecule, g  is linked to the optical chirality by the following 
equation:38 

𝑔 = 𝑔𝐶𝑃𝐿 (
𝑐𝐶

2𝜔𝑈𝑒
)                                                                                                                   (14) 

 , where gCPL is the dissymmetry factor for a CPL, c is the speed of light, and Ue is the 
time-averaged electric energy density. From this equation, we can deduce that to enhance 
the enantioselective dissymmetry factor, the field chirality term (in parenthesis) can be 
increased either by decreasing the electric field energy density,40 or by increasing the 
optical chirality C.41 Chiroptical activity such as circular dichroism and optical rotation may 
generate local fields with enhanced optical chirality. From literature,42 the main 
contributions come from electric dipole-magnetic dipole interactions, and electric-dipole-
electric quadrupole interactions. 

Plotting the optical chirality of chiral structures in Figure 8 shows how the optical 
chirality is locally enhanced with respect to the optical chirality of CPL. But despite high 
enhancements, this structure wouldn’t be suitable for enantiomer sensing due to averaging 
of positive and negative enhancements. One would have to design structures with the 
generation of chiral near-fields with a dominant handedness to achieve enantioselective 
sensing.43 
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Figure 8: Simulated optical chirality enhancement factor of silver tetramers from Appended Paper II in 
vacuum on a glass substrate based on the finite element method (FEM). A) Optical chirality enhancement 
factor at 820nm of a RH tetramer for LCP light, and B) RCP light. C) Same as in A), but for a LH tetramer. 
Superchiral fields with a maximum enhancement of 2 orders of magnitude are created locally. 
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Chapter 3 

 

Methods and characterization in optical trapping 

 

     3. 1. Sample preparation 

 In optical trapping experiments, especially with trapping metallic nanoparticles, 
the trapped object will be pushed on a glass coverslip to complete the immobilization. The 
surface it is pushed on must be cleaned in a specific way to avoid unwanted interactions 
from objects alien to the experiment like dust particles. The cleaning method adopted in 
the Appended Paper I is using a solution called TL1 as a cleaning agent. A TL1 solution is a 
mix of purified water, hydrogen peroxide, and ammonium in the ratio 3:1:1. After passing 
the glass coverslips under a stream of nitrogen to remove the biggest dust particles, these 
coverslips are put into this solution at a temperature of 80°C for 15 min. Precautions are 
needed. One has to cover the recipient during the incubation period, and all manipulations 
must be done under a hood due to the emission of harmful fumes. After a 15 min incubation 
period, the glass coverslips are rinsed with purified water and blow-dried under a stream 
of nitrogen. By using this method, we observed that rotation could be more easily achieved 
than with the cleaning method used in step 1 of the paragraph 4. 1. 1. 

 Once the cleaning finished, a colloidal solution of gold particles (average radius 200 
nm) is diluted in purified water to reach concentrations low enough to avoid multiple 
trapping events. 3µL of this diluted solution is pipetted into an adhesive well (100 µm thick) 
placed onto a glass coverslip. A second glass coverslip will complete the sample and seal 
our well.  

 

     3. 2. Optical characterization 

          3. 2. 1. Dark-field microscopy 

 Dark-field microscopy is used in our trapping setup to identify the position of the 
gold colloids. It is based on the fact than upon illumination, objects scatter light in 
directions different than the illumination direction. Illumination is done by a dark-field 
condenser with a numerical aperture (NA=0,8) higher than the one of the objective 
collecting the light (NA=0,7). Light that has not interacted with objects will not be collected 
by the imaging objective. Some of the scattered light will reach the objective and be 
directed to the image plane. Scattering particles will then brightly appear on a dark 
background. 
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          3. 2. 2. Avalanche photo-diode (APD) and auto-correlation function 

 To follow accurately the trapped gold colloids (see Figure 9) rotation, the collected 
light is sent to a fibre-coupled APD. It permits to have a higher sensitivity than a standard 
photodiode and performs well for low-level light detection and photon counting. These 
high performances are due to the internal gain mechanism of the APD. Absorption of 
incident photons creates electron-hole pairs. Under strong internal electric fields these 
electrons are accelerated and produce secondary electrons by impact ionization. This 
phenomenon is the “avalanche” responsible for the high sensitivity. 

 
Figure 9: TEM image of the gold particles. Their average radius is around 200 nm. We can see that their 
surface present some irregularities which will be used to track their rotational speed. 

 In Fig. 9 we notice that the colloids are not perfect spheres. While rotating, the 
deformations will create a periodical variation of the light intensity detectable by the APD. 
Other intensity variations will be added to the collected data such as caused by the 
Brownian motion of the particle. 

 The auto-correlation function allows to distinguish between the different 
contributions to the intensity variations. It measure the correlation of a signal with itself 
shifted in time by some delay. This function is expressed as following: 

𝐶(𝜏) =
1

𝑡 − 𝜏
∫ 𝑥(𝑡)𝑥(𝑡 + 𝜏)𝑑𝑡

𝑡−𝜏

0

                                                                                     (15) 

 , where τ is some time delay, and x(t) is a signal. The auto-correlation function can 
be used to detect periodicity in a signal such as the spinning frequency in our case. The 
period of the auto-correlation corresponds to the period of the intensity signal. If there is 
noise in the signal, the envelope of the auto-correlation function decreases exponentially 
(see Figure 2 of Appended Paper II). In our case, the envelope is correlated to the stochastic 
motion of the particle and exponentially decays with a characteristic correlation time τ0. 

 

          3. 2. 3. Optical trapping setup 

 The optical tweezers are built around an inverted microscope (Nikon TE300), and a 
white-light dark-field illumination from a halogen lamp is used for localization of the 
particles. Figure 1a in Appended Paper I is a schematic of the whole setup. A near-infrared 
laser (λ=830 nm) will be the source for the trapping beam. From the laser, the beam passes 
through a laser-line filter and a beam expander to get a beam of light filling the back 
aperture of the objective. This light beam gets circularly polarized by passing through a 
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linear polarizer and a quarter-wave plate. It is then reflected by a dichroic beamsplitter 
and focused by an objective (60X; NA=0,7) to trap the gold colloids. 

 The scattered light from the colloids from dark-field illumination is collected by the 
objective, passes through the dichroic beamsplitter and a hot mirror to remove 
contributions from the laser light, and is collected by a fibre-coupled avalanche photo 
diode (APD) before being analysed by an autocorrelator. Due to the irregularities of the 
particles on Fig. 9, the scattered light by a single particle is dependent on its position. By 
tracking the periodical variations of the light intensity due to this anisotropic scattering, 
one can deduce the rotation frequency of the trapped particle. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



17 
 

 

 

Chapter 4 

 

Plasmonic chiral nanostructures 

 

     4. 1. Sample preparation 

The nanofabrication technique used in the Appended Paper II for the fabrication of 
the artificial chiral samples is hole-mask colloidal lithography (HCL). HCL is a relatively 
simple technique that can be used to produce large areas of nanostructures with a short-
range order by means of self-assembly of charged polystyrene beads on the substrate 
during the mask fabrication step. In the following I will explain the details of the different 
steps needed to fabricate plasmonic chiral nanostructures. 

 

          4. 1. 1. Hole-mask Colloidal Lithography (HCL) 

 HCL is a technique which can accommodate many tweaks at different steps of its 
basic recipe; which enables a wide range of nanostructures to be realized (single disk, 
nanohole, nanoring, dimer, trimer tetramer, cone, elliptical disk, etc.). I will, at first, only 
describe the fabrication details of regular single gold disks on a glass coverslip. As 
mentioned before, the advantages of HCL lies in the facility of the method, and in the fact 
that it allows to obtain a uniform coverage of square centimetres areas. Figure 13 depicts 
the step-by-step recipe written below. 

1. As in every sample preparation in a cleanroom, a clean sample is of utmost 
importance. To achieve that, the glass coverslip is first blown with a stream of 
nitrogen to remove the biggest dust particles. It is then followed by three successive 
ultrasonic baths (Acetone, Isopropanol, Deionized water) lasting 5 minutes each in 
water at 50 degrees. Finally the coverslip is dried by a stream of nitrogen. 

2. The glass, now, has to be topped by a thin layer of PMMA, a light-sensitive polymer. 
This is done by first covering the whole upper side of the substrate with this polymer, 
and by spin-coating it. The final thickness of the PMMA will depend on the viscosity 
of PMMA used, the rotational speed of the spinning, and the time duration of the 
spinning. 

3. To finish evaporation of the remaining solvent in the PMMA, the sample is soft-baked 
either in an oven or on a hot-plate. The baking temperature should be 180°C and lasts 
10 minutes. Following the baking, a light oxygen plasma step (50W, 5s) is required to 
induce hydrophilicity on the surface of the PMMA layer. 

4. The self-assembly is achieved by electrostatic attraction and repulsion between the 
beads and the surface. To induce surface charges at the surface of PMMA, we deposit 
a monolayer of a positively charged polyelectrolyte called 
polydiallyldimethylammonium (PDDA). This polyelectrolyte is spread on the 
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polymer via pipetting this solution (0,2 % concentration) and has to be left 
incubating for a certain amount of time (30s) before rinsing (10s) the sample under 
a constant stream of deionized water. A stream of nitrogen to blow-dry the coverslip 
will conclude this step. 

5. The top of the polymer layer is positively charged, enabling us to add the polystyrene 
beads. The negatively charged polystyrene beads are found in suspension in aqueous 
solution, whose concentration and charges content will determine the density of the 
structures present on your substrate at the end of the recipe. This step is similar to 
the previous one. With a pipette, the solution of polystyrene beads is spread on the 
sample surface and left incubating for a certain amount of time (1min), rinsed under 
a stream of deionized water (30s), and blow-dried under a stream of nitrogen. In this 
step, the beads will have adhered to the PMMA layer thanks to electrostatic forces; 
and because each bead has the same charge sign they will repulse each other. This 
will cause a random monolayer distribution of the beads over the whole surface. The 
rinsing and drying have the purposes of removing any excess beads still present and 
prevent any rearrangements of the “fixed” beads. 

6. Evaporating a thin metallic layer on top of our sample surface is the next step. This 
metal layer will form the mask that will be used during a future evaporation step and 
removed during the lift-off step. Usually the metal evaporated using an electron-gun 
is either gold or chromium depending on situations. A 10nm-layer thickness of gold 
is a typical choice. 

7. After mask deposition, a tape-stripping process is used to remove the polystyrene 
beads. After this step, you should be left with a mask perforated by circular holes 
where the beads were. A good adhesion between the tape and the sample surface is 
necessary to remove all beads. 

8. A long (50W, 2~5min) oxygen plasma etching process will etch away the PMMA not 
protected by the mask. It will create nanoholes which, with a proper timing of the 
etching, will reach the glass surface. This timing depends on both the thickness of 
PMMA one has to go through, and also which shape you wish your nanoholes to have. 

9. In this second material evaporation, the desired structures are deposited onto the 
substrate. Their shapes are dependent on the mask realized previously through steps 
6 to 8. Their thicknesses depend on the evaporation length. Here, one can vary the 
material(s) evaporated to produce different kinds of structures. In our example, gold 
nanodisks, we are doing a single evaporation at normal incidence. 

10. This step is the last in the recipe. Now that our structures are sitting on the surface 
of the substrate, we need to remove all excess material on top of the PMMA layer as 
well as the PMMA itself. It is simply done by repeating step 1. Acetone will dissolve 
PMMA, and all material staying on it will be lifted away. The next ultrasonic baths 
will complete the cleaning of our now finished sample. 
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Figure 13: Details step-by-step of the HCL technique to fabricate single gold nanodisks on a glass substrate. 
Starting from a clean glass coverslip, we spin-coat and soft-bake PMMA polymer. After a brief oxygen plasma, 
we spread a monolayer of PDDA polyelectrolyte. Then we spread a solution of PS beads with charges opposite 
to the PDDA, rinse and dry. We evaporate a gold mask, tape-strip away the PS beads, and etch with oxygen 
plasma again through the PMMA. A second gold evaporation will deposit our nanodisks on the substrate. The 
sample is finished after the lift-off step and some additional cleaning. 

 

          4. 1. 2. Angular evaporation 

 Adding to the already numerous tools in the cleanroom, the angular evaporation is 
a tool allowing more variety, but also more complexity, to the structures already available. 
This process has already proven its versatility in the literature.44–46 It simply consists in 
evaporating the material desired with an angle of incidence with respect to the normal of 
the substrate plane. Indeed, electron-gun evaporation is a technique in which a target, 
consisting of our material, is bombarded by electrons. With the rising of the target 
temperature, atoms of the material will start to fly away from it. It will fly away in a 
directional manner until reaching our sample since the evaporation chamber is under 
ultra-high vacuum. By enabling to tilt the sample with respect to this evaporation 
direction, and also enabling the rotation of the sample itself, vast possibilities are opened. 

 We took advantage of angular evaporation in the fabrication of our chiral 
nanostructures. However, several parameters have to be taken into considerations: the 
PMMA layer thickness, the oxygen plasma etching duration of the mask, and the maximum 
angle of evaporation. Depending on the thickness of the PMMA layer, the duration of the 
etching has to be adjusted. Since our aim is to be able to evaporate several disks at the 
bottom of a single nanohole, the diameter of this nanohole at the glass-PMMA interface 
must be bigger than its diameter at the mask-PMMA interface. To achieve that, one must 
“over-etch”. Both mask- and substrate-side hole diameters and PMMA thickness will define 
our maximum evaporation angle according to simple trigonometry. Figure 14 illustrates 
what happens when the evaporation angle is larger than allowed. We can clearly see the 
demarcation line of the bottom diameter of the nanoholes. 
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Figure 14: SEM image of gold tetramer nanostructures. The leftmost disks of each structure are misshapen 
due to the limited size of the bottom hole diameter and a too high evaporation angle. 

 Because of the possibility to rotate the sample itself, we are able to do sequential 
evaporation of disks of different materials and/or different heights. The number of disks 
is controlled as well to the limit of the space available on the substrate. In the case of 
multiple disks evaporation, we have to be careful about the selection of the evaporation 
angle to avoid disks overlapping. 

 

          4. 1. 3. Chiral nanostructures fabrication protocol 

 Based on both the HCL technique and angular evaporation, it is then possible to 
fabricate artificial chiral nanostructures. Starting from the recipe detailed in paragraph 4. 
1. 1. , we bring the following modifications to the steps described for the fabrication of 
silver tetramer: 

2.  For this step, PMMA-A4 is the polymer of choice for a spin-coating lasting 1 min at 
3000 rpm. The resulting PMMA layer after soft-baking should have a thickness 
around 230 nm. 

5. An aqueous solution containing PS beads with an average diameter of 110 nm at a 
concentration of 0,02 % is used. 

8. An oxygen plasma etching at 50W during 3 min would be sufficient to etch a hole 
through the PMMA and reach the glass substrate. However, since we want to make 
tetramers and fit 4 disks at the bottom of this hole, we need to over-etch. Thus, we 
opt for an oxygen plasma etching at 50W during 5 min. 

9. Using angular evaporation, silver is evaporated at an angle of 12~13 degrees until 
reaching the thickness chosen for the first disk. The whole sample is then rotated 
90 degrees before the start of the second silver evaporation, etc. Metallic angular 
evaporation and substrate rotation (at 0, 90, 180, and 270 degrees) are successively 
repeated until obtaining the 4 silver disks composing our tetramer. 
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 Applying these directives will lead to the fabrication of reproducible chiral 
nanostructures. We can clearly see how simple it is to modify the HCL technique to achieve 
radically different nanostructures. It proves how versatile and robust HCL is. 

 

     4. 2. Optical characterization 

          4. 2. 1. Circular Dichroism (CD) measurement 

 Circular dichroism spectroscopy is generally used to characterize optically active 
chiral molecules. We copied the measurement principle from a commercial CD 
spectrometer to realize our own transmission setup able to perform CD measurements. In 
a commercial CD spectrometer, light is emitted by a high intensity light-source. The 
collimated light beam passes through a monochromator and a linear polarizer before being 
turned into either right- or left-circularly polarized light by a photo-elastic modulator 
(PEM). This PEM is equivalent to a dynamic quarter-wave plate and will produce 
alternatively right- and left-circularly polarized light at a frequency equal to its driving 
frequency (~50 kHz). After going through the sample at normal incidence, the light 
intensity is recorded by a light detector. A lock-in amplifier synchronized to the frequency 
of the PEM allows to follow the variations in the light transmission intensities between RCP 
and LCP light. This signal is called vAC (in Volts). The average transmitted light intensity 
over time will give the value vDC (in Volts). From these two values, the CD spectrum can be 

extracted by the formula 𝐶𝐷 = (
𝑣𝐴𝐶

𝑣𝐷𝐶
) 𝐺, where G is a calibrating factor, over a specified 

range of wavelengths. 

 Our transmission setup is a simplified version. A fibre-coupled halogen lamp is used 
as the light source. This collimated white light passes through a linear polarizer and an 
achromatic quarter-wave plate which are tuned to obtain either RCP or LCP light. The light 
beam impinges at a normal incidence with the sample, and the transmitted light is 
collected and analysed by a fibre-coupled grating spectrometer. In this case, we obtain the 
CD spectrum using the formula: 

𝐶𝐷 (𝑟𝑎𝑑) =
𝑇𝑅𝐶𝑃

1/2
− 𝑇𝐿𝐶𝑃

1/2

1
2 (𝑇𝑅𝐶𝑃

1/2
+ 𝑇𝐿𝐶𝑃

1/2
)

                                                                                              (16) 

 , where TRCP (respectively TLCP) is the normalized transmitted light upon illumination 
from RCP (respectively LCP) light. This setup is preferably adopted with respect to the 
commercial CD spectrometer in our case to assure a precise alignment and an exact 
incident angle of the samples during the measurements. 

 

     4. 3. Simulation methods 

 Artificial chiral structures are complex to understand. Simulating them can 
enlighten our understanding of the underlying mechanisms behind the different 
interactions occurring. Two simulation methods have been chosen to perform this task: 
the coupled-dipole approximation (CDA) method, and the finite element method (FEM). 
Comparison of their results allows to paint a more complete picture due to our knowledge 
of their respective limitations. 
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          4. 3. 1. Coupled-Dipole Approximation (CDA) 

 CDA allows to simulate a system composed of a set of interacting nanoparticles. This 
set can be ordered or disordered. Each nanoparticle is represented by a point-dipole. From 
this point-dipole approximation comes some limitations of the CDA method; particle 
interactions are underestimated when they are in close proximity, and quadrupolar 
interactions are ignored. Each particle is assumed to be an ellipsoid. According to the 
modified long wavelength approximation (MLWA) described by Jensen,47 their MLWA 
polarizability can be written as: 

ᾶ𝑗,𝑖𝑖 =
𝛼𝑖𝑖

(1 −
2
3 𝑖𝑘3𝛼𝑖𝑖 −

𝑘2

𝑠𝑖
𝛼𝑖𝑖)

                                                                                           (17) 

 , where the polarizability tensor ᾱj associated to the particle j is described by 

ᾱ𝑗 = [

ᾶ𝑗,𝑥𝑥 0 0

0 ᾶ𝑗,𝑦𝑦 0

0 0 ᾶ𝑗,𝑧𝑧

]                                                                                                    (18) 

 αii in equation (17) represents the quasi-static polarizability components of an 
ellipsoid with radii si = a, b, c along the axes i = x, y, z, respectively. 

𝛼𝑖𝑖 = 𝑎𝑏𝑐
ɛ − 𝑛2

3𝑛2 + 3𝐿𝑖(ɛ − 𝑛2)
                                                                                              (19) 

 ɛ is the complex dielectric function of the ellipsoid, and n is the refractive index of 
the surrounding medium. Li is the ellipsoid shape factor and is equal to: 

𝐿𝑖 =
𝑎𝑏𝑐

2
∫

𝑑𝑞

(𝑠𝑖
2 + 𝑞)√(𝑞 + 𝑎2)(𝑞 + 𝑏2)(𝑞 + 𝑐2)

∞

0

                                                         (20) 

From the expression of the polarizability tensor ᾱj that has been assumed to be 
diagonal, we can try to solve the coupled dipole equation upon which the coupled-dipole 
approximation is based: 

𝑷𝑗 =  ᾱ𝑗𝑬𝑗 = ᾱ𝑗 (𝑬𝑖𝑛𝑐,𝑗 − ∑ 𝑨𝑗𝑘𝑷𝑘

𝑘≠𝑗

)                                                                             (21) 

 Pj represents the point-dipoles located at positions rj , and Ej is the local electric 
field. Ej can be decomposed into the incident plane wave field Einc, j and the sum of the 
retarded induced dipole field - Ajk Pk by a particle k at a position j. 

𝑬𝑖𝑛𝑐,𝑗 = 𝑬0 exp(𝑖𝒌 . 𝒓𝑗 − 𝑖𝜔𝑡)                                                                                            (22) 

 And Ajk is a 3⨯3 matrix which, for j ≠ k, is equal to: 

𝑨𝑗𝑘 =
exp(𝑖𝑘𝑟𝑗𝑘)

𝑟𝑗𝑘
× (𝑘2(ȓ𝑗𝑘ȓ𝑗𝑘 − 𝟏3) +

𝑖𝑘𝑟𝑗𝑘 − 1

𝑟𝑗𝑘
2 (3ȓ𝑗𝑘ȓ𝑗𝑘 − 𝟏3))                        (23) 

 , where k ≡ ω/c0n, rjk = |rj – rk|, ȓjk ≡ (rj – rk)/rjk, 13 is the 3⨯3 identity matrix. 
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 By defining Ajj ≡ ᾱj
-1 the scattering problem reduces to a problem of 3N complex 

linear equations: 

∑ 𝑨𝑗𝑘𝑷𝑘

𝑁

𝑘=1

= 𝑬𝑖𝑛𝑐,𝑗                                                                                                                  (24) 

 , where N is the total number of dipoles in the system. By solving this equation, one 
can calculate the extinction, absorption, and scattering cross-sections according to: 

𝐶𝑒𝑥𝑡 =
4𝜋𝑘

|𝑬𝑖𝑛𝑐|𝟐
∑ 𝐼𝑚(𝑬𝑖𝑛𝑐,𝑗

∗ . 𝑷𝑗)

𝑁

𝑗=1

                                                                                   (25. 𝑎) 

𝐶𝑎𝑏𝑠 =
4𝜋𝑘

|𝑬𝑖𝑛𝑐|2
∑ (𝐼𝑚[𝑷𝑗 . (𝛼𝑗

−1)
∗
𝑷𝑗

∗] −
2

3
𝑘3|𝑷𝑗|

2
)

𝑁

𝑘=1

                                                (25. 𝑏) 

𝐶𝑠𝑐𝑎𝑡𝑡 = 𝐶𝑒𝑥𝑡 − 𝐶𝑎𝑏𝑠                                                                                                          (25. 𝑐) 

 These above-mentioned equations were used to simulate an ensemble of 4 dipoles 
corresponding to a single tetramer structure. The CD spectrum behaviour of both 
simulation and experiment were similar, but the CD values were much lower using the CDA 
than found with the FEM and experiments. As seen in the Appended Paper II, these 
discrepancies in values are due to the fact that dipole-quadrupole interactions participate 
in the optical activity of the tetramer, and interparticle distance is important in the near-
field coupling of the different disks. Both of these aspects are limitations of the CDA that 
we mentioned earlier. 

 

          4. 3. 2. Finite Elements Method (FEM) 

 The FEM is a powerful method used in finding solutions to electromagnetic 
problems in plasmonics and nanophotonics in general. It is based on discretizing the whole 
simulation domain with a specific mesh. Both scatterers and surrounding medium are 
discretized. The advantages come from the adaptability of the mesh size and shape to the 
type and location of investigations made. Of course, the great number of elements results 
in a consequent simulation time. In Comsol, computation finds numerical approximations 
of solutions to partial differential equations in each of the domains defined by the mesh. 
These domains are linked by complex boundary conditions such as: continuity of the 
tangential components of the fields, transparent boundaries for incident and scattering 
waves, etc. A good understanding of these boundary conditions, and mesh size allows to 
get an accurate simulation of the modelled structure. 
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Chapter 5 

 

Summary and Outlook 

 

     5. 1. Summary of appended papers 

Appended Paper I, Ultrafast spinning of gold nanoparticles in water using circularly 
polarized light, is a report about the rotation of gold colloids which are trapped in circularly 
polarized near-infrared laser tweezers. Even though rotation of metallic nanostructures 
thanks to polarization has already been done before, it is the first time that such a high 
spinning frequency has been reached. The paper puts in evidence the relation between the 
transfer of the spin angular momentum of light and the particle absorption. A clear 
increase in the spinning frequency is observable when the laser power is increased. The 
observation of the rotation was possible thanks to an APD, whose sensitivity allowed to 
track small variations in the collected light intensities. These small variations couldn’t have 
occurred without the imperfections in the shape of our gold colloids. By fitting an auto-
correlation function to the data collected by the APD, two things can be identified: the 
spinning frequency, the presence of “noise” in our intensity signal. The latter is 
attributable to the stochastic torque imposed by the surrounding medium (water) on the 
trapped bead. A correlation time τ0 characterises it in the auto-correlation function. An 
observation of the decrease of this correlation time with respect to an increase in the laser 
power points to the fact that the viscosity of the surrounding medium is lesser at higher 
laser power. It suggests an increase in the temperature in the vicinity of the trapped 
particle. However there is still some uncertainty on the exact amount of influence of this 
effect. 

Appended Paper II, Macroscopic layers of chiral plasmonic nanoparticle oligomers from 
colloidal lithography, is a study of artificial chiral plasmonic structures composed of three to 
four nanodisks each fabricated based on the technique of hole-mask colloidal lithography 
and angular metallic evaporation. We observed a very strong chiral optical activity in these 
oligomers in the visible to near-infrared wavelength range. This optical activity is 
measured by a method borrowed from biology and chemistry called circular dichroism. It 
measures the difference in transmitted light intensities when the sample is illuminated by 
RCP and LCP light. The maximum observed was a difference of 7 % from a sample covered 
with silver tetramers. To understand the origins of such activity, the tetramers (which are 
four disks of increasing heights placed on a square base) were simulated and compared 
with two methods: CDA, and FEM. The limitations of CDA allowed us to isolate some 
interaction contribution when comparing the simulations to the more complete picture 
given by FEM. From our analysis, we identified that the dipolar plasmons of the two thinner 
disks were dominating the CD spectrum at long wavelengths. At shorter wavelengths, 
contributions are a mix of quadrupolar modes, and dipolar plasmons from the two taller 
disks. Near-field coupling between the disks is a vital point that is underestimated by CDA. 
A second criteria is necessary to have an optically active structure; the nanostructure must 
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have a particular arrangement in 3D such that its overall geometry symmetry is broken. 
For the purpose of future applications in enantiomer-sensing for example, we used the 
hole-mask colloidal lithograpy which allows the coverage of large areas relatively easily. 
Moreover, we created a nanostructure offering multiple gaps where potential “hot spots” 
could give large enhancements. The optical chirality induced by superchiral fields in these 
hot spots was calculated to see their sensing potential. Despite high values reached, the 
average value of the optical chirality for the whole nanostructure sensing volume didn’t 
bode well for the enhacement of molecular chirality. The CD of the plasmonic structures 
themselves would dominate the overall signal. 

 

5. 2. Outlook 

In Appended Paper I, we demonstrated that high spinning frequency is achievable 
in optical trapping simply with circularly polarized light. As optical tweezers are a common 
tool among biologists, such a possibility makes more accessible their use towards 
temperature sensing or local viscosity measurement in living samples. The effects 
occurring to trapped objects spinning at high frequencies, though, have not been fully 
understood. We identified the viscosity of the surrounding medium as a limiting factor, as 
well as a temperature increase of the particle. But since such rotating speeds haven’t been 
reached before, some exotic behaviors out of our usual expectations could take place. 
Alternative means of the nanoparticle observation should be put into place to investigate 
this subject. 

In Appended Paper II, we showed that it was possible to obtain strong circular 
dichroism in the visible and near-infrared wavelength range thanks to our oligomers. The 
use of comparative simulation methods opened the interpretation of complex interactions. 
Different paths are available for us to take. Enantiomer-sensing is still of interest, but we 
have already seen that our design is not adapted to the task. A possibility would be to 
fabricate a nanostructure generating superchiral fields with only one handedness. It would 
enable us to overcome the averaging effect of the optical chirality over the entire 
nanostructure. Thus, the molecular chirality would be enhanced enough to compete with 
the optical activity of the plasmonic oligomer itself. The versatility of our fabrication 
approach, though, has been demonstrated. This versatility could be used to make chiral 
nanostructures out of several metals for example. 

Another possibility would be combining what we learnt from both Appended 
Papers. Inspired from the experiment by Beth in 1936,23 it would be interesting to observe 
mechanical rotation of a metamaterial sample, fabricated along the lines of our proven 
fabrication techniques, and set into movement by the polarization of laser tweezers. 
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