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Abstract
This thesis presents studies on a novel ‘meta-material’ as a potential candidate to
replace the traditional Electro-Optic crystals (GaP, ZnTe) used in ultrashort bunch
monitors for electron/positron accelerators. This study is aimed at showing the linear
and non-linear optical properties of such materials, and creating a toolbox for both
optical characterisation and manipulation of their properties using of an ultra-short
pulsed laser.
The material studied throughout this thesis is a composite of silver nanoparticles (a
“nanocomposite”) embedded within soda-lime glass. The Surface Plasmon Resonance
(SPR) is a feature of these particles that is responsible for its unique optical properties.
It is shown in this work how SPR is utilised for shape modification of silver
nanoparticles with the use of a ps- pulsed laser with various laser beam polarisations.
The impact of linear polarisation irradiation is investigated. It is found that multipulse
irradiation has the effect of elongating nanoparticles to form prolate spheroids, which
results in a dichroic effect on the composite as a whole, caused by the anisotropic SPR
band shift.
It is also shown that changing the laser polarisation from linear to radial and/or
azimuthal changes the character of the reshaped nanoparticles. It was observed that a
localised change of ellipsoid orientation is achieved, resulting in a non-directionallydependent SPR band shift.
Second Harmonic Generation (SHG) has been observed from reshaped nanoparticles
embedded in soda-lime glass. A comparison of the effect was made between ps-pulsed
reshaped, fs-pulsed reshaped and mechanically stretched samples containing silver
nanoparticles. Multiphoton Absorption Induced Luminescence (MAIL) was observed
along with the SHG and characterised for the various laser polarisation components.
The dependence of the aforementioned effects on the elongated nanoparticle aspect ratio
was shown to have a great impact.
A novel method for reshaped nanoparticles characterisation is presented. It is based on
the laser-induced SHG and MAIL signal and is proved to give a precise measurement of
the nanoparticle shape and orientation.
Frequency Resolved Optical Gating (FROG) measurement of a fs-pulse is measured
with great accuracy, in the case where the BBO nonlinear crystal is replaced by the
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reshaped nanoparticle composite. This was demonstrated to be caused by the anisotropic
SHG of the ellipsoidal nanoparticles.
Preliminary THz based measurements were performed as a part of a feasibility study of
the application of these composites in the EO-based detection of ultrashort electron
bunches. Future work is suggested in order to achieve more efficient EO detection.
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1 Introduction
1.1 Overview and motivation
Electro-optic techniques have been used extensively worldwide to measure longitudinal
bunch profiles of electron beams, especially in circumstances when a compact and nondestructive diagnostic is needed [1]–[7]. The current techniques are fundamentally
limited by the optical bandwidth of the crystalline materials employed - these are
typically ZnTe and GaP. Phonon resonances in the optical response of these materials
can easily lead to artefacts in the measured bunch profile [8], [9]. In order to extend the
optical frequency response of these materials it is essential to construct new materials or
new techniques of measurement that could overcome this limitation. The goal of this
thesis is based on finding novel materials that could potentially be used for this
application.
The need for a novel material/crystal comes from the demand for ultra-short electron
bunch lengths in machines worldwide. Advanced Light Sources like Free Electron
Lasers will soon be using bunch lengths of ~10 fs (@FWHM) or shorter [10]. In
addition, particle colliders like the Compact Linear Collider (CLIC) at CERN or
International Linear Collider (ILC) involve e- and e+ collisions of short bunches (~300
fs rms) with high charge and quality [11]. Future electron and photon sources,
especially the newly-developed Laser Plasma Wakefield Accelerators (LPWAs)
currently under development in the UK, USA, Germany, among others, will generate
bunches in the 1-5 fs (@FWHM) regime and even shorter, and therefore new methods
need to be devised to characterise such ultra-short bunches with good precision [12]–
[16]. In order to address these issues, ongoing improvements of already existing
electron bunch diagnosis methods exist, especially in the field of transverse deflecting
cavities [17], [18]. This method is however a destructive method of diagnostic and nondestructive methods are needed. The EO techniques that are being used so far rely on
the interaction of the THz field induced in the crystal by the Coulomb field of the
electron bunch that passes next to it [1], [3], [8], [9], [19]–[27]. The shorter the bunch
becomes, the wider its profile in the frequency domain develops. This has to be
addressed by the EO crystal, and with the crystals used so far, the THz bandwidth
overcomes the bandwidth of the EO crystals and will overcome it even more in the
future [8]. The intrinsic property of crystalline ZnTe and GaP is their optical response to
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certain frequencies and the fact that the crystalline structure’s phonons are being excited
at ~4THz in case of thin (~100 µm) ZnTe and ~10 THz in case of thin GaP [28], [29].
The phonon response can effectively damp the resulting signal, destroying the reliability
of the measurement itself [30]. The perfect material would therefore lack a crystalline
structure but at the same time have a strong electro-optic coefficient. Because the EO
techniques, which will be described in the next chapter, work on a principle of the
Pockels effect in the crystal employed, a χ(2) tensor is the characteristic property of the
optical material [31], [32]. It is therefore the main motivation of this thesis to present a
novel material which does not have a crystalline structure and still possess the main
non-linear optical properties, which can be characterised in terms of a phenomenon that
is also based on the intrinsic property of the material that possesses the χ(2) tensor
element - that is, Second Harmonic Generation. It has to be mentioned that other
materials exist, which are potentially good candidates for EO detection (DAST [4], [32]
or GaSe [33], [34]) but these will not be discussed in this thesis. The material presented
in this thesis will be a silver–glass nanocomposite. The silver nanoparticles embedded
in the soda-lime glass were shown to possess a SHG property when the nanoparticles
were elongated[35] but detailed description of obtained effects is still necessary. A
toolkit of methods and properties needs to be devised in order to optimise this type of
material for the required application (here, EO-based detection).

1.2 The project
There exist a number of particle accelerators around the world that are being used either
commercially or for scientific research. Applications that a particle accelerator can be
used for are vast and range from medicine, through security, energy and more [36]–[41].
Limitations for particle acceleration using traditional techniques exist, however, along
with limits for detection of accelerated particles. Optimisation of processes involving
particle acceleration and detection was required in order to improve all aspects of these
technologies. Laser based technologies turned out to be easily accessible as well as
useful in many aspects of the optimisation process. A Marie Curie Network has been
established for the purpose of exploring the possibilities that laser science can bring to
the world of particle accelerators. The network was named LA3NET [42], which stands
for LAsers for Applications at Accelerator facilities. It consisted of 19 scientists coming
from all over the world and based in various placements across the Europe. The
consortium consisted of 40 international partners (universities, scientific institutions and
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privately held enterprises) working in the field of either laser or accelerator technologies,
or both [43].
This thesis is a result of a research being established within the University of Dundee
along with a collaboration with STFC Daresbury Laboratory. The University of Dundee
research group called MAPS [44] is a renowned group of experts in laser based
processing of materials, and novel meta-materials production and applications. An
established expertise in metal-glass nanocomposites (MGNs) and their optical
properties manipulation by ultra-short laser processing was a key component of this
research work. The research established with Daresbury Laboratory’s laser group has
been an ongoing collaboration aiming at solving the EO electron bunch characterisation
problem, which was presented in the previous paragraph, by the introduction of MGNs
in the EO detection scheme.
The work in this thesis describes research undertaken as a part of LA3NET project. In
this project the University of Dundee was responsible for the development and
characterisation of an EO material in a form of an MGN. Collaborative work with
Daresbury Laboratory was formed for the further characterisation of MGNs and initial
tests in the EO measurement scheme.

1.3 The thesis
This thesis consists of eight main chapters. Theoretical background of metallic
nanoparticles can be found in Chapter 2. Description of MGNs’ optical properties will
be explained along with related information about their interaction with intense laser
beams. Relevant simulations and calculations will be presented.
Chapter 3 details all the experimental techniques used within this thesis. It describes
equipment and technologies used for laser modification of MGNs and linear and
nonlinear optical techniques used for characterisation. One of the applications of MGNs
is also described there.
In Chapter 4, one can find experimental results of laser reshaping of MGNs with
linearly polarised laser beam of ultra-short laser pulse length. Various parameters are
described in this chapter, which are crucial to the process of laser reshaping. Resulting
elongation of nanoparticles is described there in terms of their optical properties,
namely Surface Plasmon Resonance (SPR) band modification. Ideas of optimisation of
the SPR band modifications are detailed along with experimental results made using a
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different MGN substrate type. This work was also finalised by a journal publication in
Optics Express, Tyrk MA, et al. [45].
Chapter 5 considers the effect of linearly reshaped nanoparticles on their ability to
frequency double the incoming laser light. Second Harmonic Generation (SHG)
experiments are described there and various parameters describing this nonlinear
process are shown. An optical peculiarity in form of a Multiphoton-Absorption-Induced
Luminescence (MAIL) is also shown as an experimental result in this chapter. Different
types of MGNs are presented: ps- and fs- pulsed reshaped nanoparticles as well as
mechanically stretched nanoparticles. Their differences are studied and compared. This
work was presented in a journal publication in Nanotechnology, Zolotovskaya SA &
Tyrk MA et al. [46].
In Chapter 6, reshaping of MGNs with different laser polarisation states is described,
namely radially and azimuthally polarised laser beams of ultra-short laser pulses.
Reshaping process is described along with resulting shape of MGNs. A new technology
is also presented that was developed precisely for characterisation of these types of
MGN, utilizing SHG results from Chapter 5. This work was published in a journal
publication in Optics Express, Tyrk MA et al. [47].
Chapter 7 presents the main comparison between types of samples. Comparison is
being made on the basis of emitted SHG and MAIL signals that were captured and
analysed with the experimental setup. Conclusions are also drawn that describe a
potential candidate for the most efficient SHG conversion.
In Chapter 8, some preliminary results are shown from the experiments involving both
SHG and Electro-Optical properties of MGNs. Future work is suggested in this chapter
as a mean of showing a work plan towards finalising the search for a better EO crystal
in ultra-short electron bunch monitors.
Work described in this thesis is presented in a way, which will guide the reader through
various steps of the metamaterial optimisation for the EO detection application. The
main motivation for the structure of this work is an aim of finding a nanoparticle
shape/morphology that would increase its second order nonlinear properties. For that, a
theoretical basis was needed to be established firstly, for both optical spectrum
simulation as well as the ultra-short laser pulse interaction. Secondly, finding
parameters for reshaping with the simplest laser beam polarization (linear) as the
baseline for more sophisticated polarisation/reshaping parameters (radial, azimuthal).
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Lastly, the second order nonlinear properties were needed to be characterised and
compared between samples in order to find the best way for future optimization of the
EO effects. Also, tests with well-established experimental techniques utilising the
second order property was shown (FROG).
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2 Theory and simulations
2.1 Introduction
This chapter will briefly introduce the theoretical concepts behind the light-matter
interaction with regard to the metallic nanoparticles and ultrashort laser pulses. The first
part will show the general behaviour of electrons under E-M field illumination. The
concept of Surface Plasmon Resonance (SPR) will be explained and methods of
calculations presented. Mie-theory along with its calculations will be discussed as well
as the Discrete-Dipole Approximation (DDA) method. Based on these calculations,
variations of certain parameters will be shown and their effect on the SPR. Lastly, Two
Temperature Model (TTM) calculations will be presented for ps-pulse irradiations and
temperatures that are created within each pulse of irradiation. Comparisons to
experiments presented for fs-pulsed irradiation will be shown. A model for reshaping of
silver nanoparticles embedded in a glass matrix will be presented and discussed.

2.2 Surface Plasmon theory
In order to understand the interaction of light with nanoparticles embedded in glass, a
few preliminary ideas need to be explained. Firstly, this sub-chapter will explain the
theory behind the interaction between the EM field and metals. This will introduce the
behavior of metal’s electrons and their impact on the optical behavior of the system.
Secondly, a model of treatment of metallic nanoparticles will be presented where the
nanoparticle sizes are << the wavelength of light leading to the Mie theory and followed
by a modern approach of simulation.
2.2.1

Interaction of metals with an electromagnetic wave

All metals interact with an electromagnetic field by means of interaction of their
electrons with the E-field of the wave. The simplest form of describing this interaction
that is between an electron and an electric field 𝑬(𝑡) = 𝑬0 ∗ 𝑒 −𝑖𝜔𝑡 , is by an equation of
oscillating motion driven by an external force:
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𝑑2
𝑑
𝑚 2 𝒙 + 𝑚𝛾 𝒙 = −𝑒𝑬
𝑑𝑡
𝑑𝑡
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Where m is the mass of the electron, e is the electron charge and 𝛾 is a damping
coefficient. This external force is causing the electron to move in a motion described by
𝒙(𝑡) = 𝒙0 ∗ 𝑒 −𝑖𝜔𝑡 . When phase shifts between the driving oscillating field and the
resulting oscillation are taken into account, the solution yields [48], [49]:

𝒙(𝑡) =

𝑒
𝑬
𝑚(𝜔 2 + 𝑖𝛾𝜔)

2-2

The resulting macroscopic polarisation induced on the electron can then be described
by:

𝐏=−

𝑛𝑒 2
𝐄
𝑚(𝜔 2 + 𝑖𝛾𝜔)
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Where ω is the light angular frequency. In order to have an explicit description of the
oscillating component of the electrons in the electric field, one has to remember that the
displacement vector can be described by 𝐃 = 𝜖0 𝐄 + 𝐏, which yields
𝜔𝑝2
𝐃 = 𝜖0 (1 −
)𝐄
𝑖𝛾𝜔
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where 𝜔𝑝 is the plasma frequency of a free electron gas. From there the dielectric
function can be written as:
𝜔𝑝2
𝜖(𝜔) = 1 − 2
𝜔 + 𝑖𝛾𝜔
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Were, 𝜖(𝜔) = 𝜖1 (𝜔) + 𝑖𝜖2 (𝜔) and can be written as [50]:

𝜖1 (𝜔) = 1 −

𝜔𝑝2 𝜏 2
1 + 𝜔2𝜏 2

2-6
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𝜖2 (𝜔) =

𝜔𝑝2 𝜏
𝜔(1 + 𝜔 2 𝜏 2 )
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where 𝜏 = 1/𝛾.
The derived dielectric function can be described in terms of its free-electron DrudeSommerfeld susceptibility, that is [50]:

𝜖(𝜔) = 1 + 𝜒 𝐷𝑆 (𝜔)

2-8

This description of dielectric function however does not take into the account the
interband transitions that are a result of excitation of deeper d band electrons. It is
common to incorporate the interband transition susceptibility into the dielectric function
in order to achieve a function that would fit to the experimental data (i.e. Johnson and
Christy [51]].

𝜖(𝜔) = 1 + 𝜒 𝐷𝑆 (𝜔) + 𝜒 𝐼𝐵 (𝜔)

2-9

The derivation of 𝜒 𝐼𝐵 (𝜔) is not a part of this thesis and can be found in [50]. This
description of the dielectric function fits much more closely to the experimentally
obtained data (for a certain wavelength range). It is recommended to aid any
calculations for a wider range of wavelengths with experimental data of dielectric
functions produced with methods like ellipsometry or others. The reason for this is that
there will always be an intermediate region that will not be described correctly by either
interband transition or the Drude-Sommerfeld free-electron gas model.
Below, can be seen the drawing of the real part of the dielectric function into the
interband and free electron models. For lower energies the free-electron model describes
the dielectric function better than the interband, whereas for energies greater than ~4 eV
the latter describes it more accurately. The transition region can be clearly seen.
Knowledge of system’s dielectric functions is crucial when calculating its optical
properties (i.e. plasma resonance frequencies).
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Figure 2-1 Experimentally measured dielectric function є1 for silver (broken line) and
its decomposition into the free electron contribution є1free and the interband transition
contribution χ1IB. Graph taken from [50]
2.2.2

Interaction of localized metallic particles with an electromagnetic field in a
quasi-static approximation

Whereas some optical properties for metallic surfaces can be described with equations
shown in the previous part of this chapter, a different situation takes place for small
nanoparticles. It has to be noted that small nanoparticles are these whose radius R is
much smaller than the wavelength of the light that it illuminates (R<<𝜆). In order to
analyze physical properties of such nanoparticles, one has to assume a quasi-static
approximation of the system. Figure 2-2 shows how the theoretical treatment for a
nanoparticle system without the quasi-static approximation (a) and with it (b). This is a
useful approximation that is widely used for such systems [52]–[56]. It assumes a
constant field across the nanoparticle volume, allowing for a classic “particle in an
electrostatic field” problem.
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a)

b)
E

E

R<<

λ

R<<

λ

Figure 2-2 Schematic representation of electromagnetic wave interaction with a
nanoparticle of radius << wavelength (a) and the quasi-static approximation used to
describe the wave-nanoparticle interaction (b).

Let the field illuminating the nanoparticle in the presented approximation be described
by 𝐄 = 𝐸0 𝒛̂. The nanoparticle will be immersed in a dielectric medium of homogeneous
and constant dielectric function 𝜖𝑚 , and having itself a dielectric function comprising
of its real and imaginary components 𝜖1 and 𝑖𝜖2 . Figure below describes this problem:
P

Eo
z

Figure 2-3 spherical nanoparticle placed into electrostatic field E (𝑧̂ is the direction of
the electric field vector).

One can find solution to this in Jackson [57], where the field E is being calculated by
solving the 𝐄 = −∇Φ equation. Where the potential Φ is eventually solved as:
∞

Φ(𝑟, 𝜃) = ∑[𝐴𝑙 𝑟 𝑙 + 𝐵𝑙 𝑟 −(𝑙+1) ]𝑃𝑙 (𝑐𝑜𝑠𝜃)

2-10

𝑙=0

Where 𝑃𝑙 (𝑐𝑜𝑠𝜃) are Lagendre Polynomials, l their order, and 𝜃 the angle as depicted in
Figure 2-3. After further treatment of the problem and applying the boundary conditions
we get (Appendix A):
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Φ𝑖𝑛 = −

3𝜖𝑚
𝐸 𝑟 𝑐𝑜𝑠𝜃
𝜖 + 2𝜖𝑚 0

Φ𝑜𝑢𝑡 = −𝐸0 𝑟 𝑐𝑜𝑠𝜃 +

𝜖 − 𝜖𝑚
𝑐𝑜𝑠𝜃
𝐸0 𝑅 3 2
𝜖 + 2𝜖𝑚
𝑟
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When introducing the dipole moment p, the external potential equation can be rewritten
as:

Φ𝑜𝑢𝑡 = −𝐸0 𝑟 𝑐𝑜𝑠𝜃 +

𝐩∙𝐫
4𝜋𝜖0 𝜖𝑚 𝑟 3
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Where,

𝐩 = 4π𝜖0 𝜖𝑚 𝑅 3

𝜖 − 𝜖𝑚
𝐄
𝜖 + 2𝜖𝑚 0
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Also, one can describe the static polarizability of the sphere defined as 𝒑 = 𝜖𝑚 𝛼𝑬𝑜 ,
then:

𝛼 = 4π𝜖0 𝑅 3

𝜖 − 𝜖𝑚
𝜖 + 2𝜖𝑚
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It can be observed from the above equations that both the internal field in the
nanoparticle as well as its polarizability can exhibit a resonance behavior when the
equation denominator value approaches zero. The resonance condition therefore can be
written as:

|𝜖 + 2𝜖𝑚 | → 𝑚𝑖𝑛

2-16

Or with the explicit version of the complex dielectric function of the nanoparticle:

|𝜖1 (𝜔) + 2𝜖𝑚 |2 + |𝜖2 (𝜔)|2 → 𝑚𝑖𝑛
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The common relation can also be described for situations where the imaginary part of
the dielectric function is small (<<1) or has a small frequency dependence. Then the
condition would be in the form of:

𝜖1 = −2𝜖𝑚

2-18

Knowing that the dielectric function has to be always greater than one (which is the
value obtained for a vacuum), this gives a condition for the real part of the dielectric
function of the nanoparticle to be negative. This particular resonance will be called the
Surface Plasmon Resonance (SPR) from here on [58].
As this thesis is focused on silver nanoparticles embedded in soda-lime glass it is worth
showing how this resonance condition would be obtained for these particular materials.
From [59] we know that an approximated refractive index of soda-lime glass in the
visible region is 1.52. From relation 𝜖 = 𝑛2 we can write that 𝜖𝑚 = 2.31 .
Experimentally measured values of the refractive index (n) and the extinction
coefficient (k) can be found in [51] and are plotted below:

Figure 2-4 Plotted values of the refractive index (n) and the extinction coefficient (k),
provided from Johnson and Christy [51]
From these measurements the real and imaginary dielectric constant values can be
calculated from the relation:

𝑛𝑐𝑜𝑚𝑝𝑙𝑒𝑥 = 𝑛 + 𝑖𝑘
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(𝑛𝑐𝑜𝑚𝑝𝑙𝑒𝑥 )2 = (𝑛2 − 𝑘 2 ) + 𝑖(2𝑛𝑘) = 𝜖1 + 𝑖𝜖2
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Below, can be seen a figure representing the real and imaginary parts of the complex
dielectric function of silver:

Figure 2-5 Silver real and imaginary dielectric constants taken from refractive index
data published in [51]

Using equation 2-18 for the resonance condition along with plotted data shown in
Figure 2-5, one can observe that the predicted resonance wavelength will be placed in
vicinity of 400 nm (where a real part of the dielectric constant equals -4.62).
2.2.3

Interaction of nanoparticle with an electromagnetic field in the Mie Theory

For larger nanoparticles (but still smaller than the wavelength of light), however, the
quasi-static approximation will not be valid and may point to misleading results of
calculations. For this reason, more rigorous approach is required, which was fully
described by Gustav Mie in 1908 in so called Mie Theory, which applies Maxwell
equations to solve the scattering problem on a sphere. The exact derivation of the
solution will not be a part of this thesis as it can be found in literature [60], [61]. It is
however important to note that the Mie’s calculations lead to cross section parameters
for extinction, absorption and scattering from a nanoparticle.

𝑄𝑒𝑥𝑡 = 𝑄𝑎𝑏𝑠 + 𝑄𝑠𝑐𝑎
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where following notation from [48] one can get:

∞

𝑄𝑒𝑥𝑡

2𝜋
= 2 ∑(2𝐿 + 1)𝑅𝑒{𝑎𝐿 + 𝑏𝐿 }
|k|
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𝐿=1

∞

𝑄𝑠𝑐𝑎

2𝜋
= 2 ∑(2𝐿 + 1)(|𝑎𝐿 |2 + |𝑏𝐿 |2 )
|k|
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𝐿=1

𝑄𝑎𝑏𝑠 = 𝑄𝑒𝑥𝑡 − 𝑄𝑠𝑐𝑎
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where

𝑎𝐿 =

𝑚𝜓𝐿 (𝑚𝑥)𝜓𝐿′ (𝑥) − 𝜓𝐿′ (𝑚𝑥)𝜓𝐿 (𝑥)
𝑚𝜓𝐿 (𝑚𝑥)𝜂𝐿′ (𝑥) − 𝜓𝐿′ (𝑚𝑥)𝜂𝐿 (𝑥)
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𝑏𝐿 =

𝜓𝐿 (𝑚𝑥)𝜓𝐿′ (𝑥) − 𝑚𝜓𝐿′ (𝑚𝑥)𝜓𝐿 (𝑥)
𝜓𝐿 (𝑚𝑥)𝜂𝐿′ (𝑥) − 𝑚𝜓𝐿′ (𝑚𝑥)𝜂𝐿 (𝑥)
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Where m=n/nm (n-complex refractive index, nm- real refractive index of the surrounding
medium), k is the wave number. 𝜓𝐿 𝑎𝑛𝑑 𝜂𝐿 are Riccati-Bessel cylindrical functions and
primes describe differentiation.
Also, Mie scattering theory has no size limitation and converges to the limit of
geometric optics for large particles. For nanoparticles with diameters <10nm analysis of
nanoparticle parameters may also be different than presented theory, because their size
would be in the order of a free mean path of an electron, and other effects may dominate.
Using MATLAB code provided in [61] (full code in Appendix B), which calculates the
extinction, scattering and absorption cross sections based on the aforementioned
equations, one can calculate the SPR as in Figure 2-6. Refractive index data for silver
was used from [51] and the surrounding medium refractive index was chosen to be 1.52.
Nanoparticle radius was chosen to vary between 10 nm and 40 nm in 4 steps. It can be
seen in the figure that according to Mie calculations, particle resonance occurs at around
400 nm wavelength (as predicted).
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Figure 2-6 Calculated SPR resonances of a spherical nanoparticle of varying size
diameter: a)20 nm, b)40 nm, c)60 nm, d) 80 nm. Extinction (Qext), absorption (Qabs) and
scattering (Qscatt) cross sections are shown.
Four main characteristics can be observed from this simulation:
1) The SPR intensity increases along with the nanoparticle diameter
2) Absorption becomes more dominant for smaller particles and scattering for
larger particles
3) Smaller nanoparticles resonate in a dipolar manner leading to a single SPR peak,
whereas larger nanoparticles SPR is wider and possesses secondary peaks,
which is caused by particle resonating in a quadrupolar manner [62]–[64]
4) Increase in nanoparticle size leads to a red shift in the SPR
2.2.4

Calculation nanoparticle cross sections with the Discrete Dipole
Approximation

It is relatively straightforward to simulate the interaction of a spherical nanoparticle in
an electromagnetic field by the means of the Mie Theory (as shown in the previous subchapter). It is however much more complicated (if at all possible) to derive Mie type
analytical equations for more complicated nanoparticle shapes and structures. The scope
for this thesis is to reshape the silver spherical nanoparticles in order to research their
optical and electro-optical properties, therefore it is important to decide on the
numerical tool for simple as well as for more complex geometries if they arise.
Numerical technique called the Discrete Dipole Approximation (DDA) was used
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throughout this thesis. This method was first shown by DeVoe [65], [66] in 1964 in the
treatment of particular aggregates and their response to optical wavelengths, and later in
1973 by Purcell and Pennypacker [67]. The particular numerical package used in this
thesis was developed by Draine and Flatau – DDSCAT [68]–[70].
In essence, the DDA method is working on the principle of approximation of a
continuum object with a matrix of dipoles, with their associated dipolar moments and
polarisations when illuminated with a wave. In that way DDA can replace a source of
scattering (i.e. a nanoparticle) with a set of interacting dipoles. It is therefore called a
volume-based numerical solver (similarly as the finite difference time domain method
(FDTD)[71]), in contrast to surface-based numerical solvers, like T-matrix method [72]
or generalized multipole technique (GMT) [73], [74]. DDA is also one of the most
powerful methods for calculation and easy to use, therefore chosen as a primary solver.
In DDA, as mentioned earlier, each object is approximated with a set of N number of
dipoles [75]. Their polarisation can be described by the equation:

𝐏i = αi 𝐄𝐥𝐨𝐜 (𝐫)
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Where the αi is the i-th dipole polarizability element and Eloc is the sum contribution of
the incident field and the N – 1 dipole contribution at position r. The field contribution
can be described by the equation [76]:
𝐄𝐥𝐨𝐜 (𝐫) = 𝐄𝟎 exp(i𝐤 ∙ 𝐫 − iωt)
−∑

exp(ik𝐫𝐢𝐣 ) 2
(1 − ik𝐫𝐢𝐣 )
{k 𝐫𝐢𝐣 × (𝐫𝐢𝐣 × 𝐏j ) +
𝟑
𝐫𝐢𝐣
𝐫𝐢𝐣𝟐
j≠i
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× [𝐫𝐢𝐣𝟐 𝐏j − 3𝐫ij (𝐫𝐢𝐣 𝐏𝐣 )]}

This equation can be written in a simpler form as:

𝐏𝐢 = αi (𝐄𝐢𝐧𝐜,𝐢 − ∑ 𝐀 𝐢𝐣 𝐏𝐣 )
j≠i

2-29
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Where the Einc,i is the electric field at position i, caused by an incoming plane wave. The
-AijPj is the contribution of an electric field caused by the dipole at position j. Also,
rij=rj-rj. As it can be seen, this equation relates separately to electric fields being at
position i, and in positions j. When however an assumption is made in order to
formulate an equation that will relate to all the positions, that is to j-th position as well
as i-th (i=j), then a component Aii=αi-1 needs to be introduced. This in effect reduces the
complex problem into linear set of equations in the form of:
𝑁

∑ 𝑨𝒊𝒋 𝑷𝒋 = 𝑬𝒊𝒏𝒄,𝒊
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𝑗=1

Solving these for Pj gives equations for the cross sections of extinction and absorption:
𝑁

𝑄𝑒𝑥𝑡

4𝜋𝑘
=
∑ 𝐼𝑚(𝑬∗𝒊𝒏𝒄,𝒊 ∙ 𝑷𝒋 )
|𝑬𝟎 |2
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𝑗=1

𝑁

𝑄𝑎𝑏𝑠

4𝜋𝑘
2
2
=
∑ {𝐼𝑚[𝑷𝒋 𝛼𝑗−1 ∙ 𝑷𝑗∗ ] − 𝑘 3 |𝑷𝒋 | }
2
|𝑬𝟎 |
3
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𝑗=1

The scattering cross section can be calculated from the simple relation: Qscatt=Qext-Qabs.
Also, one has to remember that for an accurate calculation a large number of dipoles
needs to be selected within the DDSCAT simulation package.
Having a reliable tool for calculations of any arbitrary shapes and clusters of
nanoparticles it is straightforward to create appropriate input files and simulate SPRs for
various parameters. Kreibig and Vollmer [50] did extensive study on how the SPR
changes with regards to certain parameters. In order to visualize how the SPR changes
for the particular Ag nanoparticles that are embedded in soda-lime glass, DDSCAT was
used.
Firstly, the refractive index was changed from 1.0 to 1.6 (1.52 is the soda- lime glass
refractive index) and extinction cross-sections were plotted in Figure 2-7.
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Figure 2-7 DDSCAT calculations showing the SPR position change as a function of the
embedding medium refractive index (variation between 1.0 and 1.6). Silver nanoparticle
diameter was set to constant value of 30 nm.

It can be seen here, how significant the appropriate choice of the embedding medium
for SPR manipulations is. In case of soda-lime glass the SPR was placed around 430 nm
which matches experimentally obtained spectrum seen in the next Chapters.
Secondly, the aspect ratio of the silver nanoparticle was changed from spherical (1:1) up
to 1:2.5, while maintaining the refractive index of 1.54 (for comparative reasons with
the soda-lime glass samples used in the experimental chapter). Figure 2-8 shows results
of this simulation.
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Figure 2-8 DDSCAT calculations showing the SPR position change as a function of the
elongation ratio of the nanoparticle. The short axis size of the nanoparticle was kept
constant at 30 nm, long axis was varied in ratios of 1:1 up to 1:2.5, and the refractive
index of the medium was kept as 1.54 for comparison with soda-lime glass.

The position of the SPR changed significantly more than for the refractive index change.
Knowing that the nanoparticles used in next chapters will have their size distribution of
around 30 nm in diameter, the same size was used in these simulations, while the long
axis was varied in size.
The dependence of the SPR on the nanoparticle size was already shown in Figure 2-6
where the analytical Mie equations were used for a spherical nanoparticle.
It can also be shown that the SPR bandwidth changes depending on the size of the
nanoparticle, which was plotted in Krebig Vollmer (Figure 2-9) [50]. These calculations
were made for three types of embedding medium: air (εm=1), glass (εm=2.25), and
Titanium Oxide (εm=6.25). It can be seen there that the diameter of nanoparticles used
in this thesis lies just in the valley of the middle graph, giving a good indication for
further experimental analysis of how the nanoparticle size changes while knowing the
SPR bandwidth.
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Figure 2-9 SPR bandwidth change as a function of nanoparticle size. Relations
presented for three embedding media: a) vacuum, b) glass, c) titanium oxide. Graph
taken from [50]

It is worth mentioning that the DDSCAT calculations shown in both Figure 2-7 and
Figure 2-8 present dipolar SPR bands even for elongation to high ratios (higher order
nanoparticle excitation show up as additional SPR peaks)[62].
It’s important to point out that dielectric composites containing metallic nanoparticles
can also be treated as whole materials. It is usually useful to treat such MGNs with
approximating theories like the Maxwell-Garnett theory which describes SPRs quite
well [77], [78], taking into consideration the proportion of nanoparticles to the
surrounding medium. Because this thesis will be focused on physical modification of
nanoparticles into different shapes and orientations, DDSCAT will be the main
simulation technique used as it treats the nanoparticle separately. It is thought that it
makes more sense to realize the effect of a single nanoparticle first before considering it
as a collective, where various multipolar interactions needs to be taken into account.
DDSCAT will be primarily used in explanation of non-linear optical properties of
reshaped nanoparticles.

2.3 Laser – nanoparticle interaction
This part of the thesis will show how to treat ultrashort laser – nanoparticle interaction
in temperature terms. Various regimes exist when treating laser interaction with
nanoparticles. The very obvious division is often described for different laser pulse
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lengths [79]–[84]. It is widely known, that when interacting with nanoparticles with
pulse lengths longer than few tens of picoseconds up to continuous waves, it leads to
slow heat increase within the whole particle system [85]–[89]. Nanosecond pulse
irradiations for example can lead to Oswald ripening between silver clusters and
creation of silver layer on the surface of glass or to the increase of a nanocluster size
[83]. For ultrashort pulses however, the interaction tends to be non-thermal, which
means that because of such short laser interaction between the nanoparticle and the laser
pulse, only electrons accumulate the induced temperature which later undergoes
relaxation to the lattice and the surrounding [90], [91]. It was shown in various
publications how metallic nanoparticles in glass behave when treated with a
femtosecond laser pulses [92]–[95]. Here, this theory will be described and related to
ps- pulsed irradiations.
One can also divide laser nanoparticle interaction into weak and strong regime. In such
case, the weak regime relates to the peak power that is added to the nanoparticle system
which does not cause any shape modification nor any other long term deviation from
initial nano cluster parameters. Various research groups have studied such regimes
when they interacted with the nanoparticle with a weak peak power laser pulse in order
to measure its optical parameters [96]–[100]. Strong interaction however, refers to the
regime where the laser peak power is strong enough to cause nanoparticle shape
modification, dissolution or fragmentation. In this regime reversibility of achieved
parameters is not possible. Usually the nanoparticle temperature changes in this regime
as well as their temperature relation to their environment. Emission of electrons usually
takes place [101].
One of the works by Bigot [102] describes this interaction of nanoparticle with a fspulse- this can be easily related to <10 ps pulse interaction too. He described there the
interaction between electrons’ and phonons’ temperature. The figure below is taken
from this very publication as it describes schematically the process very well.
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Figure 2-10 Schematic illustration of thermalisation and heat exchange processes arising
during ultra-short laser pulse interaction with a nanoparticle. Drawing taken from [102].

Firstly, upon the interaction with an ultrashort pulse, the energy of the laser pulse is
absorbed by the electron by the inter- and intraband transitions (0- 0.1 ps). This creates
an electron state where the phase between the electronic state and the electromagnetic
wave is conserved. This process is not yet thermal.
After the initial interaction with the electromagnetic wave of an ultrashort pulse, the
collective oscillations in phase are being lost and the electron thermalisation process
begins (0.05 – 0.5 ps). The distribution that electrons are representing at this stage
resembles the Fermi-Dirac distribution with its function shape that highly depends on
the temperature delivered by the laser pulse. Temperatures achieved by electrons are
much higher than the temperature of the nanoparticle lattice as well as the temperature
of the nanoparticle before the laser excitation. In [103]–[106] it was shown that it takes
a few hundreds of femtoseconds. Time scale of this process is highly dependent on the
nanoparticle size. In general, the scattering times decrease along with the nanoparticle
diameter [97], [107]–[109].
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The next effect, which takes place in a relatively similar timescale to the previous one,
is energy transfer to the nanoparticle lattice (0.1 – 0.5 ps) [110]–[113]. The fact that the
timescale of this effect is similar to the previous means that this process (electronphonon, or e-ph) competes with the electron-electron (e-e) thermalisation in the
beginning, and later takes over completely. It also eventually leads to heating of the
nanoparticle lattice to higher temperatures than it was before the interaction with the
laser pulse. It can be seen as simultaneous cooling of hot-electrons along with heating of
the lattice, resulting in an equilibrium temperature eventually.
The last step of the pulse interaction is the energy transfer to the surrounding medium (1
– 100 ps). This process corresponds to the heat diffusion from the nanoparticle to the
surrounding medium, which can vary depending on the heat properties of the medium
[114], [115]. Because there is such dependency, this process will influence the
nanoparticle shape modification. It will be shown later in this chapter that the thermal
equilibrium between electrons and the lattice will take place in the timescale of 30 – 40
ps.
2.3.1

Two Temperature Model

The Two Temperature Model (TTM or 2TM) is usually implemented in order to model
the thermal behaviour of a nanoparticle illuminated with an ultrashort pulse [116], [117].
The name comes from the fact that electron heating is being treated separately, after
which its heat transfer to the matrix is being included, leading to precise calculations of
the equilibrium temperature of the nanoparticle as a function of time. As it was
mentioned earlier, the electron dynamics is defined by two mechanisms: e-e scattering
and the e-ph energy relaxation. By the use of two coupled differential equations, the
TTM model can be described as [118], [119]:

𝐶𝑒 (𝑇𝑒 )

𝜕𝑇𝑒
= −𝐺(𝑇𝑒 )(𝑇𝑒 − 𝑇𝑙 ) + 𝑆(𝑡)
𝜕𝑡

𝐶𝑙

𝜕𝑇𝑙
= 𝐺(𝑇𝑒 )(𝑇𝑒 − 𝑇𝑙 )
𝜕𝑡
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Here, the electron temperature is described by Te and the lattice temperature by Tl. The
Ce(Te) is the electronic heat capacity whereas Cl the lattice heat capacity. G(Te) is the
electron-phonon coupling factor, and S(t) is the laser source term described by:
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𝑆(𝑡) =

2
𝐼𝜎𝑎𝑏𝑠
𝑡
exp [−4 ln 2 ∗ (
) ]
𝑉𝑛𝑝
𝜏𝐹𝑊𝐻𝑀
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Here, I is the laser intensity, σabs the absorption cross section, Vnp nanoparticle volume
and τFWHM is the laser pulse length defined at its full width at half maximum. It is also
important to mention that for parameters like Ce and G the dependence on the
temperature of electrons must not be ignored. It is common to use this terms as constant
values for regimes where the temperature does not increase significantly. In this thesis
the ultrashort excitation of nanoparticle will be studied. This means that very high
temperatures of electrons will be achieved and induced fields within the nanoparticle
will also involve the deeper d-band electrons in the thermal process [120]. In order to
reliably predict nanoparticle temperature, it is important to include the temperature
dependency on the aforementioned parameters. In the same time Cl dependence on the
lattice temperature can be taken as a constant as it will not include any major
temperature changes (Cl = 3.5*106 Jm-3K-1 at room temperature). Tabularized data was
used for this purpose, obtained from [121]. These values were calculated using the
VASP simulation package (Vienna Ab-initio Simulation Package) and were applicable
to temperatures up to 50’000K. Values of Ce and G show significant discrepancies from
linear behaviors for temperature higher than ~5000K, and as it is shown in various
publications refereeing to ultrashort pulse irradiation of nanoparticles, temperatures that
electrons achieve in these processes highly exceed that threshold [122], [123]. In this
thesis, <10ps pulse irradiations will be studied therefore it is fair to assume that the
temperature achieved will also be higher than 5000K. Both Ce as well as G are functions
of density of states (DOS) and the chemical potential µ which varies with high
temperatures too. The data used for calculations can be seen in Figure 2-11.
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Figure 2-11 Plotted values calculated with VASP of a) silver DOS, b) Ce, c) chemical
potential, d) G. Values presented as a function of temperature T. Data obtained from
[121]

Before calculating the electron and the lattice temperatures it is important to determine
the σabs parameter. In order to do this, the absorption cross section was calculated for a
15 nm radius silver nanoparticle in 1.52 refractive index environment. A spherical
nanoparticle was chosen as it is the shape that a laser pulse would first encounter. Below
the cross sections:
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Figure 2-12 Calculated SPR of spherical nanoparticle of 30 nm in diameter

It can be seen in the figure that the absorption cross section for these parameters is in
the range of ~50 nm2 for the wavelength of 532 nm (which is the laser wavelength that
will be used for later irradiations).
The input parameters taken for the TTM calculations were as in Table 1:

Parameter

Value

Unit

Fluence

88.42

mJ/cm2

I

1.77

x W/m2

1014
Nanoparticle 15.00

nm

radius
Cl

3.50 x 106

J/m3K

σabs

50.00

nm2

τFWHM

5.00

ps
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Ce

From

N/A

VASP
G

From

N/A

VASP
Table 1 Parameters used for TTM modeling

The calculated temperature relation can be seen in Figure 2-13 a). It can be seen there
that temperature achieved for electrons of a silver nanoparticle reaches around 7000K.
This temperature is a direct result of interaction with a ps- pulse. Fluence was chosen to
match the fluence used in Chapter 4 for ps- pulsed nanoparticle shape modification. In
the figure below it is clearly shown that the equilibrium temperature of around 1500K is
reached after around 30 ps. Knowing, that the laser repetition rate used later for
modification will be 200 kHz, the pulse temporal separation will be around 5 µs.
Therefore, multipulse irradiation will increase the electron temperature to a roughly
similar level with every pulse.

Figure 2-13 TTM calculated values for a) electron and the silver lattice temperature
under 1 ps- pulse illumination, b) electron and lattice temperatures as a function of pspulse fluence.

The model used here does not however include any energy exchange between the lattice
and the surrounding, therefore it can be concluded that after around 5 µs the equilibrium
temperature will be significantly lower. It will be however shown in the Chapter 4 that
the total equilibrium temperature will not dissipate to the surrounding completely,
or/and the surrounding will not dissipate its local temperature completely, as the
multipulse irradiation will lead to dissolution of nanoparticle in this regime. Figure 2-13
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(b) shows relation between the electron and lattice temperatures and the pulse fluence
used for irradiations. It can be seen that the increase in the electron temperature is at
much higher gradient up until ~6000K. It was mentioned earlier that the dependence of
parameters like Ce and G becomes nonlinear after 5000K. This can be seen here too
with a slight discrepancy (~1000K), due to the slow heating nature of a picosecond
pulse (in comparison to fs- pulsed irradiation).
Due to the fact that vast work on this subject has been done in regards to fs- pulsed
irradiation [98], [124]–[129], a comparison has been made to parameters used in [130],
where the nanoparticle has been irradiated with a 15o fs pulse at 400 nm wavelength at
fluence of ~20 mJ/cm2. Figure 2-14 shows the direct comparison between the fs- and
ps- regime. Smaller equilibrium temperatures are achieved for ps- irradiation than in fsirradiations, but still slightly above the bulk silver melting point of ~1500K. Longer
input pulses would increase the lattice temperatures significantly eventually leading to
simple thermal interaction with a laser.
A direct result of this comparison is that the surrounding glass around the nanoparticle
will be heated up to smaller temperatures. Higher repetition rates (200 kHz instead of 1
kHz) of a ps- laser will however make up for this heat loss leading to efficient reshaping.
According to the TTM presented for fs- irradiations each pulse during irradiation
accumulates the effect of elongation by heating up the nanoparticle and then spreading
its heat to the glass matrix by heat diffusion.

ps
Te
Tl

T [K]

fs
Te
Tl

Time 10-11 [s]
Figure 2-14 ps- (<10 ps) and fs- (150 fs) TTM calculation comparison of electron and
the lattice temperatures.
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The overall effect of reshaping increases for each pulse because the system relaxes to a
slightly higher temperature than it had before. Approaching high temperatures results in
dissolution of the nanoparticles in the glass matrix due to the increase mobility of the
emitted silver ions and their diffusion into the glass matrix during the irradiation [45].
Therefore too high repetition rates or firing large number of pulses per spot can lead to
undesirable effects.
2.3.2

Nanoparticle reshaping mechanism

There has been a great amount of literature regarding the mechanism of reshaping the
nanoparticle with an ultrashort pulse [95], [130], [131]. Here, a short review of this
process will be shown and then related to the ps-pulsed reshaping.
The main contributor to nanoparticle modification during the reshaping process is the
ejection of electrons and the nanoparticle ions into the glass matrix in the vicinity of the
nanoparticle. Upon illumination with an ultrashort pulse that possesses a high peak
power, a single- or multi-photon ionization can be present as well as the tunneling
ionization, where the energetic bands of silver can be bend due to the high electric field
leading to tunneling of electrons through it.
Secondly, there can be distinguished two other types of ionization that is present in
nanoparticle irradiation. These are isotropic photoemission of electrons by the
nanosphere and anisotropic E-field enhanced photoemission which gives rise to the
prolonged shape of nanoparticle. These two types of photoemission can be described on
an energy level scheme taken from [132]:
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Figure 2-15 Schematic representation of silver/glass in terms of energy levels. Red
dotted line represent the laser induced electron states, green line the f-d electron
distribution. Drawing taken from [132].

Here, the nanoparticle embedded in glass is assumed to follow a silver/glass junction
representation. In this description of a photoemission process the electrons from the
silver Fermi energy level can be emitted to the conduction band of the glass once the
appropriate energy will be obtained (>2.7 eV). In the figure, this condition is met when
the non-thermal electron distribution is taking place (red dotted line). While for fsirradiation at 400 nm that was the case (3.1 eV), off-resonance irradiation at ps-pulses
does not exceed this energy requirement (532 nm ~2.3 eV). It was however shown in
[133] that illumination of a metallic nanoparticle close to the resonance SPR band can
produce near-field enhancement that will enhance the multi-photon ionization
probability. This is also shown in the figure in the form of a two photon ionization. This
means that even though hot-electrons cannot easily be ionized into the conduction band
of glass by isotropic process, the anisotropic enhancement around the nanoparticle poles
can definitely be the biggest factor allowing to eject electrons to the glass matrix. It was
also shown by Podlipensky[132] in Figure 2-15, that once the electrons are ejected to
the glass, colour centers form which increase the conductivity of the glass itself
(lowered conduction band level). This effect can certainly promote the anisotropic
electron ejection during the ps-pulse irradiation, after certain condition band level in the
glass will be achieved.
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E-field enhancement occurs due to SPR at the poles of the nanoparticle in the direction
of the incident laser polarisation [134]–[137]. This field can increase the distance that
the electron or ions of silver could travel (which is also a process dependent on the
temperature in the vicinity). It is therefore thought to be the most significant parameter
during the shape modification of nanoparticle, as the most electrons will become
trapped in the colour centers exactly where the highest E-field enhancement is – at the
nanoparticle poles.
In summary, the reshaping of a nanoparticle upon an ultrashort laser pulse proceeds as
follows (Figure 2-16):
a) Excitation of nanoparticle, as it was already mentioned, increases the probability
of injection of electrons into the glass matrix. Two types of electron injection are
present. The isotropic injection caused by the general temperature increase in the
nanoparticle and the anisotropic injection caused by the laser pulse and in the direction
of its polarisation. The latter is the most pronounced as described earlier. Additionally,
colour centers form in glass where the electrons are being trapped.
b) The resulting and in the same time positively charged nanoparticle core begins
to destabilize, leading to so called Coulomb explosion [131]. This effect leads to
ejection of positively charged silver ions into the glass matrix isotopically.
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Figure 2-16 The main processes arising during ultrashort laser pulse irradiation of
nanoparticle, resulting in nanoparticle elongation: a) ejection of electrons to the glass
matrix, b) Coulomb explosion, c) silver ions reduction and return to the nanoparticle, d)
resulting shape of nanoparticle after multi-pulse interaction

It was measured by Podlipensky and Stalmashonak [131], that this process takes place
by direct TEM images as well as the luminescence studies [138] which showed not only
presence of simple Ag+ ions but also clustered Ag species (this study will be also
performed in the later part of this thesis for luminescence explanation during the Second
Harmonic Generation). It is important to mention at this stage that the distance at which
the ions travel depends highly on the temperature in the closest vicinity of the
nanoparticle. In case of ps- irradiation the temperatures that promote increased ion
mobility would be higher than for fs- irradiations due to the fact that the nanoparticle
would have substantially more time to transfer heat to the glass matrix. In the same time
high repetition rate of a ps- irradiation would create efficient reshaping (TTM model).
Also, too high temperatures will increase the area of higher temperature to the stage that
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ions will simply flow too far away from the nanoparticle leading to dissolution (this will
be shown in the next chapter for irradiation with multi pulses per spot as well as for
high repetition rate irradiation).
c)

The emitted ions begin to reduce thanks to all the trapped electrons at the

poles of the nanoparticle creating silver atoms Ago. Because of their natural charge, they
will then precipitate and form small clusters that will eventually join the nanoparticle.
d) Each additional pulse added to the nanoparticle will repeat the process, which
will cause a buildup in nanoparticle size on its poles. In the same time each Coulomb
explosion will reduce the amount of silver atoms in the orthogonal axis leading to
elongate the nanoparticle.

2.4 Conclusions
In this Chapter, the theoretical background of interaction between a laser pulse and a
metallic nanoparticle was presented. Behaviors of electrons upon the EM field were
firstly shown, followed by the quasi-static approximation, Gustav’s Mie model and the
Discrete Dipole Approximation (DDA). Surface Plasmon Resonance was defined and
its modification as a function of nanoparticle size and the refractive index of the
embedded medium were presented. These aided calculation of local temperatures of the
metal-glass system, which was performed using the Two-Temperature Model (TTM).
Detailed description of the interaction between an ultrashort pulse and the nanoparticle
was presented: timescale of electron/phonon excitation and relaxation, behavior of
electrons and core ions leading to effective elongation of nanoparticle, and an energetic
model of elongation which showed the importance of colour centers forming in the
glass.
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3 Experimental methods
3.1 Introduction
Chapter 3 will present the main experimental techniques used in the thesis. These
include:
1) Preparation of silver-glass nanocomposites,
2) Techniques used for characterisation of MGNs that utilized their linear optical
properties,
3) Laser techniques for photo modification of nanoparticles,
4) Short pulsed laser characterisation techniques utilizing nonlinear optical
properties of prepared composites,
5) Scanning

Electron

Microscopy

(SEM)

technique

of

nanoparticles’

characterisation.
Samples containing silver nanoparticles and silver ions were provided by CODIXX AG.
Technology used for their production and morphology of the resulting composites will
be discussed in this chapter.

3.2 Metal-Glass Nanocomposites (MGNs) preparation
Samples that were used for all of the experiments in this thesis were prepared by the
Ag-Na ion-exchange method. This method is well established for production of
nanoparticles in glasses. It has been used for almost a century and it was even
demonstrated in 1913 [139], [140] that monovalent cations contained in glass could be
exchanged when a sodium-containing silicate glass was immersed in molten silver
nitrate. The glass matrix used for this thesis purpose was soda-lime glass. Soda-lime
silicate glasses are commonly used commercially. In general, the glass network base is a
silicon-oxygen tetrahedron with modifier cations (Na+ and Ca2+) introduced to the nonbridging oxygen units (NBO) that form during the melting process of SiO 2 with Na2O
and CaO [141], [142]. A schematic diagram of a structure of a soda-lime glass is
presented in Figure 3-1. In this thesis, soda-lime glass used for the experiments
consisted of: (wt.-%) 72.5 SiO2, 14.4 Na2O, 6.1 CaO, 0.7 K2O, 4.0 MgO, 1.5 Al2O3,
0.1 Fe2O3, 0.1 MnO, and 0.4 SO3. As mentioned before, the Ag-Na ion-exchange
method has been used for formation of silver nanoparticles.
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Figure 3-1 Two dimensional structure of a soda-lime-silicate glass. If a three
dimensional picture was to be drawn, a fourth oxygen would be present above each
silicon.
For production of silver nanoparticles, a flat soda-lime glass substrate is immersed in a
molted salt of AgNO3 and KNO3 and the overall temperature of such a system is
elevated to 400oC. In such environment sodium ions’ (Na+) mobility increases to a point
that it can exchange with silver ions that are present in the molten salt, followed by
silver ions being associated with the non-bridging oxygen. This results in formation of
silver ion (Ag+) clusters in the glass volume. Annealing process in H2 reduction
atmosphere is later needed in order to start reduction of silver ions (Ag+) into atoms
(Ag0), according to the reaction[143]–[145]:
1
≡ 𝑆 − 𝑂− 𝐴𝑔+ + 𝐻2 ↔≡ 𝑆𝑖 − 𝑂 − 𝐻 + + 𝐴𝑔0
2

3-1

When an oversaturation of the glass matrix with silver atoms becomes critical
nanoparticle formation takes place [143]. Parameters used in the process (time,
temperature, weight concentration of AgNO3, etc.) are set so that the size and
distribution of Ag nanoparticles is known and as desired.
For the purpose of this thesis, samples were supplied by Codixx AG whose
manufacturing technology (ion exchange and annealing processes) allowed them to
deliver samples containing spherical silver nanoparticles with a mean diameter of 30 –
40 nm, located ~30 nm below the glass surface in a thin layer of about 20 µm thick.
Two-sided samples were fabricated of an overall sample thickness of ~1 mm. It has to
be mentioned that the method presented above produced nanoparticles being spread in
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the glass matrix volume in various concentrations (as a function of the glass depth) poly-dispersed samples. In such type of samples, the volume filling factor changes
gradually below the glass surface. It can be defined as a ratio of the volume of silver
nanoclusters (VAg) to the unit volume of the whole sample (Vtotal):
𝑓=

𝑉𝐴𝑔
𝑉𝑡𝑜𝑡𝑎𝑙

3-2

The graphical representation of the filling factor as a function of the sample depth can
be seen on the Figure 3-2. It was estimated by Podlipensky and Deparis et al. [146],
[147] how the volume filling factor behaves for such systems. First method included
etching layers of nanoparticles in steps, with a 12% concentrated HF acid and taking
SEM images for estimation. Second method involved fitting a theoretical model for the
optical extinction to the measured extinction for each etching step. It was concluded that
the volume filling factor at ~0.29 is created near the glass surface and decreases to zero
after some micrometers into the volume of the glass (~20 µm in this case).

Figure 3-2 The volume filling factor as a function of depth of the
samples volume
Furthermore, in order to visualize the depth profile of the silver particle-containing layer,
one of the samples was cut and a thin slice was prepared. Figure 3-3 presents the crosssection of the nanoparticles area. For this, the sample was embedded in the epoxy resin
(Specifix-20, Struers Limited) to prevent chipping of the glass and to make it physically
manageable for grinding, polishing, etc. The resin cured at room temperature. The ~30
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µm thick section was polished on both sides. One-sided samples were used in all the
further experiments and were obtained by etching one side of each sample by a 12%
concentrated HF acid. Preparation of the sample for etching involved cleaning its
surface with a degreasing agent and washing with warm and then cold deionized water
for 10 minutes. Next, the sample was dried with nitrogen gas and placed into a sonic
bath of acetone for 15 minutes, after which in isopropyl alcohol for another 15 minutes.
Sample was then dried again with nitrogen and put on to a hotplate that was warmed up
to 105oC for a few minutes. After that, a photoresist was spin coated on the sample with
2000 rpm and 20 seconds of spin. Resulting coated sample was then placed for a soft
bake onto a hotplate on 90oC for 10 minutes and later for a hard bake on 140oC for 10
minutes. Sample was then left to cool down slowly in order to reduce any stress being
induced on the surface of the resist. With the resist prepared on one side of the glass,
sample was placed in a beaker filled with HF acid for ~5 minutes for etch. All of the
above steps were performed under a wet deck.

Figure 3-3 Cross section of the sample showing the layer
of silver nanoparticles embedded in the glass
Two other types of samples were also used for certain experiments that will be
presented in the forthcoming chapters: 1 mm thick and high filling factor sample and
~250 µm thick mechanically stretched sample with the same filling factor stated before.
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3.3 Linear optical characterisation
In order to characterize samples in terms of their linear optical properties, a Surface
Plasmon Resonance spectrum needed to be acquired. For this purpose a UV-VIS-NIR
spectrophotometer was used (JASCO V-670 UV-VIS-NIR), with high resolution (down
to 0.1nm) and readout linearity (correlation coefficient of 0.9 up to 10 abs). The
instrument also consisted of a sample holder and a reference sample holder. The sample
holder could be adjusted as presented in Figure 3-4. The incoming light I0 was not
polarised and an additional polariser had to be added at the entrance light path in order
to linearly polarize the I0.

Figure 3-4 A graphical description of how the sample holder position could
be altered in order to fully characterize samples containing nanoparticles. I0
is the incident light intensity and It is the transmitted light intensity.
The reference holder was equipped with an ND filter (the second light path was used for
holding the MGN sample). It allowed the detection of extinction peaks of some MGNs
that would otherwise have been outside the measurement range (due to the extremely
high extinction ratio of nanoparticles). Extinction spectra (defined as a sum of
absorption and scattering on nanoparticle) were calculated from the absorbance that was
measured in the spectrophotometer using equation 3-3:
𝐼0
𝐸𝑥𝑡𝑖𝑛𝑐𝑡𝑖𝑜𝑛 = −𝑙𝑛(𝑇) = −𝑙𝑛 ( )
𝐼𝑡

3-3

The extinction spectrum obtained can be seen in Figure 3-5. It is shown that the lightnanoparticle

interaction

causes

such

high

extinction

that

it

exceeds

the

spectrophotometer maximum limit. It should be noted that the use of an ND filter in the
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reference light path did not always allow to show the SPR peak (especially in spherical
nanoparticles and with high filling factors).

Figure 3-5 Example extinction spectrum taken from sample
containing spherical nanoparticles of silver embedded in soda-lima
glass
Additionally, for characterisation purposes a digital optical microscope was used to
visualize the surface of the sample pre- and post- irradiation with a laser.
The microscope system can be seen in Figure 3-6. Microscope objectives used were the
VH-Z100R and VH-Z500R. The former allowed magnification of 100x down to 1000x,
and the latter from 500x down to 5000x. Samples could have been illuminated in either
transmission or reflection mode. Two additional linear polarizers have been added in the
transmission mode in a crossed polarizer configuration in order to determine
polarisation dependency of the irradiated areas. A halogen lamp was used as the
illumination source and optical waveguides were used to transfer light to the objective
and the sample.
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Figure 3-6 Keyence VHX-1000 imaging system [148].

3.4 Nanoparticles size distribution
It was described in section 3.2 that MGNs used in this thesis are poli-dispersed and have
certain filling factor (here 0.29). It is therefore important to evaluate nanoparticles in
terms of their size distribution within the nanoparticle layer. This will be useful in
determination of tolerances on all other measurements presented in this thesis.
Direct measurement of the size distribution was not performed within this thesis. It was
known however that CODIXX AG supplied the samples with a nanoparticle mean
diameter of 30 – 40 nm. In order to determine the size distribution of nanoparticles in
ion-exchange processes, a literature review will be presented. It was shown by Schicke
et al. [149] how the nanoparticle size depends on the penetration depth of silver during
the ion-exchange process. It was concluded there, that Ag particles exhibited a narrow
size distribution of Gaussian shape (between 0.7 to 0.9 nm FWHM). Cai et al. [150]
argued that however the size distribution of nanoparticles broadens the SPR bandwidth,
its position is rather insensitive to the occurrence of a size distribution with log-normal,
Gaussian or triangular and narrow function. He stated that for small Ag particles the
Mie resonance shift is weakly depended on the size distribution of nanoparticles and on
the dielectric constant of the surrounding medium. In work presented by Berger et al.
[151] the silver nanoparticle size distribution was shown to be Gaussian in shape. It was
also stated that the mean particle size is nearly independent on the penetration depth. A
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conclusion was also made that the extinction spectrum was the superposition of
different bands from various nanoparticle sizes. It can therefore be possible to partially
predict the nanoparticle size distribution by simulating single nanoparticle SPRs for
various nanoparticle sizes, where the sum of their SPRs will not be greater than the
experimentally measured. Berg et al. [152] showed in his work, how concentration and
size change of nanoparticles in ion-exchange process influences the Mie resonance. He
stated that the size distribution of silver is well described by a Gaussian function with a
standard deviation of σ = 0.28 * ̅̅̅̅
2𝑅 (where R is a radius of a spherical silver
nanoparticle). It was also shown there how the bandwidth of the SPR changed with a
nanoparticle radius and the SPR position, and how it compared to graphs presented in
[50] (Figure 2-9 in section 2.2). From there, one could estimate that for a silver
nanoparticle of ̅̅̅̅
2R ≅ 35nm the SPR bandwidth can range between 40 and 90 nm
(depending on the ion exchange process type). A more directly relevant and
experimental results were given by Graener et al. [153] where silver nanoparticles
embedded in soda-lime glass were experimentally measured for their size distribution.
There, a quantitative SAXS analysis results were shown, giving a mean nanoparticle
diameter of 29nm with a size distribution width of σ = 4nm (~0.14 * ̅̅̅̅
2𝑅 ). In work
presented by Wackerow et al. [154], an experimental method of MGNs production was
changed from heat assisted ion-exchange to E-field assisted. There, silver ions were
forced into the glass matrix and annealed in order to create silver nanoparticles
embedded in soda-lime. These experimental results also showed that the size
distribution is not greater than presented previously ie. NPs at 200 µm depth had
̅̅̅̅).
distribution of ~ 6nm +/- 1 nm (~ 0.16 * 2𝑅
From Figure 3-5, which shows the SPR of a spherical MGN used throughout this thesis,
it can be observed that the SPR bandwidth is ~ 80nm, which agrees with
aforementioned results from Berg. Also, applying the experimentally obtained formula,
one can calculate that σ = 0.14 * 35 = 4.9 nm.
As stated earlier, the measured SPR could be interpreted as a superposition of Mie
resonances of various NPs contained within the NP layer. DDA simulation was
performed for NP diameters: 20 – 50nm, and compared with spherical NP measured
experimentally (below).
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Figure 3-7 Experimentally measured SPR for spherical MGN (black) compared with
simulated with DDA for various NP diameter {20, 30, 40, 50}.
The red-shift can be easily observed in the simulated SPR along with their broadening.
While 40 - 50nm diameter simulation matches the longer wavelength range of the
experimental SPR, diameter of 20nm simulation does not match the short wavelength
part of the experimental SPR. This is due the fact that a diameter change in a single
nanoparticle model does not increase the SPR bandwidth significantly, but rather shifts
the SPR position. This model can however be useful to estimate which simulated NP
diameters have their SPR in the centre of the experimental SPR band. Here, 30nm
diameter simulation was the most central, which agreed with previously assumed value
of the mean NP diameter of ~35nm. Also, it can be observed that a range of 25nm –
45nm NPs would be still well within that experimentally measured SPR bandwidth.
Taking that into consideration, along with the formula of σ = 0.28 * ̅̅̅̅
2𝑅 , which for a
mean diameter of 35nm gives range of <25.2nm:44.8nm>, it can be assumed that the
MGN presented in this thesis has that very range of NP diameters. This range becomes
smaller when taking the formula from experimental reference work presented earlier (σ
= 0.14 * ̅̅̅̅
2𝑅 ), which gives <30.1nm:39.9nm>. The SPR bandwidth of between 40-80nm
(stated earlier in this subsection and taken from ref.[152]) for a 35nm diameter NP,
provides a well determined assumption that the nanoparticles used in this thesis are
35nm +/- 4.9nm. It can be assumed that this range can be directly translated to reshaped
nanoparticle size distribution, as each NP will have a different extinction peak value
leading to a different ratio of reshaping. It is fair to state however that this size
distribution is rather tight, and that during the reshaping process, even though there will
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be broadening of the SPR band, peak positions of that bands will be analyzed with
fitting a simulated DDA results to it in order to calculate the elongation ratio and relate
it to the SHG and MAIL slope.

3.5 Laser system
Experiments presented in this thesis are based on using a ps-pulsed laser system for both
laser processing of MGNs as well as optical characterisation. The laser system used for
the aforementioned applications was a Talisker laser manufactured by Coherent. It was
an industrial type of turn-key laser system that could produce short (~5-10 picosecond)
laser pulses at three main wavelengths: 1064nm, 532nm (frequency doubled), and
355nm (frequency tripled). Talisker was a fibre based laser system where the fibre
modelocked laser was used to produce ultra-short pulses that were then amplified in a
regenerative amplifier to produce high energy pulses at high repetition rate. The laser
output was a Gaussian beam of about 1 mm in diameter (at 1/e2). Parameters that could
be varied were: laser repetition rate, pulse energy and harmonic wavelength. The laser
system can be seen in Figure 3-8.

Figure 3-8 Talisker laser system a) rendered image b) system schematics [155]
The laser consisted of three compartments: the harmonic compartment (where the initial
1064 nm wavelength beam was converted to either 532 nm or 355nm), the amplifier
compartment where the initially mode-locked laser pulses were amplified and the
service compartment where all of the non-optical components were placed (i.e.
Interconnection between laser and the power supply, laser chiller, harmonic controller).
The Fiber Array Packages (FAPs) were located in the power supply (producing low
power mode-locked laser pulses at 1064 nm wavelength) from where pulses were
delivered by a fibre optic cable to the amplifier compartment. FAPs produced ~5 ps
pulses at repetition rate of 40 MHz. Once light pulses were injected to the amplifier they
underwent a multipass regenerative amplification. The amplification gain medium was
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selected to provide amplification at 1064 nm. Ejection of amplified pulses was
accomplished by a Pockels cell and polarisation-dependent optical elements. The
system was designed so that the repetition rate of the amplified pulses was set to 200
kHz, but it could have been changed in the later stages by the use of an Acousto-Optical
Modulator (effectively from one shot to 200 kHz). Just before the beam entered the
harmonics compartment it passed through a half-wave plate in order to control its
polarisation state. The harmonic compartment consisted of two Lithium Triborate
crystals (LBO) for producing second- (532 nm) and third-harmonic (355 nm), therefore
three output windows existed for using three laser beams. The maximum average power
for them are ~16 W for 1064 nm, ~8W for 532 nm, and ~4W for 355 nm beam and
M2<1.3.
This laser system was used for laser reshaping of nanoparticles as well as for
luminescence studies and Second-Harmonic-Generation (SHG).
3.5.1

Laser system used for MGN reshaping

Talisker laser system was used for reshaping of nanoparticles. Two types of laser
polarisation states have been used for that purpose, and that required a specially
designed laser processing setup. Such setup was built for the purpose of this thesis
utilizing the aforementioned Talisker laser, galvo scanners, and CPU control. The
experimental setup for elongation of nanoparticles can be seen in Figure 3-9.

Figure 3-9 Laser reshaping setup for elongation of nanoparticles
embedded in soda-lime glass
A 532 nm beam was used for reshaping. The beam was firstly expanded by a variable
beam expander and then aligned with the laser scan head entrance pupil by the custombuilt alignment system. The beam diameter was ~8 mm (at 1/e2) at the scan head
entrance. A 100 mm focal length f-theta focusing lens was used to focus the beam to the
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sample plane resulting in a waist diameter of ~12 µm. The f-Theta lens allowed for a
focusing on a flat plane while maintaining the depth of focus. A λ/2 plate was also
installed in the beam path in order to control the beam polarisation state. MGNs were
put on a 3-axis translation stage below the scan head.
The scan head was manufactured by Nutfield Technology – model XLR8 (seen in
Figure 3-10). The scanning system consisted of two galvanometer scanners: X-Galvo
and Y-Galvo that were computer controlled. This allowed for precise movement of
mirrors that were attached to the galvanometers and which directed the laser beam in the
X and Y axes.

Figure 3-10 XLR8 Scan Head system a) image of the system b) technical drawing
showing galvanometers, laser beam entering the scan head and a f-theta lens [156]
Laser system used for reshaping nanoparticles was also used for processing MGNs with
radially and azimuthally polarised laser beams. For this purpose the setup was rebuilt,
where the λ/2 plate was replaced by an S-wave plate. This was configured so that either
state of polarisation could have been chosen. The adjusted setup can be seen in Figure
3-11. An S-wave plate is a commercially available optical element manufactured by
Altechna. It changes the initially linearly polarised laser beam into radial or azimuthal
(see inset of Figure 3-11). The S-wave plate could have also been used for the creation
of optical vortices but this particular property was not used for further experiments.
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Figure 3-11 Experimental setup used for reshaping of nanoparticles
with the use of either radial or azimuthal polarisation state of the laser
beam.
3.5.2

Laser system used for SHG and luminescence studies

The Talisker laser was also used in measurements of the Second-Harmonic-Generation
(SHG) produced by the elongated MGNs. A separate experimental setup was built for
this purpose and can be seen in Figure 3-12. All of the optical components were chosen
and incorporated into the newly build experimental station in a cage system.

Figure 3-12 Experimental setup used for Second-HarmonicGeneration
A 1064 nm wavelength was used as the fundamental beam, which was produced by a
Talisker laser system. A beam expander was used to expand the beam with two
achromatic doublets of focal lengths of 75 and 100 mm. A 100 mm focal length lens
was used to focus the beam to ~64 µm in diameter. The reflected 1064 nm beam passed
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through a beam splitter and hit the CCD camera that was used for alignment purposes.
The SHG beam was collimated by the 75 mm focal length lens and then focused again
with a 62.9 mm focal length lens into the spectrometer slit, which had a cooled CCD
camera attached (effectively a double monochromator with a CCD attached).
This experimental setup was designed so that it could have also been used for
measurements of SHG in reflection from the MGNs, which can be seen in Figure 3-13
(a beam block was used in order to block the unwanted SHG signal from the
transmission line). Here, the reflected 532 nm beam would be collimated back through
the 100 mm lens and pass through a dichroic mirror. Then it would be focused with the
same 62.9 mm focal length lens on the spectrometer. In both cases (that is transmission
and reflection geometries), spectral filtering mirrors were used (400nm-800nm bandpass mirrors) for blocking the 1064 nm beam. The polarisation state of the fundamental
beam was controlled with the λ/2 plate (also a λ/4 plate was used in some experiments
in order to achieve a circularly polarised laser beam). The fundamental beam (1064nm)
was also filtered with a laser line filter in order to reduce any unwanted light (like SHG
and/or THG internally produced in the harmonics compartment of the Talisker).

Figure 3-13 Schematic of two geometries that were used for
measurements: transmission and reflection
The SHG light was also analyzed with the use of a linear polariser that was placed just
before the 62.9 mm lens. Its polarisation direction was varied in order to detect
polarisation components of the measured beam.

48
A modified version of the above setup was built for luminescence studies of MGNs
where the fundamental beam was 532 nm. Laser line filter at the input was then changed
to the 532 nm filter and a 532 nm notch filter was placed at the output in order to filter
out the fundamental beam. The resulting signal was analyzed in band-pass filtering
mirrors, range 400 and 800 nm.
A separate illumination source was placed above the sample for imaging purposes. The
illuminated image of the MGN’s area was visualized on the CCD camera (used
previously for alignment) - an inverted microscope geometry.
In order to protect the Talisker laser from unwanted reflections from the measurement
system, an optical isolator was present at the output of the laser.
3.5.3

Laser SHG setup used for characterisation of MGN morphology

During the irradiation process, it was important to measure the nanoparticle morphology
in order to realize how the laser reshaping process influences the MGN. In order to
further characterize the irradiated areas, the SHG setup presented in the previous subchapter was adopted and can be seen in Figure 3-14. Its design and built was part of this
thesis, which proved to be extremely useful tool for future characterizations of MGNs.
Here, a 1064 nm wavelength beam was used as fundamental. Incident polarisation was
controlled with a λ/2 plate.

Figure 3-14 Experimental setup used for nonlinear characterisation of
reshaped samples
The beam was expanded with a two lens telescope system (4x) and then focused to the
sample with a spot size of ~20 µm in diameter. A CCD camera aided the sample
alignment. A high-precision translation stage was used in order to scan the sample at
small steps across the excitation laser beam. The signal form the sample was collected
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with a 20x microscope objective (Nikon, NA = 0.5) and then focused with a 62.9 mm
focal length lens on to a spectrometer. This experimental setup allowed for
characterisation of finely irradiated areas in terms of the nanoparticle directionality and
shape. The procedure used for measurements was prepared so that for each step of the
translation stage, signal was acquired for various incident beam polarisations.

3.6 Frequency Resolved Optical Gating (FROG)
Second order nonlinearity of MGNs was used in the Frequency Resolved Optical Gating
(FROG) measuring system where the β Barium Borate (BBO) was replaced with a
reshaped MGN [157], [158]. Measurement of a 50 fs pulse length and phase was
performed. The measurement setup can be seen in Figure 3-15.

Figure 3-15 Frequency Resolved Optical Gating measurement system, where the BBO
was effectively replaced by reshaped MGN. MGN was placed as certaing angle and
orientation to maximise efficiency

The fs-laser beam was passed through a λ/2 plate for polarisation state control, then
separated into two beam paths. One of the optical paths was designed to add a time
delay to the pulse. The MGN was placed in the focal plane of a cylindrical lens
(cylinder was used in order to decrease the overall fluence of the beam on the sample).
The resulting signal was captured with a monochromator and a photomultiplier tube.
These measurements were performed at the STFC Daresbury Laboratory with the
invaluable help of Dr Edward Snedden.
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4 Laser assisted reshaping of metallic
nanoparticles with linearly polarised
picosecond pulses
4.1 Introduction
Chapter 4 will present experimental work that was performed on reshaping MGNs with
picosecond laser pulses with linear polarisation direction.
It was discovered recently that femtosecond (fs) pulsed laser irradiation of Ag spherical
nanoparticles embedded in soda-lime glass lead to formation of dichroic areas [131],
[132], [147], [159], [160]. The origin of the effect was identified as the laser-induced
permanent deformation of nanoparticles from spherical to spheroidal, along the
polarization direction of the laser beam. It was identified that trapping electrons emitted
from a nanoparticle during the reshaping process in the glass matrix was directional and
depended strongly on the laser polarisation state (this effect is described in Chapter 2).
In this chapter the work on picosecond (~10 ps) reshaping will be presented. A linearly
polarised laser beam was used, where the wavelength of the laser light (532 nm) was not
directly aligned with the SPR of nanoparticles (~430 nm). This so-called ‘off-resonant’
reshaping is presented here. Various optical parameters are investigated in order to
show more insight into the reshaping process - laser fluence, laser repetition rate,
number of pulses fired per spot. Irradiation under an angle is also investigated for the
purpose of identification of the exact shape of the nanostructures produced. Optimal
parameters for reshaping with a picosecond laser beam are shown as a result.

4.2 Laser reshaping parameters
Laser irradiation of MGN samples has been performed while varying laser processing
parameters. Laser fluence is one of the most important ones, and describes the amount
of energy deposited at the surface of the sample per pulse. It can be defined as:
𝐹=

𝐸𝑝
∅

4-1
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where 𝐸𝑝 is the energy per laser pulse and ∅ is the beam spot area. Focusing ability of
the beam was an important factor (laser pulse energy delivered could then be varied)
which depended on the beam wavelength (directly proportional to the theoretically
achievable diffraction limited spot). As described in chapter 3, a 100 mm focal length
theta-lens was used in order to focus the beam to ~ 12 µm in beam diameter (measured
at 1/e2). The spot diameter related to the beam waist as in Figure 4-1,

Figure 4-1 Beam propagation after focusing by a lens of focal length f. Collimated
beam input is assumed.
where f was the lens focal length, 𝑦0 was radius of the beam entering the focusing
system, the beam waist was 𝑤0 (minimum value of w(z), located at z=0), 𝑧0 was the
Rayleigh range that could be described with:
𝑧0 =

𝜋𝑤02
𝑀2 𝜆

4-2

Beam radius along the beam propagation direction (z-axis) could be described by:
2

𝜆𝑧
𝑤(𝑧) = 𝑤0 √1 + ( 2 )
𝜋𝑤0

4-3

Equation 4-3 calculates a theoretical value of a beam diameter at a given point in z
direction. In order to obtain a realistic value, the M2 of the laser system needs to be
taken into account:
2

𝜆𝑧𝑀2
√
𝑤(𝑧) = 𝑤0𝑟𝑒𝑎𝑙 1 + ( 2 )
𝜋𝑤0𝑟𝑒𝑎𝑙

The beam waist for such focusing system can be calculated using:

4-4
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𝑤0 =

𝜆𝑓𝑀2
𝜋𝑦0

4-5

where M2<1.3 for the Talisker laser system. Given all the parameters described in
chapter 3 the beam diameter for the reshaping system would be 11 µm (the measured
value was however 12µm, as stated in Chapter 3). The depth of focus (DOF) is a
parameter describing the distance over which the beam waist increases by √2 (twice the
Rayleigh range). By implementing 4-2 we get:
𝐷𝑜𝐹 ≅ 280 𝜇𝑚

4-6

It has to be taken into account that the DOF might be even longer as the beam will be
propagating through the glass near focus. Therefore it could be assumed that the
distance for which the laser fluence was high enough to influence samples (either
modify or destroy, depending on the pulse energy used) was ~280 µm and it was much
bigger than the thickness of layer of nanoparticles present in the sample (~20 µm).
It is important for this type of laser processing to find the appropriate value of laser
fluence during irradiation. Here, it was found experimentally.
Two main types of laser fluence thresholds exist: material (glass) ablation threshold and
nanoparticle modification threshold. For the purpose of shape modification of silver
nanoparticles the laser fluence was adjusted so that the modification threshold was
reached, but was significantly lower than the glass ablation threshold (where the glass
matrix would have been ablated by the laser beam). The modification threshold is
illustrated in Figure 4-2.

Figure 4-2 Intensity distribution of a laser spot. Modification intensity coloured in
orange. Arbitrary units are used.

53
It can be concluded from the figure above that the effective beam diameter on sample
changes when the ‘tip’ of the Gaussian intensity distribution is used for modification of
nanoparticles. Figure 4-3 shows irradiation of MGN with a single pulse per spot. Each
pulse energy was ~0.1 µJ. Diameter of the effective modified area was measured and
was ~9µm.

Figure 4-3 Microscope images of one pulse per spot irradiation of MGN.

4.3 Modification threshold
The laser modification threshold was found experimentally for the purpose of laserinduced shape change of nanoparticles. It was important to determine a threshold
fluence for which the MGN changes its SPR position, so that appropriate value could be
used for further experiments. Figure 4-4 (a) shows a microscope image of an area
irradiated with different laser pulse energies: from 0.02 µJ to 0.08 µJ.
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Figure 4-4 Single shot irradiation of MGN with varying laser pulse energies (0.02 µJ –
0.08 µJ). The yellow area in (a) is shown as a surface profile in (c). (b) is a cross
sectional profile of (b) – yello dash line [161].
Laser repetition rate (ν) was set to 200 kHz and number of pulses per spot (N) to 1,
𝑁=

2𝑤0 ∗ 𝜈
𝑉

4-7

where V is the scan speed. Single spot irradiation was necessary in order to show the
required laser energy flux required to perform the reshaping. Laser fluences
corresponding to chosen parameters were ~20

𝑚𝐽⁄
𝑚𝐽⁄
𝑐𝑚2 to ~70
𝑐𝑚2 . The yellow

area (a) in Figure 4-4 indicates where the least visible modification occurred (0.03 µJ)
by grey scale analysis of irradiated lines- hence the laser modification threshold was
established to be~20

𝑚𝐽⁄
𝑐𝑚2 .

It was also important to establish the range of laser pulse energies that could be used for
effective MGN shape modification. Higher fluence level threshold was also observed
which caused the nanoparticle destruction. An experiment was performed in order to
find the safe range of energies. A set of lines was irradiated with ~ 1 pulse per spot and
with no overlapping between lines. Pulse energies were varied. Figure 4-5 presents the
microscope image of irradiated areas illuminated from the back of the sample with
unpolarised light.
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Figure 4-5 Microscope image of squares irradiated with various pulse energies.
Squares are segregated in five groups- a), b), c), d) and e) for simplicity. Pulse
energies used were (in µJ): a) 1-0.16, 2-0.26, 3-0.31, 4-0.39 b) 1-0.47, 2-0.55, 3-0.63,
4- 0.71, c) 1-0.79, 2-0.86. 3-0.94, 4-1.02, d) 1-1.10, 2-1.18, 3-1.26, 4-1.34, e) 1-1.41,
2-1.49, 3-1.57, 4-1.65.
It can be seen in the figure that a definite change in colour appears between groups a)
and b), c), d), e). This was due to the destruction of the sample when the interaction
with the laser beam occurred. Red levels (0 to 255) of presented images were analysed
in order to determine the nanoparticle destruction threshold. Red levels increased from
~177 (0.16 µJ), to ~198 (0.71µJ) after which they decreased to ~155 (1.65µJ). A local
minimum of 170 was present at (a)-4 (0.39µJ) after a small decrease from 178 (a)-2
(0.26µJ), which could be interpreted as a start of nanoparticle destruction. Figure 4-6
shows the same squares irradiated as in the previous figure, but illuminated from the
front of the sample. It can be seen that not only areas b), c), d), e) were showing
degradation but also the spot size of the laser on the sample increased (an effect
described earlier). Degradation can be defined here as an area where the laser spot
created a darker brown surface on the nanoparticle, followed by brighter grey in the
centre- this correlates with red levels analysis from the previous figure.
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Figure 4-6 Zoomed in microscope images of areas shown on Figure 4-5. Front
illumination.
It is shown in Figure 4-6 a) that the degradation of the sample by laser irradiation occurs
in areas 3a and 4a. Magnified image showed that only 1a) and 2a) areas are degradationfree, which were irradiated with 0.16 µJ and 0.24 µJ. It was therefore assumed that for
single spot irradiations laser energies between 0.02 µJ and 0.24 µJ could be used for
non-destructive laser modification.
It is important to state that the modification of silver nanoparticles can occur in either a
single pulse irradiation regime (as shown in Figure 4-4 - Figure 4-6) or in a multipulse
regime. Femtosecond irradiations had shown that by increasing laser irradiation
intensity in a single pulse per spot regime a splitting of SPR band was observable and
the nanoparticles were eventually becoming oblate spheroids [123], [131], [138], [162].
The multipulse irradiation however, whilst allowing for lower laser powers, provided a
method of shape change into prolate spheroids with much higher degree of SPR
splitting [163]. For the purpose of this thesis a multipulse regime will be used in order
to achieve effective reshaping into prolate spheroids with picosecond pulses. Having
already established the range of pulse energies that can be used for single spot
irradiation, another set of areas were irradiated with different number of pulses per spot
(1, 10, 100 and 1000) and with two different pulse energies (0.24 µJ as this value shown
to be the destruction threshold, and 0.05 µJ as this value was known to be destruction
free and close to the modification threshold). Figure 4-7 shows the resulting irradiations.
It can be observed that area a) experienced degradation for higher number of pulses per
spot whereas area b) did not.
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Figure 4-7 Microscope image showing two sets of irradiated areas a)- irradiated
with 0.24 µJ and b)- irradiated with 0.05 µJ. Number of pulses per spot change
from 1 to 4 as 1, 10, 100, 1000.
The colour change from yellow through dark brown is the effect of separation of the
SPR (this effect will be described later in this chapter). Parametrization of this effect
through image colour processing would be recommended in the future. Here however a
simple descriptive observation will suffice followed by spectral analysis in the next
parts of this chapter (simple red levels will not describe the effect properly).
For further investigation, magnified images were produced - Figure 4-8. It was shown
that no degradation was present for lower pulse energies for this range of number of
pulses per spot (degradation defined as previously). Higher pulse energies however
showed areas in the middle of the irradiation line where degradation of sample occurred
(3a). Increase of number of pulses per spot lowered the degradation threshold and an
optimum laser modification fluence parameter.
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Figure 4-8 Magnified microscope images of areas irradiated in Figure 4-7. Front
illumination.
An additional experiment was performed to show optimal laser reshaping parameters.
Single lines were irradiated with 1000 pulses per spot and variable pulse energy.
Figure 4-9 shows irradiation of MGN with pulse energies much higher than the
established single pulse modification threshold (which were between 90 nJ and 140 nJ:
𝑚𝐽⁄
𝑚𝐽⁄
𝑐𝑚2 and 124
𝑐𝑚2 respectively).
𝑚𝐽⁄
At around 106
𝑐𝑚2 the line centre began to show a silver colour area which from
80

now on will be referred to as ‘silvering’ and be described in more detail later in this
chapter. For reshaping purposes it is an unwanted effect therefore the laser pulse energy
was established for further irradiations at 0.1 µJ (88

𝑚𝐽⁄
𝑐𝑚2 ) giving no silvering and

effective nanoparticles shape modification at the same time.
Figure 4-9 shows also the thickness of each line that is irradiated on the sample.
Multipulse irradiation moves the modification threshold of the MGN close to the
focussed Gaussian waist, therefore the measured line thickenss was considered as the
beam spot size at the sample. The beam spot on the sample was measured to be ~12 µm
in diameter.
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Figure 4-9 Lines irradiated from left to write with 1000 pulses per spot and with
increasing laser pulse energy

4.4 Reshaping technique
Additional reshaping parameters needed to be taken into account when a homogeneous
area on a glass substrate had to be irradiated. For further characterisation of irradiated
areas, squares of 3 x 3 mm were produced. The laser scanning method had to be
established. Figure 4-10 presents different ways that an area could have been irradiated
along with benefits and drawbacks of each method (resulting from the galvo scanner
itself). Each area was irradiated with a laser writing speed equivalent to the one needed
for 1 pulse per spot irradiation. It was observed that for such parameters certain defects
existed i.e. rounding edges in method 3 or uneven edges in method 1 and 4. Method 2
was therefore used for the rest of the irradiations as proven to give the best result. In that
method (as seen in Figure 4-10) each laser line was irradiated in the same direction and
with the same starting and ending positions. The distance between lines was chosen so
that no overlapping existed. This distance (the hatch distance) was chosen appropriately
to the diameter of the laser spot on the glass.
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Figure 4-10 Direct laser writing methods for achieving homogeneous areas of
reshaped nanoparticles (1 – 4)
The chosen method of writing was also important in terms of the intrinsic directionality
of the laser beam. It had to be established that the “quill” effect was not present for
irradiations of MGNs as it occurred in femtosecond irradiation of glass not containing
metallic nanoparticles [164] (establishing the directionality of irradiations was of
paramount importance for irradiations with laser polarisation directions other than
linear- chapter 6).
First, a single line was irradiated with linear polarisation. Left-to-right direction was
chosen and a vertical polarisation direction of the laser beam. It was then characterised
with a simplified setup shown in Figure 4-11. The observation was performed by
illuminating the sample with a daylight and placing a linear polariser between the
sample and the observer. Depending on the polarisation direction of the polariser, two
distinct colour changes were observed- blue (a) and red (b). They corresponded to the
polariser direction parallel (a) and perpendicular (b) to the laser polarisation direction
during irradiation. This effect could be described as dichroic and is an intrinsic
characteristic of short pulsed irradiation of these types of MGNs [131]. The observation
in Figure 4-11 can be divided into three stages: I- Unpolarised light is input on the
MGN, II- the MGN extincts the light spectrum selectively depending on the
nanoparticle orientation, III- the selectively extinct spectrum can be observed by passing
only the desired polarisation to the observer.
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Figure 4-11 Simplified observation setup for a reshaped MGN with a vertical (a) and
horizontal (b) polariser direction. Resulting MGN images below: (a) blue, (b) red. Red
arrow indicates the laser irradiation polarisation direction, white arrow the left-to-right
line irradiation.
Secondly, single lines were irradiated with four different laser polarisation directions:
horizontal, vertical, +45o, -45o; and with two different writing directions: left-to-right
and right-to-left. A schematic representation of this technique can be seen in Figure
4-12. This resulted in eight single lines that were characterised using the optical
microscope. A crossed-polariser setup was incorporated to the optical microscope in
order to see all of the polarisation components of the irradiated areas. Also, the ‘quill’
effect would have been observed if present, in the orthogonally set crossed polarisations
due to birefringence effect in irradiated lines.

Figure 4-12 Technique used for single line irradiation. Black solid arrows indicate
the polarisation state of the laser beam. Upper line was first irradiated from left-toright then the laser beam moved below and irradiated the line from right-to-left.
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Figure 4-13-L and –R show optical microscope images taken for lines irradiated with
the aforementioned technique. These images are illuminated with linearly polarized
light from the back of the sample- Figure 4-13-L with horizontally polarised light and
Figure 4-13-R with vertically polarised light. White arrows represent the direction of
irradiation (left-to-right or right-to-left). Green arrows indicate the polarisation state of
the laser beam during irradiation. Figures are divided into four rows (a to d), (e to h), (i
to l), and (m to p); and four columns (a to m), (b to n), (c to o), and (d to p). Each row
shows images of lines with a polariser placed between the sample and the observer+45o polarisation direction for (a to d), -45o for (e to h), no polariser (i to l), and 0o for
(m to p) (90o for (m to p) for Figure 4-13 R respectively). These are marked as red
arrows.
It is also important to notice (especially in the third row which has no polariser between
the sample and the viewer) how colours of irradiated areas change (modified area colour
will be shown later as a one of the main indicators on the shape change and ellipsoids
orientation). In this illumination, Figure 4-13-L (i) shows a red line colour that changed
after irradiations from ‘spherical’ yellow.
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Figure 4-13 Left (L): Lines irradiated with variable linear polarisation and from left-toright and right-to-left. Polarised illumination from the bottom- horizontal.
Right (R): Lines irradiated with variable linear polarisation and from left-to-right and
right-to-left. Polarised illumination from the bottom- vertical
Figure 4-13-L (j) shows a blue line and Figure 4-13-L (k) and (l) show a mixture of
these two colours. An explanation of this effect can be seen in Figure 4-14 -16.
Figure 4-14 describes the mentioned red colour effect, showing an s-polarised spectrum
measured for irradiated MGN (where the polarisation of illumination light is
perpendicular to the long axis of the nanoparticle).
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Figure 4-14 P-polarised extinction spectrum of Ag nanoparticle embedded in sodalime glass. Incoming light polarisation travels in the z direction and is polarised
along y direction. Spectrum in red – spherical nanoparticle, in black: s-polarised
ellipsoid
Figure 4-15 shows the blue colour effect – p-polarised extinction spectrum of irradiated
MGN (where the polarisation of illumination light is parallel to the long axis of the
nanoparticle).

Figure 4-15 S-polarised extinction spectrum of Ag nanoparticle embedded
in soda-lime glass. Incoming light polarisation travels in the z direction and
is polarised along x direction. Spectrum in red – spherical nanoparticle, in
black: p-polarised ellipsoid
As mentioned before, the mixture of colours is achieved for nanoparticles long axis
being set +/- 45o to the illumination polarisation direction. This effect is shown in
Figure 4-16. According to the findings, both p- and s- polarisation modes of plasmons
are being excited by light in presented configuration (as being the resultants of the
polarisation direction vector).

65

Figure 4-16 P and S-polarised extinction spectrum of Ag nanoparticle embedded
in soda-lime glass. Incoming light polarisation travels in the z direction and is
polarised along y direction. Spectrum in green – spherical nanoparticle, in black:
s-polarised ellipsoid, in red: p-polarised ellipsoid
This effect can be proved by adding additional polariser to the microscope systembetween the sample and the viewer. In this case, if the illuminating polarisation would
be horizontal and the nanoparticle would be positioned with its long axis +45o to the
right, then according to what was previously stated, a mixture of s- and p- polarisation
would be visible- excitation of plasmon modes along the +45o and -45o. When the
additional polariser was added between the sample and the viewer, each of these
polarisations could be cut-off. This is exactly shown in Figure 4-13-L (d). The colour of
that line has changed from mixed as in Figure 4-13-L (l) to blue. That shows that the spolarisation has been cut-off leaving only p-polarisation visible. Similarly, Figure 4-13L (c) is red because of the nanoparticles positioned orthogonally (therefore showing
only s-polarisation). Figure 4-13-L (g) and (h) show opposite spectra as the polariser is
set orthogonally to the previous position. Different effect is of course present for the
situation of nanoparticles illuminated with light polarised along their long or short axis.
Figure 4-13-L (i) and (j) show s- and p- polarisations (respectively). By adding
additional polariser with its direction of polarisation of +/- 45o, the occurring effect is
the intensity change in the spectrum (attenuation). In this sense, it is clear that for this
situation either p- or s-polarisation can be present and in the previous situation both of
them. Figure 4-13-R shows the same lines but illuminated with vertical (instead of
horizontal) polarisation therefore all of the mentioned effects are in opposition but
showing exactly the same principles.
The last row from both Figure 4-13-L and Figure 4-13-R show the crossed-polarisation
setup. For that configuration (m) and (n) show nearly completely attenuated spectra of

66
irradiated lines (either s- or p-polarisations). On the other hand, (o) and (p) shows very
bright lines. That is caused by the fact that even though the light polarisation and the
polariser directions are set orthogonally, the p- and s- polarisations of the nanoparticle
are rotated in this case by +/- 45o therefore the light is being passed to the observer.
In order to visualise the macro effect of the irradiation directionality, entire squares of
3x3 mm were produced with the hatching method shown Figure 4-10. Only the
direction of irradiation and laser polarisations were varied (similarly to the experiment
involving irradiation of single lines). Figure 4-17 shows the exact technique used for
irradiations.

Figure 4-17 3x3 mm areas irradiated on the MGN. Directionality of laser writing was
changed (green arrow): up-to-down in the first row (1, 5, 9, 13), down-to-up in the
second (2, 6, 10, 14), left-to-right (3, 7, 11, 15) and right-to-left (4, 8, 12, 16).
Hatching direction (black arrow) was either left-to-right (row 1 and 2) or down-to-up
(row 3 and 4). Laser beam polarisation directions are indicated with blue arrows.
Pulse energy was chosen to be 0.1 µJ and 1000 pulses per spot were fired at 200 kHz
repetition rate (highest repetition rate was set in order to achieve 1000 pulses per spot
with the appropriate scan speed that was the main limitation). The change of spectrum
of each square was to be measured as a function of different irradiation technique.
Microscope images were made in crossed polarisation setup (as it was made for single
lines). Figure 4-18 shows results for two out of 16 squares, 1st and 9th where the angle of
crossed polarisers direction changed from horizontal/vertical to -45o/+45o.
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Figure 4-18 Microscope images of square 1 and 9 under a crossed polarizers
setup. Images a) and b) show the 1st square (irradiated with horizontal
polarisation) and c) and d) the 9th square (irradiated with -45o polarisation). a), c)
show polarizers in a horizontal/vertical configuration and b), d) in -45o/+45o.
Optical effects that can be seen in the figure are similar to what was shown previously
for single lines- crossed polarisers aligned with the short or long axis of nanoparticles
show no image, but polarisers rotated +/- 45o show bright image, due to the fact that the
light passing through the first polariser excites two SPR modes of the nanoparticle while
the second polariser only attenuates them slightly showing bright areas.
Other squares behaved in the same manner as the previously presented lines. It
confirmed that the irradiation of macro structures to be the same as the one established
for single line irradiations.
Spectra were also produced with the use of a spectrophotometer. A linear polariser was
attached in order to control the input polarisation direction of light on the sample, so
that p- or s-polarisation could have been chosen. Figure 4-19 shows s- polarised spectra
of squares irradiated as in Figure 4-17.
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Figure 4-19 S-polarisation for a) up-to-down laser writing, b) down-to-up, c) leftto-right, and d) right-to-left. Spectra 1,2,3,4 show horizontal laser polarisation,
5,6,7,8 vertical, 9,10,11,12 -45o and 13,14,15,16 +45o.
No noticeable change between each sample is evident. A strong SPR near 430 nm can
be seen, which is the remnant of the SPR produced from spherical nanoparticles that
were left unmodified by the laser beam. The reason for it could be the laser beam being
attenuated in the volume of the glass and also by the first sub-layer of nanoparticles,
leaving some of nanoclusters unmodified due to the lack of laser power. The
nonresonant laser wavelength was used (532 nm) which may have caused reshaping of
not all of the nanoparticles in the glass volume.
Figure 4-20 shows p-polarised spectra of the irradiated nanoparticles with the writing
method explained in Figure 4-17. A clear ‘red-shifted’ peak is visible at about 630 nm,
which was created by the long axis mode of reshaped nanoparticles being excited by the
incoming light.
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Figure 4-20 P-polarisation for a) up-to-down laser writing, b) down-to-up, c) leftto-right, and d) right-to-left. Spectra 1,2,3,4 show horizontal laser polarisation,
5,6,7,8 vertical, 9,10,11,12 -45o and 13,14,15,16 +45o.
A term ‘separation gap distance’ needs to be defined as the distance between the red
peak of the p-polarised SPR and the blue peak of the s-polarised SPR band. The
separation gap distance is of paramount importance when estimating the nanoparticle
aspect ratio. It was shown before that instead of a clear blue-shifted SPR, a remnant of
spherical band was present and was dominant over the blue-shifted band. Separation
gap distance, therefore was the distance between the red shifted peak and the remnant of
the SPR (unless a blue peak is present for certain parameters of laser irradiation). The
separation gap distance for these irradiations is ~ 200 nm. It can be also seen on Figure
4-20 a) and b) that the squares 5 and 6 show the most intense red shifted peak, while
squares 1 and 2 show much lower intensities. It could be due to the nanoparticle size
distribution uncertainty (given in the previous chapter), and local defects in the supplied
sample. The directionality was shown in the previous experiments to play a non-existing
role in the reshaping process.
Additionally, four squares were irradiated to further determine the directionality
of the process. Squares 2, 3 and 6, 7 from Figure 4-17 were compared with squares
irradiated with same writing direction but with a different irradiation direction (up-todown/down-to-up). Spectra were taken and are shown in Figure 4-21. No spectral
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change with regards to this directionality was observed and therefore directionality has
no influence on the reshaping process.

Figure 4-21 P-polarised spectra of squares irradiated with different hatching
directions (insets of figures show the hatching method and direction). Black
arrows indicate the polarisation direction of the laser beam during irradiation with
respect to the geometry presented in the inset.
Effect of annealing after each irradiation was found to be presented. The sample has
been put into the oven for and annealed at 200o C for 1 hour, to remove colour centres
and other defects in glass that could influence the quality of the optical measurement.
The after irradiation heat treatment and its implications on the optical properties of
MGNs was well documented elsewhere [138]. The temperatures used for the postirradiation treatment used here are much smaller than the temperature required to
dissolve nanoparticles. The only aim was to remove colour centres from the vicinity of
nanoparticle.
Small changes were seen in optical spectra after the treatment as seen in Figure 4-22. It
was observed in a)- s-polarisation, that no changes occurred which could be due to the
fact that the remnant SPR was dominant. Figure 4-22 b) on the other hand shows ppolarised spectrum for which the red shifted band could be seen to drop in extinction
intensity after the oven treatment, due to the destruction of aforementioned defects.
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Figure 4-22 Optical spectra of irradiated MGNs before and after the postirradiation annealing in 200o C. a) is the s-polarised spectrum and b) the ppolarised spectrum. Green line shows the unmodified spherical nanoparticles
MGN spectrum
Colour centres formation is a mechanism that is involved in the process of reshaping of
nanoparticles, due to the stimulated multiphoton ionisation in the host glass matrix.
These centres are also one of the main reasons a nanoparticle can be reshaped with an
off-resonant wavelength, as they create a shorter band gap between Fermi level of the
free electron in metal inclusion and the conduction band of the glass matrix (Chapter 2).
Trapped electron and hole colour centres are responsible for the induced absorption in
the sample. No change in spectrum occurred after annealing (with the same parameters)
of spherical nanoparticles sample as seen in Figure 4-23, which is in agreement with the
theory presented.

Figure 4-23 Spherical nanoparticles spectrum. Black line represents spectrum
before annealing and the pink line after annealing.
Concluding, even though experiments have been shown to produce colour centres in
silicate glasses for femtosecond pulse irradiation [165], no significant optical effect was
shown for picosecond irradiation (which does not prove that colour centres are not
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created, as they are). The reason for that was the intensity of the irradiation differenceGW/cm2, in contrast to TW/cm2, that was much smaller and added little to the ionisation
and trapping of charges in glass.
Also, the irradiation technique was an important factor when planning the experiment.
The hatching method had no additional effect on reshaping- for the non-overlapping
lines. The experiment itself was a very important technique for reshaping
characterisation with the laser beam polarisation different than linear. For radially and
azimuthally polarised beams, experiments will be shown in the chapter 6.
It was established that in order to be in the optimal range of reshaping of the
nanoparticle, laser fluence could not be higher than 212 mJ/cm2 (0.24 µJ pulse energy)
for single pulse irradiation due to the degradation of the MGN and not higher than 88
mJ/cm2 (0.10 µJ pulse energy) for multi pulse irradiation due to the silvering effect. The
lowest pulse energy that produced visible changes to the sample (the modification
threshold) was established to be 20 mJ/cm2 (0.02 µJ pulse energy).
For experiments shown in this chapter, a 1000 pulses per spot parameter has been used.
Also, pulses at 200 kHz of laser repetition rate have been fired as the maximum
limitation of what the galvo scanner could deliver at the time of experiment and the
highest number of pulses per spot was desired. It was however important to establish
reshaping parameters for irradiations below these values of parameters (number of
pulses per spot and the laser repetition rate) in order to understand the elongation
process and its limits for the picosecond laser irradiations.

4.5 Laser reshaping parameters
The ability of nanoparticles change their shape upon picosecond pulsed laser irradiation
was proved in a number of experiments. Parameters such as the number of pulses per
spot (change the irradiation density), laser repetition rate and laser fluence were
investigated. As a result, a dichroic effect was observable and is shown in Figure 4-24
as a result of illumination with linear polarisation.
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Figure 4-24 Logotype (16 mm x 20 mm) produced by ps pulsed laser assisted
reshaping of a piece of MGN at 532 nm. The sample is shown for a) vertically and
b) horizontally polarised illumination (indicated by the white arrows). Red arrow
indicates the laser irradiation polarisation direction
The ‘University of Dundee’ logotype was irradiated with 1000 pulses per spot, 200 kHz
laser repetition rate and laser wavelength of 532 nm. The irradiated areas had two
distinct colours: red/brown and blue/green. The effect of colour change was presented
before and showed the same changes in micro level (single line) as in here (macro – 16
x 20 mm). Splitting of the SPR was observed which was caused by selective extinction
of polarised light penetrating the sample. The elongation direction of nanoparticles took
place along the direction of the polarisation of the laser beam (red arrow). Also, these
irradiated areas and the observed dichroism were homogeneous (island-free).
Figure 4-25 a) presents spectra of p- and s- polarisations of irradiated areas of
nanoparticles reshaped with the same parameters as the logotype in Figure 4-24.
Spherical nanoparticle MGN was irradiated in 3x3 mm squares. 1000 pulses per spot
were fired and 200 kHz repetition rate was used at 532 nm. Clear separation of the SPR
band can be seen. Figure 4-25 b) presents the effect of irradiation of the MGN with
varying laser pulse energies (and fluences). Laser pulse energy was varied between
0.025 µJ and 0.10 µJ (22 mJ/cm2 – 88 mJ/cm2). The employed laser intensities were:
2.21 GW/cm2, 2.65 GW/cm2, 3.54 GW/cm2, 6.19 GW/cm2 and 8.84 GW/cm2.
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Figure 4-25 Extinction spectra as a function of wavelength. a) 1000 pulses per spot,
200 kHz repetition rate and ~80 mJ/cm2 was used. P- and s- polarisations are shown
b) 1000 pulses per spot, 200 kHz and varied laser fluence was used. P- polarisation is
shown. Black solid line shows spectra of spherical MGN.
As can be seen in Figure 4-25, the SPR band (especially pronounced for the p- polarised
light) experienced a shift towards the longer wavelengths and also exhibited higher
extinctions as the fluence was increased. Peaks of the red shifted bands were formed at
(lowest fluence to the highest): 590 nm, 596 nm, 607 nm, 639 nm, and 660 nm.
Furthermore, it can be concluded that as the laser fluence increased more nanoparticles
were uniformly reshaped. This exhibited itself as an increase in the peak of the
extinction band.
Further experiments were performed in order to determine the evolution of the red
shifted SPR band for laser repetition rates and number of pulses per spot change. It was
shown earlier in this chapter that the maximum number of pulses per spot parameter
was achieved with 200 kHz laser repetition rate and the highest laser scan head speed.
This correlated to 1000 pulses per spot. Squares of 3x3 mm were irradiated with 0.10 µJ
laser pulse energy and either 200 kHz repetition rate with varying number of pulses per
spot- 100, 200, 300, 400, 500, 600, 700, 800, 900 and 1000 (as in Figure 4-28 a), or
with 1000 pulses per spot and varying laser repetition rate- 20 kHz, 30 kHz, 60 kHz,
100 kHz, 150 kHz, 200 kHz. Figure 4-26 presents spectra measured for samples
irradiated with varying number of pulses per spot.
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Figure 4-26 Extinction spectra as a function of wavelength for MGN irradiated
with varying number of pulses per spot (0.10 µJ/cm2 and 200 kHz repetition rate),
a) is the s-polarised spectrum, b) is the p-polarised spectrum.
Only 100, 300, 600, 1000 (and spherical) pulses per spot are presented for clarity. It can
be seen in Figure 4-26 a) that the s-polarised spectra did not differ significantly when
number of pulses varied, but it has to be noted that the ~430 nm SPR peak showed both
the blue shifted band and the spherical remnant decreased in extinction intensity for
1000 pulses per spot. Because of the limitations of the spectrophotometer, only values
of extinction of up to ~10 could be measured but it was assumed that that SPR peak
decreased gradually with the increasing number of pulses per spot. It means that the
more pulses were shot on the sample the more spherical nanoparticles were reshaped.
Figure 4-26 b) shows p-polarised spectra. It can be seen that the increase of number of
pulses per spot had the effect of shifting the band to the longer wavelength. It can be
observed that the red shifted extinction peak intensity increased to value of ~4, which
could mean that the increase of number of pulses per spot not only increased the red
shift (which correlated to the length of long axis of ellipsoidal nanoparticles), but also
the overall amount of nanoparticles that were reshaped with the laser.
Figure 4-27 shows spectra measured for squares irradiated with varying laser repetition
rate (while keeping 1000 pulses per spot constant). Figure shows only 60 kHz, 100 kHz,
150 kHz and 200 kHz (and spherical) for clarity. Similar effects to the previous
experiment could be observed for varying laser repetition rate: decrease of the ~430 nm
extinction intensity peak, shift of the p-polarised band towards the longer wavelengths
and the increase of the extinction intensity of this band with the increase of the laser
repetition rate.
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Figure 4-27 Extinction spectra as a function of wavelength for MGN irradiated
with varying laser repetition rate (0.10 µJ/cm2 and 1000 pulses per spot), a) is the
s-polarised spectrum, b) is the p-polarised spectrum.
The separation distance as a rate of the nanoparticle elongation was calculated and
presented in Figure 4-28. These observations are in agreement with the temperature
model presented for pulsed laser modification in chapter 2 and in [130]. According to
the model, each pulse during irradiation, accumulates the effect of elongation by heating
up the nanoparticle (Two Temperature Model – Chapter 2) and then spreading its heat
to the glass matrix by heat diffusion.

Figure 4-28 a) Surface Plasmon Resonance band separation distance as a function of
number of pulses per spot. Irradiation was performed for 88 mJ/cm2 (0.10 µJ for
each laser pulse) and a 200 kHz laser repetition rate b) Surface Plasmon Resonance
band separation distance as a function of laser repetition rate. Irradiation was
performed with 88 mJ/cm2 (0.10 µJ for each laser pulse) and 1000 pulses per spot.
The overall effect of reshaping increased for each pulse because the system relaxed to a
slightly higher temperature than it had before. Approaching high temperature resulted in
dissolution of the nanoparticles in the glass matrix due to the increase mobility of the
emitted silver ions and their diffusion into the glass matrix during the irradiation.

77
Therefore high repetition rates or firing large number of pulses per spot could lead to
undesirable effects.
Here, the maximum achieved SPR gap is about 240 nm. At this value the temperature in
the close vicinity of the nanoparticles is approaching its maximum value for silver ions
coupling with the electrons on the poles of the nanoparticles. Higher temperature would
lead to diffusion of silver ions further away from the original silver lattice and electrons,
leading to the dissolution of the nanoparticles into the glass matrix.
Figure 4-29 shows images of MGN sample irradiated with varying number of pulses per
spot. Resulting dichroic effect can be clearly observed for varying irradiation
parameters.

Figure 4-29 Images of 5x5 mm squares irradiated at 0.11 µJ pulse energy at 200
kHz. Number of pulses per spot in the irradiation areas on the left hand side are
(from left to right): 500, 300, 100, 200 (top row) and 400, 200, 100, 100 (bottom
row). The right hand side image shows the same as the one on the left but flipped 90o
clockwise. Black arrow represents the polarisation direction of light that is
penetrating samples from the back (perpendicular to the paper). Red arrows
represent the polarisation direction of the laser beam for irradiation of the areas
grouped within the red dash-lines. The green arrow represents the polarisation
direction of the laser beam for irradiation of the areas grouped writing the green
dash-lines.
For 150 fs- laser irradiation at 400 nm the dissolution was reported to occur for the laser
operating at just below 100 kHz repetition rate and the modification threshold was
reported to be ~0.2 TW/cm2 (~ 30 mJ/cm2) [131]. These values are close to values
obtained in this thesis. Picosecond laser modification threshold of ~20 mJ/cm2 was
observed. It is worth stressing the fact that the irradiation wavelength was spectrally far
from the SPR peak absorption. For the picosecond pulsed laser irradiation at 532 nm
most of the experiments have been performed using a laser intensity of ~9GW/cm2 (~88
mJ/cm2). The fact that pulses of ~10 ps duration can produce dichroism in MGNs
similar to femtosecond pulses confirms the theory about the characteristic time scale of
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the process of particle deformation [130], [131], [166] and that the emitted electrons
during the process are penetrating and settling down in the matrix within 10-20 ps.

4.5.1

Silvering

It was shown earlier in this chapter that a silvering effect appeared on the irradiated
areas for multipulse and high-energy irradiation. When irradiating a MGN with 200 kHz
laser repetition rate, ~1000 pulses per spot and energies higher than ~0.12 µJ the
silvering effect started to be more pronounced in the middle of each irradiated line. This
paragraph will show this peculiar MGN behaviour.
Firstly, 3x3 mm squares were irradiated with 200 kHz repetition rate, 0.18 µJ pulse
energy (~160 mJ/cm2 of laser fluence, ~16 GW/cm2 of laser intensity). Number of
pulses per spot were varied between 100 and 1000 in order to observe changes to the
SPR and compare it with the reshaping that was established earlier. Pulse energy was
chosen far above silvering threshold in order to achieve full modification width of each
line. Laser raster scan was utilized similarly as before.
Secondly, samples were photographed and can be seen in Figure 4-30 under the
illumination from the back with a linearly polarised white light. The dichroic effect was
visible between the p- and s- polarisations.

Figure 4-30 Squares irradiated with higher pulse energy and with different number of
pulses per spot : 100, 200, 300, 400, 500, 600, 800 on the left hand side- a), b), 700,
900, 1000 on the right hand side- c), d). Blue arrows indicate the polarisation
direction of light penetrating through the sample. Samples were irradiated with
vertical laser polarisation. 900L represents a square for which the focus of the beam
was swept vertically.
Figure 4-30 c) shows a ‘900L’ square. This particular area was irradiated with laser
beam slightly out of focus. Sample was then translated in the Z axis during the laser
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raster scan resulting in a swipe along the beam propagation. The horizontal line in the
middle of ‘900L’ area shows the position of the sample within the laser focus. Laser
fluence was effectively changed along the line cross section and the effect of that could
be observed in Figure 4-31 .

Figure 4-31 Microscope image of a sample irradiated with 900 pulses per spot
and varying sample position within the laser focusing.
This experiment presented that not only the number of pulses per spot was responsible
for the increase in the change of the sample morphology but also laser fluence, as most
changes appeared in the middle of the irradiated area, when the fluence approached
maximum.
Furthermore, Scanning Electron Microscopy images were taken. Figure 4-32 shows
images for squares irradiated with 100, 300, 600 and 1000 pulses per spot. An important
observation was made during the scan: contrast of images increased along with the
number of pulses per spot fired which is clearly shown in the figure. Figure 4-32 a) does
not show any particular features in comparison to the rest of samples. It has to be noted
that the same SEM parameters were used for all of the samples, that is: 4000x
magnification and 5 kV of electric field applied.
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Figure 4-32 Scanning Electron Microscopy images of squares irradiated with
varying number of pulses per spot: a)- 100, b)- 300, c)- 600, and d)- 1000.
Magnification of 4000x was used.
The explanation of this lies in the increase of conductivity of the sample as SEM cannot
show images of surfaces that are not conductive. Presented samples have not been
coated with any conducting material therefore it is evident that the irradiation increased
the sample conductivity at the surface. It would mean that every single laser pulse that
was shot to the sample was ‘moving’ the nanoparticles towards the surface of the glass.
The mechanism of this was explained in [167] for ns- irradiation where the multipulse
irradiation caused the nanoparticles to form a solid layer on the glass surface. According
to that work, laser irradiation caused melting of both glass and silver leading to
coalescence and Ostwald ripening. Then, surface tensions of the melt would cause the
liquid to be pulled away toward the cooler regions and eventually forming silver layer
on glass surface. Higher amount of nanoparticles that are closer to the surface or already
on the surface increased the resolution of SEM as the conductivity increased. Also, the
morphology was visibly affected with the increase of pulses applied. It could be seen
more clearly that when nanoparticles moved towards the surface, they collated and
formed not only larger particles (in sizes exceeding 1 µm in diameter) but also silver
layer close to percolation threshold.
Another SEM image was made with the ‘900L’ area irradiated with varying fluence (by
sample position change). Figure 4-33 shows cross sectional images of irradiated lines
starting from the area on the sample with the lowest laser fluence used (a-b) and
finishing with the area on the sample with the highest fluence (i-j) the middle of the
irradiated line).
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Figure 4-33 SEM images of the 900 pulses per spot line irradiated with varying
laser fluence. a)-j) show a cross sectional images where a) is the irradiation with
the lowest fluence and j) with the highest. Left column show 4000x magnification
and the right column 8000x.
Figure 4-33 (a - d) shows micron size particle formation made of silver on the surface of
the glass. Smaller nanoparticles were also visible in spaces between the micro particles.
When however, laser fluence increased even further (Figure 4-33 (e - j), particles started
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forming smaller lines and channels eventually leading to a thin layer of silver formation
near the percolation threshold. It has to be noted that in the volume of the silver layer,
nanoparticles that were still observable were divided into spherical and ellipsoidal. The
elongated nanoparticles could be seen to reach lengths of even ~500 nm in some cases.
More detailed work would be required to link the laser fluence increase to proximity to
the percolation threshold, or to the effective melted area.
Calculation of an effective ‘melted’ area was performed. For that purpose, figures (b),
(d), (f), (h) and (j) were processed in Matlab. Non-melted areas were firstly blanked and
the remaining area was calculated and normalised to a number, which represented the
whole of the image melted (whole image was blanked and an inverse calculation was
performed). The increase of the melted from the smallest to the highest fluence used
was: 37.6%, 55.5%, 69.2%, 81.2%, and 91.9%.
In order to estimate the reshaping ratio of produced samples, optical spectra were
produced of irradiated areas. Figure 4-34 presents spectra of both p- and s-polarisations
for 100, 300, 600 and 1000 pulses per spot. It can be observed that the increase in the
laser pulse energy decreased the remnant SPR that was left after the spherical
nanoparticles.

Figure 4-34 SPR of nanoparticles irradiated with 0.18 µJ of laser pulse energy.
100, 300, 600 and 1000 pulses per spot were fired. a) s-polarisation, b) ppolarisation.
That meant that (apart from the effective spot diameter increase on the sample) the
higher the pulse energy the more nanoparticles were affected with the reshaping process
(in comparison to lower pulse energy irradiations shown before). The increase of
number of pulses per spot clearly shifted the p-polarised SPR towards the longer
wavelengths and in the same time the s-polarised SPR towards the shorter wavelengths.
Also, it can be seen that above 300 pulses per spot the p-polarised SPR decreased in
intensity and the red shifted band broadened. For 1000 pulses per spot the p-polarised
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peak degraded nearly completely- due to dissolution of nanoparticles. Also, the highest
number of pulses per spot increased the overall extinction along broad wavelength range
(apart of the small peak of 300 pulses per spot at ~630 nm). That could have been
explained as an effect of formation of a molten layer of silver on the surface, therefore
increasing the sample reflectivity.
Comparison between spectra of areas irradiated with low pulse energy (0.10 µJ) and
high pulse energy (0.18 µJ) is shown in Figure 4-35, for 300 pulses per spot fired on the
sample.

Figure 4-35 comparison of a) s-polarised and b) p-polarised spectra of nanoparticles
irradiated with high pulse energy (0.18 µJ) and low pulse energy (0.10 µJ). 300
pulses per spot were fired.
600 pulses per spot irradiation can be seen in Figure 4-36, and 1000 pulses per spot
irradiation can be seen in Figure 4-37. It can be observed that the change in the SPR
around ~430 nm is evident- higher pulse energies decrease the SPR remnant that is left
from the spherical particles.

Figure 4-36 comparison of a) s-polarised and b) p-polarised spectra of nanoparticles
irradiated with high pulse energy (0.18 µJ) and low pulse energy (0.10 µJ). 600
pulses per spot were fired.
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Also, a blue shift can be seen for higher pulse energies irradiation. Higher extinction
that was seen in the s-polarised spectra for wavelengths between 500 and 800 nm could
be attributed to the silvering effect that was thought to increase of the reflectivity of the
sample.

Figure 4-37 comparison of a) s-polarised and b) p-polarised spectra of nanoparticles
irradiated with high pulse energy (0.18 µJ) and low pulse energy (0.10 µJ). 1000
pulses per spot were fired.
The blue-shifted SPR had also much higher bandwidth for the low pulse energy
irradiation than the remnant SPR for the lower pulse energy irradiation. That could have
been an indicator for presence of much smaller nanoparticles that are seen in both s- and
p- polarisations- from the fact that the reshaping into ellipsoids had much higher rate for
bigger nanoparticles. It was shown in [50] that small spherical nanoparticles have a
wide SPR width and that the width decreases drastically when the size of nanoparticles
increases from around 2 nm to 30 nm (in diameter). Also, the bandwidth increased with
the number of pulses per spot applied, giving the impression that the dissolution process
did not only take place for already reshaped nanoparticles but also for the spherical
nanoparticles, leaving them smaller. P-polarised spectra showed the red shifted SPR
peak that was attributed to the SPR coupling along the long axis of nanoparticles.
Higher pulse energy irradiation led to higher elongation ratio but also to higher amount
of dissolution of nanoparticles. Also, for 1000 pulses per spot the nanoparticles were
completely dissolved in the volume of glass and formed a layer of silver on the surface,
therefore no evident SPR around 600 nm could be observed.
Presented results are thought to be driven by the same processes as in the ns- pulsed
irradiation (explained earlier). The nanoparticle equilibrium temperature for the fluence
used here was calculated to be ~2000K (Figure 2-13 in Chapter 2), which is around
700K higher than what was stated in the by Fleming et al. Difference is however in the
pulse lengths used, hence in the laser absorption mechanisms, leading to partial melting
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of elongated nanoparticles (which are believed to be elongated during the first pulses
fired). Elongated nanoparticles were visible under the SEM in between the molten layer.
Taking the stated above as the main assumption, it is believed in this paragraph that a
modified mechanisms was observed (comparing ns- irradiation to ps-). More
experimental work is required however in order to characterise this process further and
determine the exact effect of shorter laser pulse length.
4.5.2

Irradiation under an angle

One of the additional experiments that were performed on spherical MGNs was
establishing the technique for nano ellipsoid orientation modification within the volume
of the sample. Irradiation of MGNs with ~40o angle of incidence was performed. The
irradiation setup previously used for irradiations had to be modified for this purpose. A
translation stage was added in the focal plane of the laser beam and was rotated by 40o.
Figure 4-38 shows the rotated stage.

Figure 4-38 Schematic drawing of a translation stage that was added to the irradiation
setup. Stage was rotated by 40o
Squares were irradiated with this technique with parameters described earlier in this
chapter. Stage position in Z axis was being adjusted during the irradiation in order to
keep the beam waist in the nanoparticle layer while translating. This resulted in
reshaping of nanoparticles in the direction of the laser polarisation leading to reorientation of nano ellipsoids within the volume of the glass by ~40 o. Figure 4-39
presents the nano ellipsoids orientation.
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Figure 4-39 Schematic drawing of how the nano ellipsoids were oriented within the
glass volume after irradiation under an angle
In order to be certain that the desired effect was achieved, irradiated samples were
placed in the spectrophotometer with linear input polarisation and a rotational holder.
Figure 4-40 presents the effect that was thought to be observed.

Figure 4-40 Schematic representation of the effect observable in the spectrophotometer
extinction measurements (a-c), and projections of nanoparticles to the right hand side
plane (d)
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Rotation of MGN would result in either decrease or increase of the p-polarised SPR.
The reason for that would be the effective nanoparticle size, represented as a projection
of its shape to the entrance plane of the incoming light.
Figure 4-41 presents extinction spectra, measured for sample rotated anticlockwise (as
in Figure 4-40 c).

Figure 4-41 Extinction p-pol spectra of MGN irradiated under an angle and rotated
anticlockwise in the spectrophotometer (bigger size of NP in the projection)
Desired effect was observed of the increase in the p-polarised SPR peak, due to the
larger size of the projected nanoparticle to the plane of the incoming light polarisation.
Also, measurements for rotation in the clockwise direction can be seen in Figure 4-42
(as in Figure 4-40 b). A decrease of the p-polarised SPR peak was observed for -60o
angle. It lead to the understanding that nanoparticles have successfully been elongated
in the desired fashion when the irradiation was performed under an angle of ~40o. This
adds to the already known techniques of nanoparticles manipulation in shape and
orientation, which can be used in applications utilizing the SPR tailoring. Also, this
sample will be used in Second Harmonic Generation experiments in Chapter 5, adding
to the knowledge of that nonlinear optical process.
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Figure 4-42 Extinction p-pol spectra of MGN irradiated under an angle and rotated in
the spectrophotometer in the negative direction (smaller size of NP in the projection)

4.5.3

Optimisation of reshaping process

Reshaping parameters have been established for the picosecond reshaping process of
MGNs in previous sub-chapters. Pulse energy of 0.10 µJ (~88 mJ/cm2), 1000 pulses per
spot and 200 kHz repetition rate gave the best elongation of nanoparticles and the
highest number of reshaped nanoparticles. It was stated that not all nanoparticle in the
volume of the nanoparticle layer was being reshaped in the process. This resulted in the
spherical SPR peaking at ~430 nm. Therefore, it was important to develop a technique
that would be more effective in reshaping the whole layer of nanoparticles.
Questionable was also, which part of the layer achieves the most shape modifications.
An experiment was performed to see the changes in the extinction spectrum after the
reshaped area was etched with 12% HF acid. The area was reshaped with parameters
established earlier. The spectrum was taken after which the sample was put into the HF
acid for ~3 seconds (longer time was not required as the whole thin layer of
nanoparticles could have been etched easily). Another spectrum was taken after the HF
bath. Figure 4-43 presents the resulting spectra. It can be seen there that the remnant
SPR decreased in width after etching and the red shifted peak did not change its spectral
position significantly. Only slight shift towards shorter wavelength can be observed. It
can be concluded that a small amount of spherical nanoparticles are placed at the very
top surface of the nanoparticles layer and that they are not prone to reshaping with the
existing technique. This conclusion is also in agreement with [168] where it was
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experimentally shown that the upper layers of these type of MGNs hinders the
reshaping of nanoparticles that are deeper in the volume.

Figure 4-43 P-polarisation of reshaped nanoparticles area. 10 µJ,
1000 pulses per spot and 200 kHz was used.
It is believed that silver ellipsoids were formed deeper in the volume of the nanoparticle
layer. It was also assumed that spherical nanoparticles also existed below the ellipsoids
as the remnant SPR was still very strong after etching. An illustration of how the layer
might have looked like is presented in Figure 4-44. In order to improve the nanoparticle
reshaping rate a technique was developed that required two staged process of reshaping.

Figure 4-44 Image of the nanoparticles distribution after irradiation with a
picosecond laser.
Figure 4-45 presents steps taken in this technique. First, an area was irradiated with the
parameters that were established to be the most optimal (1000 pulses per spot- Figure
4-45 a). Secondly, another area was irradiated but with only 500 pulses per spot, for
later comparisons (Figure 4-45 b).
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Figure 4-45 Experiment that was designed to optimize the shape modification of
silver nanoparticles a) reshaping with 1000 pulses per spot, b) with 500 pulses per
spot c) two staged reshaping with 500 pulses per spot.
Next, an area of 500 pulses per spot was irradiated, after which the sample was turned
upside down and another 500 pulses per spot were fired. Also, the writing direction and
the polarisation direction was set so that both areas matched with each other, forming
one area irradiated from the top and from the bottom of the sample. Areas irradiated
with 1000 and 500 pulses from the top only were there to guide the understanding about
the size of reshaping that would be shown for the two staged process.
Spectra were taken and are presented in Figure 4-46. It can be noticed that the spolarised spectrum for the two staged irradiation showed an additional band formation
at ~550 nm, which could have been caused by misalignment of the sample during the
second irradiation (from the bottom). P-polarised spectrum showed the red shifted bands.
The two-staged irradiation band exhibited a high extinction peak, formed with two
smaller peaks, one at ~630 nm (in the vicinity of the 1000 pulses per spot irradiation)
and second at ~550 nm. It was concluded that the first band showed the nanoparticles
that were irradiated from the top but irradiated again from the bottom which elongated
them to the same length as if they were irradiated with 1000 pulses per spot. The second
band would then show nanoparticles that were not irradiated from the top in the first
place. It had also stronger extinction peak, which could mean that more nanoparticles
were elongated from the bottom than from the top.
Overall, much higher reshaping efficiency was shown to be caused by two staged
irradiation process. The remnant SPR however still stayed at ~430 nm which would
suggest that remnant spherical nanoparticles still stayed in the volume of the
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nanoparticles layer and couldn’t be reshaped as efficiently as in the femtosecond
reshaping process due to the lower laser intensities that could be achieved (~GW/cm2
instead of ~TW/cm2).

Figure 4-46 Spectra taken for the areas irradiated with 500, 1000 and 500 + 500
pulses per spot a) s-polarisation, b) p-polarisation.

4.5.4

High filling factor sample

Filling factor (f) as one of the important factors of the MGN samples themselves was
taken into consideration. While the lower f samples proved to have a good rate of
reshaping (as shown in the previous part of this chapter), the high f MGN sample was
still unknown.
A high f sample was acquired from Codixx AG. The same technology of manufacturing
as presented earlier was used to produce it. As already stated, the filling factor is the rate
of the silver volume within the nanoparticle layer volume, therefore it can be easily
assumed that the new sample was more silver rich (more nanoparticles and more
densely packed). Figure 4-47 shows images of the high f sample and the low f sample. It
could be clearly seen that the colour of samples was much different. The darker colour
of high f sample was there due to the fact that the nanoparticles in the volume of MGN
extinct the visible light more intensely than the nanoparticles in the low f sample.
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Figure 4-47 Photography of a) high fill MGN b) low fill MGN. Showing
difference in their colour
Spectra of both of these samples can be seen in the Figure 4-48. The high f sample had
much wider SPR than the low f sample. The width of the SPR measured for the
extinction of 8 [arb.u.], for the high f was 134 nm whereas for the low f was 39 nm. The
difference in the extinction values themselves were clearly visible- the high f sample
extinct much more light in the blue/UV as well as in the visible region.

Figure 4-48 Extinction spectra of spherical silver nanoparticles for (red) low filling
factor MGN and (green) high filling factor MGN.
The extinction in the visible region was the reason for the dark colour of the sample.
The width of the SPR could be explained by the fact that in the Mie theory, the SPR of
smaller nanoparticles was much broader than the one for nanoparticles with radius of
~15 nm. Smaller nanoparticles embedded in the glass volume were concluded to be
present. High f factor MGN was assumed to be caused by smaller distances between
nanoparticles (densely packed) but not small enough to produce additional SPR peaks
(from the quadrupolar nanoparticle-nanoparticle interactions). Estimating size of
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nanoparticles in high f samples from Figure 2-9 in Chapter 2 (calculated plots of Mie
resonance bandwidth as a function of nanoparticle size) one can say that the NPs
diameter here is <10 nm.
Also, in order to see the efficiency of reshaping in this type of samples, the reshaping
setup was used in the same manner as described in the previous part of this chapter.
Three 5x5 mm squares were irradiated with 200 kHz laser repetition rate, 1000 pulses
per spot and pulse energies of 8 µJ, 10 µJ and 13 µJ. Spectra were measured and can be
seen in Figure 4-49.

Figure 4-49 Spectra of the reshaped areas of the high filling factor sample a) spolarised spectra and b) p-polarised spectra. Spectrum for the non-reshaped
nanoparticles is shown in the black line.
It can be seen that for the s-polarisation, similar effect can be noticed as in the low f
MGN, which is a decrease in the SPR width and increase of the extinction strength
along the visible range of the light spectrum. The p-polarisation showed on the other
hand very small change to the SPR. There was a red shifted band forming at around
~650 nm, but was very small in comparison to the low f sample with the irradiation in
the same range of fluences. The comparison can be seen in Figure 4-50.

Figure 4-50 Spectra comparing two type of samples a) s-pol b) p-pol.
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Figure 4-50 b) shows the p-polarised spectra of both samples. The red shifted SPR for
the high f was less pronounced than the SPR for the low f. However, the overall
extinction for around 650 nm was much stronger. This effect could be seen when
looking at the samples themselves with a linearly polarised light illumination from the
back - Figure 4-51. The reshaped areas were much darker because of the fact that the
extinction ratio was much stronger for the p-polarisation. Also, the dichroism was much
less visible on the sample because of the much lower contrast between p- and spolarisation at ~650 nm (there is nearly no difference between squares in Figure 4-51 a)
and b).

Figure 4-51 Photography of the reshaped areas of the high fill factor sample.
Linear polarisation illumination is shown for two orthogonal directions in (a) and
(b)
It can be concluded that the high f sample was much harder to achieve effective
dichroism when irradiating with similar laser parameters to the optimal ones that were
found earlier. Also, the reshaped areas were hardly distinguishable from the rest of the
sample because of the overall high extinction ratio over the visible range.
Also, the red-shifted band in the high f sample formed at the same exact spectral
position than as for the low f sample. The spectral gap therefore was the same. That
showed that even though there was much lower contrast for picosecond irradiation of
high f samples, the elongation ratio of the nanoparticles within the sample should have
been comparable as in the low f sample. Concluding, only some of the nanoparticles in
the densely packed layer of high f sample were reshaped, but also the same long axis
length was achieved. It was shown in [168] that the increase of the filling factor changes
the refractive index of the MGN. This directly affects the reflectivity of the sample,
which could have been the reason for difficulties with efficient reshaping.
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Even though high f sample may not have been the best candidates for reshaping with
picosecond pulse irradiation, it will show good second order nonlinear effects in the
chapter 5.

4.6 Conclusions
In this chapter, picosecond pulsed irradiation of metal-glass nanocomposites has been
presented. Its effect of shape modification on the silver nanoparticles embedded in sodalime glass was shown - elongation of nanoparticles along the direction of laser
polarisation. Laser reshaping parameters were established: laser fluence, laser
modification threshold, laser degradation and silvering thresholds under multipulse
irradiation. Laser scanning method was shown along with optical techniques used to
characterize produced samples. Effects of parameters change on single irradiated lines
as well as on whole irradiated areas were shown. Shift of the SPR band under ppolarised illumination was established to travel along with the change of number of
pulses per spot fired and laser repetition rate. Also, the silvering effect was described. It
was shown that it led to creation of a molten layer of silver on the surface of glass. Also,
change of number of pulses per spot showed variation in SPR position and nanoparticles
dissolution. A method for nano ellipsoid orientation change within the glass volume was
also shown and its effects on the SPR extinction spectra. The method of optimization of
the reshaping process was presented which leads to increased p-polarised SPR peak
intensity. Also, a high filling factor sample was presented and irradiation of it was
performed.
Picosecond nanoparticle modification was proved to be an effective method of shape
change of silver clusters. Utilizing picosecond lasers is a cost-effective process when
comparing to femtosecond lasers. This technology could be directly applied into
commercial manufacturing of i.e. high extinction ratio dichroic polarizers, leading to
lower initial investment into this process. Various other potential applications of this
type of material can be utilized in areas like data storage [160], optics and/or security.

96

5 Second-Harmonic-Generation and
Multiphoton-Absorption-InducedLuminescence from silver
nanoparticles embedded in soda-lime
glass
5.1 Introduction
In this chapter the nonlinear optical properties of nanoparticles will be described. As
was shown in the previous chapter, laser-assisted shape modification of NPs leads to
observation of local optical dichroism achieved via spatially selective modification of
the SPR position dependent on the laser parameters. Another way of elongating Ag NPs
is by simultaneous heating and tensile deformation of glass embedded with NPs, which
results in a global shape modification and produces highly oriented nano ellipsoids in
the direction of deformation. This method produces a good quality elongation and is
therefore used for production of high contrast polarisers [169]. It was also shown in [35]
that MGN produced with this method is able to show the phenomenon of Second
Harmonic Generation (SHG) when excited with a fs- pulsed laser at 800 nm. Secondorder optical properties of nanoparticles embedded in media have proved to be useful in
applications like biological imaging where certain molecules are being tracked by
observation of SHG from nanoparticles in their vicinity [170]–[173]. Similarly, Third
Harmonic Generation (THG) from noble nanoparticles has been extensively studied as
it showed to be a great candidate for imaging and labelling of both biological and nonbiological species [174], [175]. THG has been also a preferable mean of using
nanoparticles for these applications because centrosymmetrical clusters could be used as
they are easy to manufacture. THG will, however, not be a part of investigation in this
thesis. SHG as an optical phenomenon that requires non-symmetricity to be present is
believed not to have a great impact on nanoparticles due to their spherical shape, and
only have significant input to emitted optical signal when non-perfectly shaped
nanoparticles are present [35], [176], [177] (breaking the symmetry with their shape).
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Also, SH signals have been observed for small centrosymmetric NPs and are believed to
originate from the symmetry breaking at the surface of the nanoparticle- such SHG
response is then dominated by the electric dipole contribution and can be observed in a
form of dipolar intensity response in the far field of the nanoparticle [178]–[180].
Linear optical properties of Ag nanoparticles embedded in soda-lime glass have been
described in chapter 4. These are the ability of MGNs to extinct the incoming polarised
light, making the composite optically dichroic. In this chapter the nonlinear optical
properties will be studied (SHG) on elongated Ag nanoparticles that will be reshaped
with three main methods: mechanical stretch, fs- and ps- pulsed laser reshaping.
The optical characterisation of the SHG as well as of the Multiphoton-AbsorptionInduced Luminescence (MAIL) [181]–[186] - which will be present in the emitted
signal - will be performed for elongated NPs embedded in soda-lime glass. Also, an
explanation to the observation will be proposed, based on both the experiments and
computer simulations.

5.2 Laser induced Second Harmonic Generation
experiments

Metallic nanoparticles have gained a lot of attention in recent years due to their unique
linear and nonlinear optical properties. Second Harmonic Generation (SHG) has been
found in soda-lime glasses embedded with nanoparticles that were previously
mechanically stretched under applied heat [35]. These MGNs have shown the highest
intensity of SHG when illuminated with laser beam polarisation parallel to their long
axis (Figure 5-1). In that work, the laser fluence used was ~1 mJ/cm2, repetition rate
80MHz and pulse width was 80 fs. It was shown that increasing the incidence angle of
the sample increases the SHG intensity, with highest SHG intensity being present at
~40o incidence angle.
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Figure 5-1 Schematic representation of the SHG formation as a function of nano
ellipsoid absolute orientation within the MGN. SHG present for p-polarised
fundamental beam and absent for s-polarisation.
There, the p-polarisation extinction peak of the measured MGN was ~ 600 nm while the
SHG excitation wavelength was set to 800 nm. This work showed that the SHG was
dependent on the nanoparticle arrangement and the field enhancement due to the SPR.
In order to investigate second order nonlinear optical properties of MGNs using pspulsed illumination, an experimental setup was prepared (detailed description in
Chapter 3) and a three types of Ag NP-glass samples produced. For comparison
purposes (with previously published work on SHG from Ag-glass MGNs) a
mechanically stretched (MS) sample was prepared (supplied by Codixx Ag) with its ppolarised extinction band placed at ~900 nm. The measured extinction spectrum can be
seen in Figure 5-2.
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Figure 5-2 Extinction spectra of MS-MGN. P- and s- polarisations are shown.

The MS-MGN had a wide p-polarised band in comparison to ps- reshaped MGNs
presented in Chapter 4, which resulted from the difference in process of obtaining such
elongated nanoparticles. The mechanical reshaping of Ag NP was carried out by
subjecting the MGN sample to tensile deformation with simultaneous heating below the
transition temperature of the glass. Ag+ / Na+ ion exchange process was used to generate
silver clusters in 1 mm thick soda lime glass. The total thickness of the MGN sample
was ~200 µm with a layer of nanoparticles of ~10 µm. The highest intensity extinction
of the band is placed at ~900 nm for p-polarisation whereas a high contrast spolarisation is present at ~430 nm. This spectral characteristic of a MS MGN makes this
composite a very high aspect ratio dichroic polariser which can be seen in Figure 5-3.
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Figure 5-3 Photography of MS-MGN. Linearly polarised illumination from the back of
the sample Is present (direction indicated by the black arrow). White arrows indicate
long axis of elongated nanoparticles.
Single layered sample was obtained by immersing the MS-MGN in a 12% hydrofluoric
acid (HF) - procedure described in previous chapters.
The second type of nanoparticles used for experimentation were MGNs irradiated with
femtosecond laser pulses. 1 mm thick soda-lime glass was used with one-sided layer of
nanoparticles (~20 µm thick). The light source used for reshaping was a 250 fs
Yb:KGW MOPA (Pharos, Light Conversion Ltd) operating at 500 kHz. The laser beam
was focused into a spot of 30 µm (measured at 1/e2). Different laser parameters used
resulted in four samples with varying ratios of elongation. Subsequent irradiations of the
sample area, by different laser wavelengths, were used to increase the aspect ratio
between the axes of the elliptical NPs. 5 x 5mm irradiated areas were manufactured.
First, all areas were irradiated with 515 nm while varying the number of pulses per spot
(200, 300, 500, 500), then the fourth sample was irradiated again with laser wavelength
of 750 nm and 500 pulses per spot in order to achieve higher elongation. This resulted
in p-polarised extinction peaked at 547 nm (FEMA), 567 nm (FEMB), 585 nm (FEMC),
and 792 nm (FEMD). Measured polarised spectra can be seen in Figure 5-4.
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Figure 5-4 Extinction spectra of fs- reshaped MGNs. S- (a) and p- (b) polarised spectra
are shown.
Laser intensities used were 0.362 TW/cm2 (FEMA and FEMB), 0.317 TW/cm2 (FEMC
and FEMD-1st irradiation), and 0.288 TW/cm2 (FEMD- 2nd irradiation). A 430 nm
remnant of spherical nanoparticles was still present as well as the ~600 nm peak
resulting from parts of nanoparticles that were not elongated for the second time with
the 750 nm laser beam. Polarised images of fs- irradiated areas can be seen in Figure
5-5.

Figure 5-5 Photography of FEM MGNs illuminated with linearly polarsied light from
the back of the sample (white arrow- polarisation direction). Black arrow indicates
nanoparticles’ long axis. Samples from right to left: FEMA, B, C, D.
It can be seen that the colour changes are similar to these presented for ps- assisted
reshaping. Red/Brown colour of reshaped square indicates smaller elongation ratio due
to most of the SPR band absorbing/scattering the short wavelength part of visible
spectrum (FEMA). Also green/blue could be seen as the elongation ratio increased
(FEMD).
The third type of reshaped nanoparticles were MGNs presented in Chapter 4- pspulsed reshaped nanoparticles with various number of pulses per spot used (100, 200,
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300, 400, 500, …, 1000). Repetition rate was kept at 200 kHz. Optical spectra were
measured and can be seen in Figure 5-6.

Figure 5-6 Extinction spectra of ps-MGNs, irradiated for various number of pulses per
spot. 100, 300, 500, and 1000 are shown for clarity (figure taken from Chapter 4- fig. 426)
Increasingly changing separation gap could be observed and was documented in the
previous chapter.
A linearly porlarised 10 ps- pulsed laser at 1064 nm wavelength and a repetition
rate of 200 kHz (Talisker Ultra, Coherent) was used as an excitation source for the SHG
experiment. Measurements were performed in transmission geometry as shown in
Figure 3-13 of Chapter 3, with the fundamental beam focused at normal incidence on
the MGN sample surface. A half-wave plate was used to control the polarisation
direction of the fundamental laser beam. The beam was focused to ~26 µm diameter
spot at 1/e2, and the resulting signal was filtered out by 400 – 800 nm bandpass mirrors.
The excitation wavelength at 1064nm was in the close spectral vicinity of the highest ppolarised peak of the MS MGN, which was assumed to give the best quality coupling
with localized surface plasmons, with the appropriate beam polarisation.
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5.3 SHG from soda-lime glass and Ag+ ion doped glass
SHG from glass is a known phenomenon [187]. Using the SHG experimental setup,
pure soda-lime glass and Ag+ doped soda-lime glass were excited with a ps- pulsed
beam at 1064nm wavelength. It was of great importance to establish that the SHG signal
that was measured on MGN samples was not present due to nonlinear effects taking
place in the glass substrate itself. Figure 5-7 shows spectrally resolved data taken from
irradiating samples with two different laser fluencies (0.5 mJ/cm2 and 1 mJ/cm2).

Figure 5-7 Spectral measurements taken for Ag+ glass and pure soda-lime glass. Two
main laser fluences were used.
It was observed that a small intensity peak forms at 532 nm, where the SHG signal was
expected, at 1 J/cm2. Similar threshold was achieved for both samples indicating a purse
soda-lime glass SHG formation without Ag+ ions influence. More precise experiments
would have had to be performed in order to describe this phenomenon in soda-lime
glass as well as in Ag+ ion doped glass (which was not the purpose of this thesis). Both
samples showed the same behaviour with varying input polarisations.
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5.4 Mechanically stretched nanoparticles (MS-MGN)

Mechanically stretched sample (MS) had its SPR peak (~900 nm) in the vicinity of the
fundamental beam, leading to the strongest plasmon coupling.
An experiment was performed in order to see the difference between transmission and
reflection configuration of the experimental setup as well as between the properties of
the MGN itself. Figure 5-8 shows the normalized intensity taken from MS sample
placed in the focus of the fundamental beam. It can be seen that both configurations
result in a broad band peaking at ~450 nm and a 532 nm peak. Two different excitation
laser fluencies were used and results were normalized in order to show the difference in
sensitivity of samples to the excitation beam. Transmission signal was recorded at ~1
mJ/cm2 whereas the reflection signal at ~ 12 mJ/cm2 in order to achieve a visible and
spectrally resolved data. For future experiments only transmission geometry will be
used as it has a higher output to input signal strength and will not result in too much
energy dissipated in the sample leading to its modification. Next subchapter will show
this effect in more detail.
Also, transmission geometry showed much higher 532 nm peak than the reflection
which could suggest higher SHG efficiency. A few additional bands have been noticed
at ~550 nm and >650 nm which could be a result of higher laser fluence used. The
broad band that is visible in these spectrally resolved images will be described in the
next subchapters along with the explanation of its formation.
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Figure 5-8 Normalized intensity measurement of SHG from MS-MGN for p-polarised
laser beam in both transmission and reflection geometry.

Figure 5-8 measurements were performed for a p-polarised direction of the fundamental
beam. The highest signal was achieved for incoming beam polarisation parallel to the
long axis of the nanoparticles. It can be seen in Figure 5-9 in more detail that when the
sample is rotated to p-polarisation the highest SHG peak is formed (along with the
broad band signal in the background).

Figure 5-9 Transmission measurements of MS-MGN for various orientations of the
sample. (a)- angle 0o, (e)- angle 4.
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Once the sample is rotated towards the s-polarisation, nearly no signal can be observed.
That agrees with the theory that the highest coupling of the surface plasmon with a 1064
nm fundamental exists for the p-polarised beam as the p-polarised extinction spectrum
shows the SPR band spectrally closest to the fundamental beam.
5.4.1

MS MGN signal change dependence on the spatial position change

In order to observe the behaviour of the SHG signal and its background signal, the
sample was put in the focus of the fundamental beam and its position was changed
relative to the focal plane of the focusing lens (Figure 5-10).

MGN
Focused
Laser beam
(1064 nm)

Figure 5-10 Through focus translation- graphical representation of measurement
technique.
This resulted in changes in laser spot size on the sample, and hence the laser fluence.
Measurements were performed for the p-polarisation of fundamental beam and laser
fluence in the focus of 1.41 mJ/cm2. This experiment served also as a calibration for
sample position, for it to be exactly in the focal plane, therefore resulting in the highest
SHG intensity. Figure 5-11 shows the through focus SHG signal change.

Figure 5-11 Signal measured for a through focus translation of MS-MGN; 0mm to 700mm (a) and 0mm to +500mm (b)
The background signal intensity followed the SHG and had the highest intensity in the
focus of the fundamental beam and higher absolute intensity than SHG itself at ~450 nm.
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SHG signal however was pronounced even for the out of focus positions (i.e. +500 µm).
Signal spikes and noise along the whole bandwidth (seen especially in the focus
position of the sample) could have been the effect of small incident fluence of the beam,
hence smaller signals reaching the detector.
Secondly, another sample position variation was performed- in the flat sample plane.
Results of translating the MS-MGN by 100 and 150 mm can be seen in Figure 5-12.

Figure 5-12 SHG signal obtained by translation of MGN along its surface plane

The signal shown there had decreased slightly as an effect of lateral translation of the
sample. The explanation of this effect could lie in two mechanisms: 1) local changes in
nanoparticle layer thickness formed in the MGN formation process (ion exchange). This
effect could potentially be an underlying cause of the SHG signal change where in this
particular example the first position (0 mm) resulted to be the thickest NPs layer part of
the MGN (+150 mm translated signal for the thinner layer), 2) rotational misalignment
of the sample leading to a small angle of incidence as well as a change of the
fundamental laser spot on sample (lower fluence for the offset position).
A small angular misalignment (as in aforementioned ad. 2) was also introduced to the
setup manually to a certain small degree (<10o fundamental laser incidence). This
angular offset was distributed among 6 positions, where the signal was taken after the
sample position was adjusted for the highest signal intensity (Figure 5-13).
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Figure 5-13 SHG signal obtained for MS-MGN for small angle of incidence variation
(<100).
This experiment showed an increase in the signal while the sample had the highest
rotational misalignment. This result was with agreement with what has been achieved
with MS samples under fs- laser illumination [35]. There, the highest signals were
shown to be realised for ~40o laser incidence, where the optical path of the laser beam
through the NPs layer was longer. A more thorough investigation of this property was
performed at Darebsury Laboratory (thanks to Edward Snedden and Steve Jamison),
where the laser setup used there was adjusted for precise angle of incidence
measurement. A photomultiplier was used in transmission geometry where the 400 nm
signal was captured. Collimated 800 nm beam was incident on the MS sample with ~1
mJ pulse energy and 50 fs pulse length. SHG intensity as a function of the incidence
angle can be seen in Figure 5-14.
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Figure 5-14 SHG intensity as a function of the incidence angle measured with a fspulsed laser and a MS-MGN
As mentioned previously, the highest intensity was achieved for ~40o angle. S-polarised
signal was also measured and presented, which for a ps- pulsed setup was below the
measurement ability- all further ps- measurements will therefore be performed at
normal incidence.
5.4.2

MS MGN degradation under fundamental beam illumination

Additional measurements were performed in order to determine pulse energies for
which the sample did not change its behaviour while being exposed to the fundamental
beam. Experiments showing dependence of the signal intensity as a function of the laser
pulse energy are important and delicate to perform therefore had to be accomplished in
the energies regime where the experiment was stable or quasi-stable. Figure 5-15 shows
how prolonged exposure to fundamental beam of certain fluence affected the resulting
signal. In Figure 5-15 a) MS sample was illuminated with a laser beam corresponding to
2.83 mJ/cm2 where the data was taken immediately and after ~1 minute of exposure.
About 40% of the 450 nm peak intensity can be observed to be reduced and around 15%
of the SHG peak intensity. The temporal behaviour of the 450 nm signal can be seen in
Figure 5-15 b) where ~6 minutes of constant illumination at ~1.88 mJ/cm2 is shown. It
can be observed that a fast decline in the signal was present at the beginning, followed
by stabilisation in a certain range. This effect was comparable for the whole spectral
range of the resulting signal.
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Figure 5-15 Degradation of MS signal after exposure to 2.83 mJ/cm2 (a) and 1.88
mJ/cm2
Smallest fluences used in this experiment, were in the range of 1.4 mJ/cm 2, but
prolonged exposure also led to degradation. It was therefore concluded and measured
that for small signal accumulations and short exposure times on the spectrometer (order
of a few seconds) fundamental laser fluences lower than ~3.8 mJ/cm2 could have been
used- making the degradation not a significant issue and leaving a reasonable number of
measurement points for experiments. Degradation then was not achieved, but the
fluence range and measurement acquisition method made measurements reliable for
further study. It has to be noted that different fluences value range can be expected for
MGNs with a p-polarised SPR positioned further away from the fundamental beam
wavelength, as the plasmon coupling was less pronounced.
5.4.3

Fundamental beam and output optical signal polarisation direction change
effects

It was briefly discussed in the previous sub-chapter that the MS-MGN had a
polarisation dependence on the SHG signal produced. It was shown that the highest
SHG was achieved for the p-polarised fundamental beam and was diminished
significantly when the polarisation direction was changed (Figure 5-9). Here, a more
thorough experiment was performed in order to observe this effect. Fluences of ~3.77
mJ/cm2 were used along with a reliable signal acquisition method. In the first
experiment, the fundamental beam polarisation direction was rotated by 360 o and
emitted signal from the MGN was recorded (Figure 5-16 c). SHG peaks were then
integrated, and resulting signal plotted. Figure 5-16 a) shows how emitted signal
changed with the input polarisation.
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Figure 5-16 MS-MGN signal dependence on polarisation state of the fundamental beam
(a) and p-polarised signal polarisation components measurements method (b).

The MS-MGN was then rotated by 90o and the experiment was conducted again. It was
observed from presented results that the SHG signal experienced high directionality and
had the highest intensity when the fundamental polarisation direction was parallel to the
long axis of nanoparticles (vertical alignment (VA) at 0o, +/-180o, and horizontal
alignment (HA) at +/- 90o). The lowest signal intensity appeared for illumination with
fundamental polarisation perpendicular to the long axis of nanoparticles (VA at +/-90o
and HA at 0o, +/-180o). A second experiment (Figure 5-16 d) involved illumination of
nanoparticles with p-polarisation of the fundamental beam and filtering the output
signal with a variable polariser. The results achieved can be seen in Figure 5-16 b)
where it is evident that the highest intensity SHG signal is experienced in the
polarisation direction of the pump beam (VA at +/-90o where this position represents the
output polariser direction parallel to both the p-pol of the fundamental as well as to the
long axis of nanoparticles). Sample was then rotated by 90 o and the experiment
conducted again for p-polarised fundamental in order to exclude a possibility of any
directionality induced by the experimental setup itself. Similar results were achieved highest intensity for HA at 0o, +/- 180o which corresponded to polarisation component
parallel to the long axis of nanoparticles as well as to the fundamental p-polarisation.
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A second experiment was conducted and involved illumination of NPs with p- and spolarised fundamental beam. Similarly to the previous experiment, one had to be certain
that no directionality exists in the experimental setup itself and the only SHG signal was
being obtained from nanoparticles. Extremely small signals were measured for input spolarisation but measurable enough to show certain directionality as seen in Figure 5-17.

Figure 5-17 Variable output signal measuremetns of the MS-MGN. P- and spolarisation fundamental beam was used for both VA (a) and HA (b).

Figure 5-17 a) shows VA for both p- and s-polarised fundamental beam. It can be seen
that the highest signal follows the fundamental beam polarisation direction. Similarly
for HA that is presented in Figure 5-17 b) the highest output signal intensities follow the
input beam polarisation.
These three experiments showed very important MGN features. The SHG intensity was
higher when plasmons coupled with the input beam the strongest. In the MS-MGN the
p-polarised SPR peaked at ~900 nm and broadened across to 1064 nm with high
extinction ratio. That caused the sample to not only be extremely delicate which led to
degradation but also to experience high SHG signals. Rotating the sample, effectively,
changed the SPR extinction band from ~900 nm to ~400 nm therefore lowering the
coupling efficiency and the signal.
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Second experiment showed the SHG signal polarisation components and how they
changed with the incoming polarisation variation. It also showed that the SHG effect
seen in the MGN was purely dipolar [179].
5.4.4

SHG signal intensity dependence on the laser pulse energy

An SHG experiment was performed that aimed at showing the dependence of the SHG
signal on the pulse energy of the fundamental beam. According to the SHG theory, the
optical intensity achieved from a nonlinear medium capable of SHG can be described
with [188]:

𝐼(2𝜔)~𝛾 ∗ 𝐸 2 (𝜔)

5-1

where I(2ω) is the SHG optical intensity, E2(ω) is the fundamental beam pulse energy
and γ is a constant. It is therefore expected from MGNs SHG intensity to scale
quadratically with the fundamental beam pulse energy. In order to see if this statement
was correct, an experiment was performed in which MS-MGN was illuminated with
varying pulse energies in range between 10 nJ to 20 nJ (which corresponds to fluences
between 1.88 and 3.77 mJ/cm2). Results were plotted on logarithmic scales and the
resulting plot slopes were calculated by fitting a linear function. Figure 5-18 shows how
the SHG intensity as a function of pulse energy. Linear fit showed slope of ~2.17 which
was slightly higher than expected and could have been a result of the influence of the
background signal seen below the SHG peak signal in the spectrally resolved images
presented earlier. It is therefore possible that in Figure 5-18 it was shown both SHG and
a higher order term, which influenced the signal intensity. It was shown that the broad
background below the SHG has a peaked at ~450 nm which exceeded the SHG in
intensity, therefore it could have been a result of a higher order process present in the
MGN under 1064 nm illumination.
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Figure 5-18 Log-log plot of SHG intensity as a function of fundamental laser pulse
energy.

5.5 Laser reshaped nanoparticles (fs- and ps- pulsed
irradiation)

After thorough investigation of MS-MGNs another set of samples was examined: psreshaped MGNs (with 100-1000 number of pulses per spot) and fs-reshaped MGNs
(FEMA, FEMB, FEMC, FEMD). These samples were described in more detail earlier in
this chapter. Three experiments were performed on these MGNs. First, with the aim of
describing the degradation of nanoparticles under 1064 nm illumination (knowing that
the p-polarised SPR extinction is spectrally placed within shorter wavelengths). Second,
with a goal of showing polarisation components of such reshaped nanoparticles and
third showing dependence of the SHG intensity on laser pulse energies.
5.5.1

Ps- and fs- reshaped MGNs degradation under fundamental beam
illumination

It was shown in the previous sub-chapter how the MS-MGN degraded within a certain
range of fluences. Hence, it was difficult to measure SHG signals precisely with long
exposure times. In order to induce less or no degradation at all the fundamental beam
focusing lens was changed giving a spot size on sample of ~64 µm (at 1/e2). This
alternated setup was used for the rest of the thesis. Degradation was measured for MS-
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MGN again for comparison purposes (Figure 5-19). A p-polarised fundamental beam
was used.

Figure 5-19 MS-MGN SHG signal degradation experiment for setup with focusing lens
changed.
Fluences between 0.31 mJ/cm2 and 1.24 mJ/cm2 were used. It can be seen that
degradation of signal started at ~1 mJ/cm2 (30 nJ) and was less significant than the
degradation shown for previous fluences (~3.5 mJ/cm2).
Ps-reshaped MGN was also measured for degradation and can be seen in Figure 5-20.
Sample irradiated with 1000 pulses per spot was placed under 1064 nm illumination.
Fluences between 0.93 mJ/cm2 and 1.71 mJ/cm2 were used (30 – 55 nJ). It was observed
that the degradation threshold was placed at around 1.71 mJ/cm2 (55 nJ), which was
around 0.8 mJ/cm2 higher than that measured for MS MGN. Such big difference could
be explained by the effect of plasmon coupling to p-polarised plasmon bands. Where the
sample measured for 1000 pulses per spot irradiation had its p-polarised SPR extinction
placed spectrally at ~ 650 nm (in comparison to MS MGN where it was ~ 900 nm).
Smaller plasmon coupling was then expected and measured.
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Figure 5-20 ps-MGN SHG signal degradation experiment

Also, degradation for fs- reshaped sample was measured. FEMD degradation can be
seen in Figure 5-21. Fluences used here were between 0.62 mJ/cm2 and 1.87 mJ/cm2 (20
– 60 nJ). It can be seen that for laser fluence of 1.24 mJ/cm2 degradation threshold was
reached, which means that it lies between the MS MGN and ps MGN thresholds. The
FEMD SPR p-polarised extinction band lies spectrally at ~ 800 nm which explains
better plasmon coupling between NPs and the fundamental beam for this sample.

Figure 5-21 FEMD SHG signal degradation experiment
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It has to be noted that even though the degradation thresholds were measured as a
function of time, measurements with fluences slightly above those thresholds but with
short exposure times can be also done with good reliability. Also, a possibility exists of
making measurements for slightly higher laser fluences for longer than ~20 sec
exposure times, as the signal stabilised by then in both ps-, fs- and MS MGN samples.
In this thesis however it was chosen throughout all experiments to perform short
exposure measurements of the order of <5 sec for consistent and systematic results.
It is important to say that MS MGN was much more sensitive to degradation therefore
only lower pulse energies could be used for measurements - typically between 10 and
20 nJ. For laser reshaped samples, however, such low pulse energies would result in
much smaller signals, and even not recognizable from background therefore much
higher values needed to be used- typically between 30 and 80 nJ.

5.5.2

Fundamental beam and output optical signal polarisation direction change
effects

It was shown in the previous sub-chapter how the SHG signal changed when variation
of input beam polarisation direction existed. It was shown that the highest intensity
signal was produced when the input polarisation direction was parallel to the long axis
of the mechanically stretched nanoparticles. Also, a similar effect was shown when
nanoparticles were illuminated with a p-polarised fundamental beam and the output
polariser direction was varied.
Here, fs- and ps- reshaped nanoparticles were observed under the same circumstances
for comparison purposes as the origin of elongation was quite different for both
techniques. Figure 5-22 shows results of experiments performed for variable input
polarisation (Figure 5-22 (a) and c) and variable output polarisation (Figure 5-22 (b) and
d)- 1000 pulses per spot MGN.
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Figure 5-22 ps-MGN experimental results on SHG signal intensity as a function of the
input polarisation variation (a) and output polarisation variation (b)

It can be observed there that nanoparticles reshaped with a ps- pulses show the very
same behaviour as MS-MGNs. The highest SHG signal was obtained when illuminating
with the polarisation direction parallel to the long axis of nanoparticles, and output
signals parallel to the input beam polarisation direction.
Figure 5-23 shows the same experiment performed on fs-reshaped nanoparticles
(FEMD). It can be seen there that similar effect as to MS MGNs and ps- reshaped
MGNs was measured. The very same observation was obtained for other fs- and psreshaped samples.
A conclusion can be made that the method of producing MGNs does not induce a
significant difference in emitted SHG signal or its polarisation components. Also, all of
the measured samples showed the same behaviour of emitting highest SHG signal when
the fundamental wavelength was coupled the most to the p-polarised plasmon, which
was also the very explanation of this effect.
It is a well-known fact, that during short-pulse reshaping of nanoparticles small Ag+
ions are captured in the colour centres in the vicinity of the nanoparticle (Chapter 2). It
is however not evident that this particular fact has any effect on polarisation sensitivity
for all types of reshaped MGNs.
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Figure 5-23 FEMD experimental results on SHG signal intensity as a function of (a)
input polarisation variation and (b) output polarisation variation

5.5.3

SHG signal intensity dependence on laser pulse energy.

In order to determine how a change of the MGN reshaping process as well as the
spectral position of the p-polarised SPR peak influenced the character of the emitted
signal, the dependence on the input pulse energy on the emitted signal was determined.
Figure 5-24 presents results for ps-reshaped MGN for pulses per spot used during
reshaping of 100, 200, 300, 400, 500, 600, 700, 800, 900 and 1000. Pulse energies used
here were between 30 and 80 nJ (corresponding to 0.93 mJ/cm2 to 2.49 mJ/cm2).
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Figure 5-24 Log-log measurements of ps-MGNs SHG intensity as a function of
fundamental pulse energy
It was explained in the previous sub-chapter that an increase of pulses per spot fired on
the sample increased the spectral gap distance between the s- and p-polarised SPR
bands. Effectively, the increase in pulses fired moved the p-polarised SPR further
towards the longer wavelength range. It can be seen from the figure that not only higher
number of pulses per spot samples resulted in higher intensity signal but also with a
lower slope of the fitted linear function (Figure 5-25).

Figure 5-25 Fitted linear slope values as a function of number of pulses per spot fired on
the ps- MGN
It was observed that apart from the sample irradiated with 100 pulses per spot, a trend
could be seen of a decrease in slope from ~3.2 to ~2.4 as the number of pulses per spot
was increased. Slopes in this range could mean that a higher order process was also
observed. However, the increase of the plasmon coupling (by moving the p-polarised
SPR band spectrally closer to the fundamental beam wavelength) produced a more
pronounced second-order process. This effect will be investigated in a later part of this
chapter as the increase of slope to ~3 may indicate a third-order process (Third
Harmonic Generation or Three Photon Induced Luminescence) originating in the broad
background signal seen along the SHG peak, and therefore luminescence investigation
will be required.
Fs-reshaped MGNs were also measured with the same experimental environment as the
ps-reshaped MGNs. Results plotted on logarithmic graphs can be seen in Figure 5-26.
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Figure 5-26 Log-log measurements of fs-MGNs SHG intensity as a function of
fundamental pulse energy
Similarly to the previous experiment, a decrease in slope values could be observed
between FEMA and FEMD. Also, a higher intensity signal was seen when the plasmon
coupling was higher. Slopes plotted on a linear scale can be seen in Figure 5-27. Change
in slopes varies between ~2.4 and ~2.2 with a decreasing trend towards FEMD sample.

Figure 5-27 Fitted linear slope values as a function of number of pulses per spot fired on
the fs- MGN
These results indicate that for fs-reshaped samples a second-order process is more
pronounced in comparison to the ps-reshaped MGNs. It has to be noted that ps- MGNs’
p-polarised SPR was spectrally placed between FEMC and FEMD. It is therefore
evident that the close spectral position of the p-polarised SPR to the fundamental beam
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wavelength (as a direct indicator of the plasmon coupling strength) does not have an
absolute effect of diminishing the third-order process being present in the sample under
illumination. A local effect however is present and its strength depends on the type of
reshaped nanoparticles.

5.6 Luminescence study

It was discovered in the previous sub-chapter that on illumination of MGNs with a 1064
nm laser beam (ps-pulsed) SH is generated. It was also observed that for reshaped
MGNs a broad background signal appears on top of the SHG. A measurement was
performed to determine the SHG dependence on the input laser pulse energy which
resulted in intensity slope values of between ~2 and ~3 indicating a third order process
taking place- especially for ps-reshaped nanoparticles. In order to determine the origin
and characteristics of the background signal a luminescence study was performed. The
SHG setup was modified so that a 532 nm incoming laser beam could be used to
illuminate samples. A 100 mm focusing lens was used to focus the 532 nm beam onto
the sample, which resulted in a ~16 µm spot size on the sample. A 532 nm notch filter
was used after the sample in order to filter out the input beam intensity.
Various samples were used:
1) Single and double layer Ag+ ion glass
2) Single and double layer spherical NPs glass
3) Pure soda-lime glass
4) MS MGN
MS-MGN was used for luminescence measurements from the available reshaped
nanoparticle samples. It was thought that it would represent pure elongation of
nanoparticles (it was described earlier that laser reshaping produces various Ag species
in the vicinity of the nanoparticle), with no additional effects involved. Also, fsreshaped nanoparticles had been measured in terms of their luminescence in [138].
None of the samples were input polarisation direction sensitive apart from the MSMGN, hence all samples were illuminated with a p-polarised polarisation direction. A
polariser was placed at the output and the experiment was performed for two directions
of polarisation (p- and s- polarisation). The luminescence achieved from these samples
can be seen in Figure 5-28.
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Figure 5-28 Luminescence spectral measurments. Readout polarisation direction was p(a) and s- (b).
A pulse energy of 24 nJ was used for illumination. Luminescence spectra could be
divided into three main peak intensities: ~500 nm, ~650 nm and ~780 nm. It was
discovered however that the 780 nm peak was induced in one of the elements of the
setup and could not have been corrected for (therefore not relevant for this study). In
Figure 5-28 (b), s-polarisation readout, all of the samples show the ~ 650 nm peak,
whereas in (a) - p-polarisation readout, the MS-MGN does not show this luminescence
peak. It had however a pronounced peak located at ~500 nm (the only sample in this
experiment). Highest luminescence intensity (described for peak at ~650 nm) was
achieved for single and double layer Ag+ ion glass, second highest intensity was
achieved with single and double layer spherical NPs glass. The smallest intensity was
observed with a pure soda-lime glass.
It can be seen in Figure 5-28 (a) that the ~500 nm peak for MS-MGN is the most
pronounced even though the pump wavelength was 532 nm. It was therefore evident
that a higher order process was a possible mechanism and may have originated from
THG (355 nm when illuminating with 1064 nm- SHG here). Also, the short wavelength
part of the slope of the 650 nm peak had its wings starting at ~500 nm which is also
below the pump wavelength. This could have been a result of some nearby states being
excited by 532 nm, which required a higher energy (this could be originated through
non-radiative transitions).
Dependence of the luminescence signal on the laser pulse energy was also measured,
and can be seen in Figure 5-29.
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Figure 5-29 Integrated luminescence intensity as a function of pump pulse energy for
two readout polarisations p- (a) and s- (b).
Laser pulse energies of 6 – 24 nJ were used which resulted in a linear behaviour of the
induced integrated signal (this corresponds to fluences in the range of 3.00 – 11.94
mJ/cm2). Here, slopes were not calculated but in this experiment they represent the rate
of increase of the signal, which was discussed earlier and behaves in the same way as
seen in Figure 5-28.
It can be concluded that single Ag ions influenced the luminescence from samples the
most, and also that spherical nanoparticles played a significant role. Glass by itself did
not show any noteworthy luminescence, similarly to MS-MGN in the ~650 nm band.
MS-MGN however showed intense luminescence <532 nm, which was polarised along
the long axis of the nanoparticles and may have been a result of non-radiative transition
in the energetical vicinity of the NP’s excited state.
More work is required in the future in order to determine the exact energetical structure
of the sample along with all the radiative and non-radiative transitions present.
Preferably a tuneable laser source would be required operating in <500 nm regions.
Also, a different experimental setup would be recommended for future work in order to
filter out only the pump source wavelengths (here bandpass mirrors were used that
passed only light between 400 and 800 nm).
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5.7 Multiphoton-Absorption-Induced Luminescence
(MAIL) and SHG in elongated Ag nanoparticles in
glass

It was shown earlier in this chapter that additionally to the SHG signal present in
reshaped nanoparticles illuminated with 1064 nm laser beam, a broad band exists. Here,
a proposed explanation of the band will be shown by both experimental work as well as
simulated with DDA calculation method (introduced in the previous chapter). Previous
experiments showed two main effects present in samples:
1) Increase in elongation ratio (shown as a relative position of the p-polarised SPR
extinction spectrum) decreased the slope intensity, reaching value ~2 for MS MGNs
where the elongation was the highest.
2) Laser reshaped nanoparticles showed higher than expected intensity slopes, with a
higher values approached by ps- reshaping process.
It can be concluded that higher order processes arised in MGNs, especially in the laser
reshaped MGNs. It could have been a result of colour centres and Ag+ ion formation in
the vicinity of the nanoparticle. Luminescence studies definitely showed the highest
luminescence band formed at ~650 nm for samples of soda-lime glass filled with Ag
ions. Mechanically stretched samples however showed a polarisation dependent
luminescence band at <500 nm, which could be a result of a different (but also higher
order) process. It was also established that the higher the elongation of NPs, the less of
the higher order processes could be seen due to the fact that the intensity slope became
smaller and closer to what was expected of a second order originated SHG. An effect
described in the literature as a Multiphoton-Absorption-Induced Luminescence (MAIL)
is proposed as a reason of broad luminescence bands formation [181], [189], [190]. This
process originates from absorption and recombination of electrons in the sp-band with
holes in the d-band [191].
Spectrally resolved images of each of the samples were taken for 1064 nm beam
illumination. A p-polarised input beam was used, no polariser was present at the output.
MS MGN emission spectra can be seen in Figure 5-30.
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Figure 5-30 Spectrally resolved signal obtained from MS-MGN. Evolution of signal as
a function of fundamental pulse energy is shown
Pulse energies between 10 nJ and 50 nJ were used (for reasons explained earlier in this
chapter). It has to be noted that slightly higher pulse energies were also used for further
comparison purposes with other MGNs less prone to degradation. A band that formed at
~450 nm was observed along with a pronounced SHG peak at 532 nm.
Fs-reshaped MGNs were measured in the same experimental setup (Figure 5-31).
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Figure 5-31 Spectrally resolved signal obtained from fs-MGN. Evolution of signal as a
function of fundamental pulse energy is shown
Pulse energies between 30 nJ and 80 nJ were used. It can be observed that along the
SHG peak, two additional bands appear. First at ~450 nm and the second at ~650 nm. It
can be also seen in the figure that spectral distribution of these bands are dependent on
the type of the reshaping
Also, ps-reshaped nanoparticles have been observed under illumination of the
fundamental beam and the results can be seen in Figure 5-32. In these type of reshaped
nanoparticles only the ~650 nm band could be seen. Also, the increase of number of
pulses per spot fired during the reshaping had a significant effect on the size of this band
(increasing with it).
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Figure 5-32 Spectrally resolved signal obtained from ps-MGN. Evolution of signal as a
function of fundamental pulse energy is shown
A comparison between all of the samples used for experimentation in this chapter can
be seen in Figure 5-33. Normalized intensity spectra can be seen in the figure, which
were produced by illuminating samples with 50 nJ of pulse energy.
A MAIL process was proposed as an explanation of higher order processes that were
present when illuminating MGNs with 1064 nm beam. It can be noticed in Figure 5-33
that for smaller elongation rations in FEMA-D, two peaks of MAIL were present: ~450
nm and ~650 nm. The blue peak in FEMA-C was growing in intensity much more than
the orange peak. However in FEMD (where double irradiation was performed leading to
higher elongation of nanoparticles), blue peak vanished leaving only the orange peak as
the dominant. Because of the short wavelength side slope of this peak vanishing slowly
it can be concluded that the blue band is still present in this sample but has very little
intensity. Ps-reshaped samples showed however only the orange band which peaked
sharply leading to a conclusion that no involvement from the blue band peak was
present for these type of samples. For MS sample, the 450 nm band peak was the most
pronounced.
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Figure 5-33 Comparison between spectrally resolved signal obtained from fs-, ps- and
MS-MGN. 50 nJ pulse enrgy was used for all measurements
The MAIL peak at around 625 nm was believed to be attributed to the formation of
small ion species (Ag2+, Ag22+, Ag3+ and Ag32+) in the vicinity of the reshaped
nanoparticle and their involvement in radiative transition [138]. From observation of
types of samples having this most intense band, it was established that laser reshaping
was the main cause for these species to appear. It is a well-known fact that this process
happens and it was described in more detail in previous chapter. Because of the fact that
ps- reshaped samples show a more intense 650 nm band, the longer laser pulse may
have effect on promoting a higher rate of formation of this species. Luminescence
experiments presented earlier proved these statements. Also, enhancement of
fluorescence of various molecules in the vicinity of metallic nanoparticles has been
reported in research journals [192]–[194].
A multi-pulse irradiation of nanoparticles caused a Coulomb explosion of a nanoparticle
which effectively left a ‘halo’ of silver ions a few nanometres around the nanoparticle
(this was described in previous chapters). Small silver species responsible for the orange
peak must have been formed by clustering and partial reduction of Ag ions produced
during the reshaping process. Growth of the 625 nm band along with the increase of
number of pulses per spot used, that can be observed both in fs- as well as in ps-
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reshaped samples, showed this effect as increase of pulses fired increased the ‘halo’
effect.
MS- MGN, while having the highest elongation ratio of NPs, did not exhibit an orange
band, because the mechanism of formation of nano-ellipsoids did not involve laser
irradiation therefore formation of Ag species. The MAIL band that peaked at ~450 nm
could be attributed to the presence of small Ag ions of lower concentration in the
volume of the sample, formed during the ion-exchange process [195], [196]. It was
observed that the laser reshaped samples showed diminished blue band (FEMA-D) or
did not show it at all (ps-reshaped MGNs). This effect could be explained by the fact
that by applying an increased number of pulses per spot during irradiation, destruction
of small Ag ions occurred in the volume of the sample by heat accumulation, hence blue
band vanished. For FEMA-C samples, firing small number of pulses per spot initiated
the reshaping process and enhanced the luminescence in the blue band by local field
enhancement (which was greater for ellipsoids than for spheres), while not
accumulating enough heat for the small Ag ions dissolution. Within a picosecond
regime of reshaping even a few pulses per spot (e.g. 100) accumulated heat to levels
high enough for dissolution of aforementioned ions.
Also, the 450 nm band could be attributed to THG at 355 nm, which was reabsorbed by
small species formed during making process of samples.
Explanation of the MAIL effect involvement on the intensity slopes measured in
samples and showed in previous figures, can be explained by the origin of MAIL. This
effect involved absorption of the excitation photon and reemission in a radiative
transition. SHG however involved a virtual state energy transition instead of a real state
energy transition. SHG, by contrast to MAIL was not a process involving absorption of
photons. Instead, an intense laser field induces a second-order polarisation wave
resulting in coherent light wave in exactly twice the incident frequency. It was shown
that this difference in nonlinear responses was caused by the ratio of scattering to
absorption cross-sections from nanoparticles as proposed by Deng et al. [181]. In order
to prove that this effect took place in our samples, Discrete Dipole Approximation
(DDA) simulations have been performed for elongation ratios present in measured
samples.
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First, all elongation ratios had to be related to the DDA calculations. For this reason
simulations of extinction spectra were performed and p-polarised SPR peaks were
spectrally matched with aspect ratios of nanoparticles (Figure 5-34 and Figure 5-35).

Figure 5-34 p-pol DDA simulations of extinction cross section for silver nano ellipsoids
embedded in soda-lime glass

DDA parameters were chosen to match exactly the centre peaks of the real p-polarised
extinction spectra that were measured.
Ps- MGNs elongation ratios were calculated from fitting p-pol extinction peaks to the
elongation ratio as a function of extinction peak position, also, to match the measured
value.

Figure 5-35 linear fit to elongation ratio calculated with DDA as a function of p-pol
extinction position
DDA simulation was set for a spherical nanoparticle of silver in a soda-lime
environment. Then, the ratio between axes was changed to achieve the desired ppolarised peaks. The number of dipoles used in simulations was ~300k. Because of the
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hardware capability constraints resulting in lengthy simulation times, a number of
elongation ratios were excluded (100-900 number pulses per spot in ps- reshaping).
Simulated sample parameters can be seen in Table 2

p-polarised extinction

Elongation ratio calculated

peak position [nm]

with DDA

FEMA

547

1.95

FEMB

564

2.05

FEMC

582

2.17

FEMD

794

3.72

1000N (ps-MGN)

651

2.70

MS-MGN

900

4.53

Table 2 Measured p-pol extinction peak positions along with simulated elongation ratios

It was concluded that three main wavelengths were the main contributors to effects seen
in samples. These were:
1) 1064 nm- fundamental beam wavelength. This was the prime wavelength with
which nanoparticles interacted, and according to the hypothesis presented, when
scattered were leading to SHG and when absorbed to MAIL.
2) 532 nm – SH of the fundamental beam. This wavelength similarly to 1064 nm
could have not only be created but also re-absorbed by various Ag species and emitted
in form of MAIL
3) 355 nm – TH of the fundamental beam. It was possible for these type of samples
to create the TH and reabsorb it creating the 450 nm TAIL peak (Three-photonAbsorption-Induced Luminescence).
For these three wavelengths the simulation was performed and parameters measured:
absorption, scattering, extinction and abs/scat ratio. In DDA, the wavelength choice
corresponded to the ability of the measured structure to either absorb this wavelength,
scatter or extinct it, therefore it would have simulated the effect of illumination with this
particular wavelengths or their reabsorption.
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DDA simulation for 1064 nm can be seen in Figure 5-36.

Figure 5-36 DDA simulation of extinction, absorption and scattering cross sections as a
function of nanoparticle elongation ratio – for 1064 nm.

It was observed (as expected) that the extinction increased along with the elongation
ratio of nanoparticles. Absorption was more intense than scattering and both were
increasing in the same manner as their extinction.
DDA simulation for 532 nm was performed and is seen in Figure 5-37. All parameters
behaved in the opposite way to the previous wavelength- decrease along with the
elongation ratio can be observed. This effect was also expected as it was known that
when the elongation ratio increased it spectrally moved the p-polarised extinction band
to longer wavelengths, therefore decreasing the plasmon coupling with the incident light.
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Figure 5-37 DDA simulation of extinction, absorption and scattering cross sections as a
function of nanoparticle elongation ratio – for 532 nm.

DDA simulation for 355 nm showed similar results (Figure 5-38) to 532 nm with a
slightly lower intensity slopes.

Figure 5-38 DDA simulation of extinction, absorption and scattering cross sections as a
function of nanoparticle elongation ratio – for 355 nm.

The reason for that was the effect of the overall intensity of all parameters – low in
comparison to the previous wavelength. A decreasing trend was present, which related
to the theory mentioned earlier.
Extinction spectra for all three wavelengths can be seen in Figure 5-39.
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Figure 5-39 DDA simulation of extinction cross sections as a function of nanoparticle
elongation ratio – for 1064, 532, and 355 nm.

A significant increase in 1064 nm extinction and decrease of 532 nm extinction can be
observed. This effect was caused by the shift of the p-polarised SPR band toward longer
wavelengths, hence increasing the plasmon coupling. A small decrease of extinction
could be seen for 355 nm as this wavelength was placed spectrally in a bigger distance
away from the main SPR band of nanoparticles.
The experimental part of this chapter showed SHG for 1064 nm illumination. The
abs/scatt ratio was said to be responsible for either high SHG signal (when abs<scatt) or
MAIL signal (when abs>scat). MAIL signal itself was also hypothesised to be created
by energy transitions from created photons ~ 532 and 355 nm (SHG and THG) to
nearby ion species. The abs-to-scatt ratio is presented in Figure 5-40.
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Figure 5-40 DDA simulations of abs/scatt ratio as a function of elongation ratio of
nanoparticles – at 1064, 532, and 355 nm.

Three main observations can be made from these results, obtained by the DDA
simulation:
1) For all wavelengths, abs/scatt ratio is higher than unity.
2) Decrease in the abs/scatt ratio exists for all wavelengths, with a difference in the rate
of decrease
3) Smallest ratios for the most elongated nanoparticles were obtained for 532 nm and
1064 nm
Important conclusions can be made from these observations. Knowing that all ratios are
higher than unity suggests that in every elongation ratio part of the signal obtained will
be shown as MAIL. Although, for the most elongated nanoparticles MAIL should have
the smallest influence on the obtained signal and the SHG should have the highest. This
was observed in this chapter, where MS-MGN intensity slope was ~2 and the least
elongated sample (FEMA) was ~2.5. Also, the smallest ratios were obtained for 532 nm
wavelength which suggests that the SHG produced in the process of illumination with
1064 nm will be the least absorbed for the most elongated nanoparticles.
In case of the 355 nm results it can be established that the greatest effect observed for
this wavelength is absorption of light by the nanoparticle. Elongation ratio did not make
any significant difference. TAIL that can be created in samples containing nanoparticles
can therefore be easily absorbed by Ag ions that are present in the vicinity of the
nanoparticle and manifest itself in a luminescence band at ~ 450 nm.
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Also, as described earlier, the type of elongation makes significant difference on
obtained signal. The main reason for that is the dependence on the heat accumulation in
the sample and the process used to obtain spherical nanoparticles.
A simplified Jabłoński diagram of established processes observed in elongated
nanoparticles illuminated with 1064 nm wave can be seen in Figure 5-41.

Figure 5-41 Jabłoński diagram concluding obtained results- both measured and
simulated.

5.8 Conclusions

In this chapter, it was shown that both SHG and MAIL were present in MGNs
containing elongated silver nanoparticles. SHG and MAIL effects were shown and their
origin explained for three types of MGNs: ps-, fs- reshaped and mechanically stretched.
Nonlinear optical effects were shown to not be originating from glass samples
themselves, but rather from precisely engineered nano ellipsoids. Emitted signal
dependence on the input beam polarisation was shown. Also, polarisation components
of the emitted light were measured and described. It was shown that differences in
structure and internal morphology existed between presented samples (manifested in a
difference in the number of Ag ions present in the vicinity of nanoparticles) and were
the cause of difference of MAIL signals and SHG intensities. Measurement of the
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emitted signal as a function of the input pulse energy was performed and differences in
the intensity slope was observed. Luminescence study was made and main excitation
centres were found. It was also concluded that competition between SHG and MAIL
arised from difference in absorption and scattering cross-sections of nanoparticles. DDA
simulations were performed and it was determined that SHG was more noticeable for
nanoparticles with higher aspect ratios. A Jabłoński diagram was proposed for
visualisation of processes leading to observed SHG and MAIL.
Nano ellipsoids were proven to be good candidates for either SHG or MAIL converters.
Second order nonlinear effect from these MGNs could be also utilized for applications
like FROG (Frequency Resolved Optical Gating) where the traditionally used BBO
could be replaced. Even though mechanically stretched nanoparticles proved to be the
most efficient converters, the picosecond irradiation method showed to have more
flexibility in shape and orientation modifications, therefore leading to a better ability to
optimise these MGNs for SHG or MAIL.
It has to be noted however that MGNs’ SHG and MAIL efficiency is still low compared
to standard SH converters (BBO, LBO, etc.). Presented signals proved difficult to
measure, even with the spectrometer and a cooled CCD camera (Chapter 3).
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6 Laser induced reshaping of silver
nanoparticles embedded in soda-lime
glass with radially and azimuthally
polarised light
6.1 Introduction

Chapter 6 will present a novel way of reshaping nanoparticles. Methods for laser
reshaping presented in the previous chapter (Chapter 4) were based on a linear laser
polarisation. The interaction between the ultra-short laser pulses with linear polarisation
was characterised. It was shown how this type of MGN irradiation could produce silver
nano ellipsoids (aligned along the laser direction of polarisation) in the volume of glass
with highly efficient dichroic effect. Also, it has to be mentioned that linear laser
polarisation could lead to formation of oblate spheroids, which was described in [131].
There, different shape changes were achieved with single pulse irradiation and with
much higher laser intensity (over 2 TW/cm2), where no dichroism was present but redshift of the SPR caused by a halo of emitted photoelectrons around the nanoparticle.
That process was based on the formation of dense electron plasma at the poles of a
nanoparticle sphere and thermal expansion (and ablation) of the glass matrix. Very little
has been described so far, both in this thesis and in any recent journal papers, about how
the laser polarisation change in reshaping Ag nanoparticles embedded in soda-lime
glass can lead to the formation of various different shapes of nanoparticles.
Femtosecond laser irradiation on Ag nanoparticles in soda-lime glass revealed that by
changing the incoming laser polarisation to circular, nanoparticle shape of nanodisks
can be achieved [94]. There, the process of shape change was caused by the same
mechanism as for the linearly polarised irradiation (that is directional ejection of
electrons along the direction of the laser polarisation vector). The characteristic of
circular polarisation was the reason for disc formation– spin angular momentum of the
electromagnetic wave where the electric and magnetic fields rotated continuously
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around the beam axis during propagation, therefore changing continuously the direction
of electrons ejection in time, and covering the full angle.
Here, the interaction of radially and azimuthally polarised ps-pulsed laser beams with
glass containing spherical Ag nanoparticles will be presented. Formation of peculiarly
orientated Ag nano-ellipsoids will be shown along with a novel method for analysing
their orientation within the irradiated lines using the known effect of Second Harmonic
Generation (SHG) from elliptical nanoparticles [35]. It will be shown that the presented
SHG cross-sectional scan method, conducted in the transmission geometry, allows for
determination of the shape and position of nanoparticles within the modified areas.

6.2 Radially and azimuthally polarised beam
irradiation

A range of experiments was performed in order to determine nanoparticle shape and
position change under irradiation with a picosecond laser beam with its polarisation
oriented radially or/and azimuthally. As described in chapter 3, an irradiation setup was
used which included a ~10 ps pulsed laser, 532 nm wavelength and varying repetition
rate (up to 200 kHz). Note that 532 nm irradiation is off-resonant which leads to higher
reshaping ratios while using slightly higher laser intensities. This characteristic was
shown in the previous chapter where MGNs were irradiated with this same wavelength
with linear polarisation. The laser beam was expanded and a commercially available
polarisation converter - an S-wave plate (made by Altechna) - was put in the optical
path in order to achieve either radial or azimuthal polarisation (depending on the
rotational alignment of the S-wave plate, relative to the linearly polarised incident
beam). The beam was then focused on to a sample plane using a laser scanhead with a
100 mm F-theta lens attached. The system used allowed for a tight focusing of the laser
beam down to ~ 22 µm measured at 1/e2.
The beam was polarised either radially or azimuthally. Figure 6-1 shows the distinction
between these two polarisations.
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Figure 6-1 illustration of a) radially and b) azimuthally polarised laser beam.
It can be seen that the radially polarised beam has its polarisation direction set radially
from the centre of the beam. Also, the azimuthally polarised beam has its polarisation
direction set orthogonally to the radially polarised beam. An additional effect seen by
passing a Gaussian intensity profile through the S-wave plate is the shape change of the
beam to doughnut/ring-like. The S-wave plate was made by femtosecond direct writing
in the volume of fused silica glass, creating subwavelength anisotropic modifications
that resulted in shape and polarisation change [197]. For the purpose of this experiment
the S-wave plate was commercially acquired.
The S-wave plate was extremely sensitive to misalignment. In order to determine the
accurate position and alignment of the S-wave plate with regard to the optical path of
the Gaussian beam and linear polarisation direction, a set-up was built. It consisted of a
beam profiler (Spiricon) and a linear polariser and can be seen in Figure 6-2.
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Figure 6-2 setup used for characterisation of the laser beam after shape
modification with the s-wave plate
The laser beam was passed through the s-wave plate with a linear polarisation
(horizontal in the illustration) and Gaussian intensity distribution. The resulting beam
imaged on a beam profiler was a ring-like shape of intensity distribution, seen in Figure
6-2 a. By rotating the S-wave plate around its central axis, polarisations could be
changed between radial and azimuthal, leaving the intensity distribution the same. In
order to confirm that the right polarisation state was chosen, an additional linear
polariser was added to the optical beam path for the alignment. It was used to separate
the polarisation components and therefore visualise different parts of the ring intensity
distribution on the beam profiling camera. Figure 6-2 b) shows this effect. If the
polariser was placed with its polarisation direction set vertically, the vertical bow-tie on
the camera represented vertical polarisation components of a radially polarised beam.
The horizontal bow-tie showed the image seen when the azimuthally polarised beam
was achieved (vertical components seen in this case at the left-right edges of the beam).
The polariser could be rotated around its central axis in order to visualise other
polarisation components on the camera of either radially or azimuthally polarised beam,
for better alignment. Figure 6-3 shows images taken with the beam profiler where a) is
the doughnut intensity distribution of a radially (in this case) polarised beam and (b – d)
are images taken with addition of a linear polariser in the optical beam path which was
positioned with its polarisation direction set vertically (b), and rotated clockwise until
horizontal direction of polarisation was reached (c – d).
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Figure 6-3 beam profiler images of a) radially polarised laser beam b)-d) with a
polariser in the optical path rotated
For the azimuthally polarised laser beam the image (a) looked exactly the same as here.
The difference was observed when the linear polariser was put in place i.e. b) would
show a horizontal bow-tie, c) would be rotated by 90 degrees to the left and d) would
have a vertical bow-tie. That effect was expected, knowing that azimuthally and radially
polarised beams have orthogonally directed polarisation components.
The irradiation setup utilizing these polarisations was similar to the setup used for laser
irradiations with a linear polarisation. The setup allowed modification of Ag
nanoparticles in the sample plane in various directions and shapes.

6.3 Lines written with radially and azimuthally
polarised laser beam

In order to observe the effect of irradiation of Ag spherical nanoparticles with either
radially or azimuthally polarised laser beam an experiment was performed. Firstly,
single lines were irradiated with varying laser pulse energy. Due to the effective beam
diameter change and its intensity distribution (when comparing to linear polarisation
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irradiation), the fluence for reshaping could have been different than the linear
polarisation irradiation, therefore needed to be experimentally obtained.
Lines were irradiated with radially polarised laser beam as both polarisations had
similar intensity distribution. The pulse energy for each line was varied in order to
determine the optimal value. The laser repetition rate was set to 200 kHz and number of
pulses per spot to ~2000 (higher value of number of pulses per spot could have been
obtained due to the bigger size of the beam spot in comparison to linear laser
polarisation irradiations). Figure 6-4 shows a microscope image of lines irradiated with
the aforementioned technique. Pulse energies increment was set to 0.01 µJ. The line on
the left hand side shows irradiations with 0.15 µJ (~40 mJ/cm2) and on the right hand
side with 0.28 µJ (74 mJ/cm2). It can be seen that some structural changes appear for
pulse energies between 0.24 and 0.28 µJ. Two additional lines were produced to see the
changes in more details. Laser pulse energies of 0.29 (~ 76 mJ/cm2) and 0.30 µJ (~78
mJ/cm2) were used. Figure 6-5 presents lines irradiated with these two pulse energies.
Structural changes can be easily seen in the central part of the irradiated lines. These
changes are due to the effect presented in chapter 4 (silvering), where nanoparticles
while being irradiated underwent an Oswald ripening process, forming bigger clusters
and pushing them from the volume of nanoparticles to the surface of the glass. This
effect was seen for the same range of pulse energies while irradiating MGNs with
azimuthally polarised light.
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Figure 6-4 microscope image of lines irradiated vertically with radially polarised
laser beam. Laser pulse energy has been varied between 0.15 µJ (line on the left
hand side) and 0.28 µJ. Line with 0.17 µj was unsuccessfully irradiated.

It

was concluded that for efficient reshaping of silver nanoparticles with polarisations
presented, pulse energies must not be greater than 0.24 µJ.

Figure 6-5 microscope image of lines irradiated with 0.29 (left) and 0.30 µj
(right). Structural changes on the surface presented

For further experiments 0.24 µJ was used which corresponds to ~60 mJ/cm2.
Additionally, it can be seen in Figure 6-5 that the edge of each line has a darker shade
and is of different colour than the central part of the line. Additional laser irradiations
were made in order to explain this phenomenon.
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Series of lines were irradiated on MGN with radially and azimuthally polarised laser
beams. Figure 6-6 a) shows the directions of how the lines were irradiated: left-to-right
and right-to-left. Both directions were performed for each of the polarisations (radial
and azimuthal). Lines were then put under a digital microscope and the input light
polarisation direction was changed and set to 0, 45, 90 or 1350 (Figure 6-6 b). Similarly
as in chapter 4 where linearly polarised irradiations were diagnosed, this kind of
metrology gives a great input into how the nanoparticles are being reshaped within the
irradiated areas (nanoparticles with green/blue colour indicate that their direction of
elongation is parallel to the direction of polarisation of illuminating light ).

Figure 6-6 experiment explanation of a) directionality of irradiation b) design of
irradiated lines metrology measurements
Azimuthally irradiated lines were analysed first and can be seen in Figure 6-7. As can
be observed, lines were not uniformly coloured as was the case with linear polarisation
irradiation. Here, certain areas existed that showed peculiar structuring of a single line.
For illumination with vertical direction of polarisation (Figure 6-7 a and e) the middle of
the line shows its colour to be green/blue, which indicated vertical alignment of linearly
reshaped nano ellipsoids. On the other hand, illumination with light of orthogonal
direction of polarisation (Figure 6-7 d and h) showed c0lour change in the edges of the
lines, indicating horizontally aligned metallic nano ellipsoids in these areas.
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Figure 6-7 azimuthally polarised laser light irradiations. a)-d) left-to-right, e)-h)
right-to-left. White double sided arrows indicate the direction of polarisation of
light used for metrology
The same effect can be seen for both left-to-right and right-to-left irradiation. A
completely different effect is visible for illumination with polarisation direction rotated
+/- 45o. For left-to-right irradiation (Figure 6-7 b and c) bottom part of the line shows
the green/blue colour for -45o (Figure 6-7 b) and upper part of the line shows this colour
for +45o (Figure 6-7 c). This effect showed that nanoparticles at the edges of each
irradiated line were aligned along +/- 45o. It can be also seen in these pictures that the
thickness of the coloured regions differed slightly. The horizontal illumination
green/blue area is slightly thinner and positioned more at the very edges of the line than
the +/- 45o, which took some of the middle part of the line cross-section. Right-to-left
irradiation (Figure 6-7 f and g) gave opposite effect where the upper part is coloured in
green/blue at -45o and bottom part at +45o. This result indicated that the nanoparticles
did not only positioned themselves under intense laser irradiations at +/- 45 o but also
their position was dependent on the direction of irradiation.
Secondly, radially polarised light irradiation was analysed. Figure 6-8 shows the results
obtained under the microscope.
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Figure 6-8 radially polarised laser light irradiations. a)-d) left-to-right, e)-h)
right-to-left. White double sided arrows indicate the direction of polarisation of
light used for metrology

It can be seen there that radial polarisation reshapes nanoparticles in complete opposite
manner to azimuthal polarisation irradiation. It is also important to say that it was an
expected effect as the radially polarised laser beam has its polarisation components
oriented orthogonally to the azimuthal polarisation components, therefore effects of
irradiations should have also be present in this manner.
Additionally, a line was irradiated with azimuthal polarisation of the laser beam while
the sample was offset from the focal plane of the focusing f-theta lens. In this
experiment thicker lines could have been irradiated which gave more detailed picture of
how the colour of each line changed under polarised illumination. Also, it was expected
that the laser beam polarisation and intensity distribution while slightly out of focus
would have stayed the same as in the focus (M2 <1.3), within certain degree of
imperfection. Figure 6-9 a)-d) shows the irradiated lines. The measured thickness was ~
100 µm and the pulse energy was increased to the level where MGN were not being
damaged but high enough to observe significant reshaping. The blurriness of lines are
the effect of pulse energies at lower levels of reshaping (~1 µJ). The figure confirms
what has been observed earlier- middle of the line coloured in green/blue for vertical
polarisation direction illumination, edges for horizontal polarisation direction of
illumination and upper/lower part of a line for -/+ 45o polarisation direction of
illumination. In the same Figure 6-9, a single line is shown as an effect of irradiation of
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MGN with linearly polarised laser beam. Parameters of irradiation are same as in
chapter 4. It can be observed there how colours changed for this type of irradiation and
compared it with azimuthally irradiated line.

Figure 6-9 a)-d) thick lines irradiated with azimuthally polarised laser light, e)-h)
liner irradiated with linearly polarised laser light. All irradiations were performed
from left-to-right. Illumination with linearly polarised light with polarisation
direction indicated with white arrows.
For instance, Figure 6-9 e) is fully coloured in green/blue as all the nanoparticles are
positioned there along the direction of polarisation of the illuminating light (vertically).
Brown/red colour for the s-polarisation and grey/green for in between. It showed that
the lines irradiated with either radial or azimuthal polarisations had their components
separated as in comparison to linear polarisation irradiation. Therefore this implied that
certain parts of the polarisation components of either radial or azimuthal polarisation
reshaped the area of MGN in a different way, but along certain direction.
Figure 6-10 shows a summary of how colours change along each line cross-section. Red
lines indicate where the blue/green colour formation arose. Left hand side shows lines
irradiated with azimuthal polarisation and right hand side with radial polarisation. Both
images are made for left-to-right irradiation. Black arrows in the middle indicate the
illumination polarisation direction. Below that, the proposed alignment of nanoparticles
within each of these lines after irradiation is shown. The nanoparticles were drawn so
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that they were aligned with their long axis parallel to the direction of polarisation of
illumination.

Figure 6-10 graphical representation of areas coloured in green/blue for azimuthal
(left) and radial (right) and proposed nanoparticle alignment within the sample.
Single line irradiation (either with radial or azimuthal polarisation) exhibited
nanoparticles oriented differently within the same line cross-section. It was assumed
that the laser beam polarisation components reshaped the irradiated area along their
direction separately. It was also important to note that while the top, the bottom and the
middle of each line were reshaped in the direction of the polarisation components of the
irradiating beam, The +/- 45o areas of each line behaved differently. Example of
azimuthally reshaped line, assuming the proposed theory that the nanoparticles are
reshaped along the direction of polarisation components of each beam, shows that for
the -45o illumination, both upper-middle and bottom-middle parts of the line should
change colour to blue/green. The experiment showed however, that only the bottommiddle part exhibited this effect. Similarly for the orthogonal illumination where the
upper-middle part exhibited the effect (same with the radial irradiation). The
observation showed that the tail of the irradiating beam had the biggest effect on the
overall reshaping. Definite conclusions couldn’t be made at this point as the character of
reshaping needed to be determined more thoroughly.
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6.4 Second Harmonic Generation cross-sectional
scanning method

In the previous sub-chapter, single lines were irradiated with either azimuthal or radial
polarisation of the laser beam. It was concluded from optical microscope image
investigation that nanoparticles in each line did not take one certain shape after laser
irradiation but rather created nano ellipsoids rotated along the cross-section of the
irradiated line. In order to confirm these findings a special experiment was designed.
According to chapter 3, silver nanoparticles embedded in the soda-lime glass possessed
a unique property of Second Harmonic Generation (SHG) and Multi-absorption induced
luminescence (MAIL). These two effects were polarisation dependent and exhibited
their highest intensity while illuminating nanoparticles with the incident direction of
polarisation aligned parallel to the long axis of nanoparticles (Figure 6-11). The
experiment that was designed for characterisation of the cross-section of a single
irradiated line was based on the principle of scanning irradiated areas with laser beam
(across irradiated lines) and rotating its direction of polarisation in order to detect
maxima of intensity.

Figure 6-11 the idea behind the NPs alignment experiment. a) Presents a ppolarised 1064nm beam which is being converted to 532nm + mail b) presents spolarisation which is not being converted
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These maxima were then mapped spatially on the area in order to show the direction of
nano-ellipsoids there. The exact setup was described in chapter 3. Figure 6-12 describes
the idea behind the experiment.
Examples of spectra that would have been obtained are also shown for the situation
where the horizontal direction of polarisation had the strongest intensity at a specific
point in the sample.
In order to confirm this methodology by comparing it to other than radially and
azimuthally polarised irradiations, linearly polarised lines were irradiated. Firstly, lines
in two directions were irradiated (left-to-right and right-to-left) with laser polarised
horizontally (parallel to the direction of irradiation). Secondly lines with laser polarised
vertically were irradiated.

a)
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Figure 6-12 a) side view of the experiment. Fundamental beam illuminates from the
bottom and shg+mail is being produced above b) top view. Circles in the centre show
points where the data is being taken. Scan proceeds from bottom to top. Double arrows
on the edges show the polarisation of the fundamental beam and example of intensity
spectra taken.

Because in this mode of reshaping nanoparticles elongated along the direction of
polarisation of laser beam, the expected result was that the highest intensity of the SHG
and MAIL signal will be for fundamental light polarised along that direction. Minimum
value of signal was expected for fundamental beam polarisation orthogonal to the
direction of elongation of nanoparticles. All signals were expected to have their local
maxima in the centre of the irradiated line cross-section and no change in the signal was
expected to show up for two different directions of irradiation. Results of a cross-
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sectional scan for irradiations made with horizontally polarised beam can be seen in
Figure 6-13. Here, a vertical double arrow represents fundamental beam polarisation
direction parallel to the polarisation of irradiating beam and horizontal double arrow
polarisation direction perpendicular to it. In order to read this image properly, one has to
imagine the x-axis of the image to be the irradiated line thickness. As expected, no
change was measured between left-to-right and right-to-left directions of irradiation.

Figure 6-13 cross-sectional scan of an irradiated line with horizontal polarisation. (a)-(d)
left-to-right irradiation, (e)-(h) right-to-left irradiation.

Vertically polarised irradiation beam was used for the second irradiation. Results of a
cross-sectional scan can be seen in Figure 6-14.
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Figure 6-14 cross-sectional scan of an irradiated line with vertical polarisation (a)-(d)
left-to-right irradiation, (e)-(h) right-to-left irradiation.
It can be seen that the horizontal double arrow, representing the polarisation direction of
the fundamental beam, shows the highest intensity of SHG and MAIL and the vertical
the lowest (similarly for other direction of irradiation). It agreed with expected results.
These measurements could have been used to visualise how nanoparticles were aligned
across each irradiated line. Figure 6-15 shows how nanoparticles were aligned while
irradiating the sample with horizontal polarisation in two directions.

Figure 6-15 Schematic representation of nanoparticle orientation when irradiating with
horizontal polarisation direction.
Figure 6-16 shows how a vertically polarized irradiation elongates nanoparticles.
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Figure 6-16 Schematic representation of nanoparticle orientation when irradiating with
vertical polarisation direction.
Another set of lines was irradiated with either azimuthally or radially polarised laser
beam. Similarly to the previous experiment, two directions of irradiation were used:
left-to-right and right-to-left. Figure 6-17 presents left-to-right irradiation, where (a)-(d)
represents cross-sectional results of azimuthally polarised irradiation and (e)-(h) radially
polarised irradiation. It can be observed there that maxima of intensities of SHG and
MAIL moved along the line cross-section depending on which fundamental polarisation
direction was used for the experiment. In this figure, each measurement was normalised
to its maximum value for simplicity in explanation of how these patterns position shifts
across the line thickens (in a result, revealing directions of elongated nanoparticles).
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Figure 6-17 cross-sectional scan of an irradiated line with azimuthally (a)-(d) and
radially (e)-(h) polarised laser. Left-to-right irradiation.
In Figure 6-17 (c), which shows the signal positioned in the very centre of the line cross
section, a vertical polarisation dominates (horizontal double arrow). From there (b) is
shifted to the right and (d) to the left (+45o and -45o degree polarisation respectively). In
(a) two distinct peaks form at the edges of the line cross-section with horizontal
polarisation (vertical double arrow) indicating two rows of nanoparticles that were
elongated in the same direction - here, along the direction of irradiation. A double peak
pattern was seen in (e) which indicated two rows of nanoparticles elongated
perpendicularly to the direction of irradiation. In (f), (g), and (h) signal patterns were
observed with polarisation pattern orthogonal to the azimuthal line irradiated in the very
same direction (a-d). For comparison purposes, and also for clarity on how direction of
irradiation influences the reshaping process, two additional lines were irradiated in
opposite direction to previous (right-to-left). Figure 6-18 shows experimental results
where (a-d) are azimuthal irradiations and (e-h) are radial. Similar patterns of shifts can
be observed for both polarisations when compared to Figure 6-17.
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Figure 6-18 cross-sectional scan of an irradiated line with azimuthally (a)-(d) and
radially (e)-(h) polarised laser. Right-to-left irradiation.
The difference between these two measurements lies in the direction of polarisation of
left and right shifted signals (b, d and f, h), where polarisation directions are rotated by
90o when compared to Figure 6-17. Also, radial irradiation shows smaller ‘double peaks’
than previous experiments, which can be attributed to a lower quality of irradiated line
for this particular one.
These measurements, similar to the case of linear polarisation irradiation, can be
transformed from spatial intensity mapping into nanoparticle elongation direction across
the irradiated line. Figure 6-19 shows how nanoparticles are aligned for azimuthal
irradiation in two directions (illustrated from data in Figure 6-17 and Figure 6-18: a-d),
whereas Figure 6-20 shows nanoparticle alignment for radial irradiation (illustrated
from data in Figure 6-17 and Figure 6-18: e-h).
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Figure 6-19 Schematic representation of nanoparticle orientation when irradiating with
azimuthal polarisation in two direction of irradiation.

Figure 6-20 Schematic representation of nanoparticle orientation when irradiating with
radial polarisation in two direction of irradiation.

It can be observed there that nanoparticles were being elongated and aligned with a
certain pattern, which was unique and depended on both polarisation state of the laser
beam as well as the direction of irradiation. From the above observation one may
conclude that four different orientations of the nanoparticles are observed in each
irradiated spot using the azimuthally/radially polarized beam. The cases of +/- 45o were
of particular interest here since these indicated that the final reshaping of the
nanoparticles was dictated by the tails of laser pulses rather than their tips. This agreed
with the reshaping mechanism presented earlier and added to the knowledge of
reshaping with radial and azimuthal polarisation. It was also evident that linear
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polarisation irradiation changed the direction of elongation of nanoparticles with the tail
of the laser beam. This effect was previously unknown, and the presented method of
observation proved to be an excellent tool for such investigation. Figure 6-21
summarises how nanoparticles are being reshaped with presented polarisations and
which parts of the laser beam gives the most contribution to the final nano-ellipsoid
orientation.

Figure 6-21 Schematic representation of nanoparticle reshaping with radial, azimuthal,
linear-vertical, and linear-horizontal laser polarisations. In blue are tails of laser beams
and in red their tips.

6.5 Line overlap and investigation - macroscopic
optical effects.

In contrast to linear polarisation laser reshaping, where the whole of each irradiated line
has nano-ellipsoids oriented along that polarisation, radial and azimuthal polarisation
laser reshaping left the irradiated area with nanoparticles oriented in a pattern presented
in the previous sub-section. This created a technical bottleneck in creation of larger
irradiated areas, when lines during the raster scan had to be close to each other. It was
possible that even smallest overlap of lines could modify the alignment of nanoellipsoids and therefore interrupt further investigation of macroscopic optical properties.
At the same time, lines needed to be in close proximity to each other.
6.5.1

Line overlap investigation

In order to investigate this effect and find the most desirable parameters for irradiation,
lines were irradiated with azimuthal laser polarisation. Different rates of overlap were
used (overlap of more than 50% of the beam waist were chosen) in order to see the
overall effect. Figure 6-22 shows these irradiation seen under a microscope with
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polarized illumination- black double arrows show the direction of illumination
polarisation direction. Lines with hatch distance of 10, 9, 8, 7, and 6 µm were irradiated
in the same direction (left-to-right). 8µm hatch distance was chosen to irradiate
additional lines: 1) left-to-right and right-to-left, 2) three lines overlapped left-to-right.
It can be clearly seen in all of the examples how the second line dominates the
polarisation effect, therefore the direction of nanoparticles alignment.

Figure 6-22 Microscope image of lines irradiated with azimuthal polarisation and
various hatch distances. Black double arrows on the sides indicate the illumination
polarisation direction. Black arrows in the middle indicate the direction of irradiation.
This effect manifested itself in the fact that the second line colours behaved in a manner
of a single irradiated line - the line on the bottom (upper) has very little effect. Also, this
behaviour of reshaping matched the result and observation that the tail of the beam
influences orientation of nano-ellipsoids the most. This experiment showed that not
only the tail but also the latest irradiated line engraves its reshaping on the sample. The
8µm lines irradiated in two directions showed this as an addition and a cancellation
effect, especially seen in Figure 6-22 (b) an (d), where the second irradiation changed
the orientation of nanoparticles in orthogonal direction resulting in the middle part of
line (b) being parallel to the illumination polarisation. In (d) the blue colour part
vanishes almost completely.
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Three lines in the same direction visualised the amount of reshaped nanoparticles in the
middle line, with conclusion that small hatch distances might not have been preferable
as that could add or cancel out some of the optical effects. On the other hand, one could
produce single thin lines of particular nanoparticle orientation (in 8µm two directionsb).
Another experiment was performed with larger hatch distance that was chosen to not
overlap lines on each other but having a uniform coverage at the same time. A hatch
distance of 18µm was used and the results can be seen in Figure 6-23 (azimuthal
polarisation of the laser was used). Images were made under a light microscope with
polarised illumination.

Figure 6-23 Microscope images of areas irradiated with azimuthal polarisation. No
overlapp between lines was present. Left-to-right raster scan was used. Black arrows
indicate the illumination polarisation direction
It can be seen there that lines changed their colours accordingly to what was described
in the previous sub-chapter for azimuthal irradiation (left-to-right). Also, thin areas
between lines can be seen with minimal reshaping in (c), whereas in (a) the image
presented full coverage of the sample. It was a result of appropriate choice of the hatch
distance where no or minimal overlap was present. In order to confirm this finding and
analyse macroscopic optical properties of reshaping with both azimuthal and radial
polarisations, 3 x 3 mm squares were raster scanned in the same manner as in Figure
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6-23. Figure 6-24 below shows optical spectra made for squares irradiated with
azimuthal polarisation with hatch distances of: 18, 14, 10, 6, and 2 µm.

Figure 6-24 Extinction spectra for 3x3 mm squares irradiated with azimuthally polarised
laser beam and various hatch distances. Linearly polarised light source was used.
Spectra were made with a linearly polarised light source in the spectrophotometer where
0o is vertical polarisation direction (across each irradiated line) and 90o is horizontal. In
Figure 6-24 (a) it can be observed that for all four polarisations: {0, +45, -45, and 90},
red shifted peak appears at around 630nm and is of comparable intensity (very small
extinction spread). When, however, the hatch distance for raster scan irradiation
decreased the extinction spread increased. In (b) the 0o peak height increased, followed
by the -45o and 450, 90o. In (c) the -45o peak height increased and became of similar
intensity as 0o, below is 45o and 90o. In (d) -45o became dominant and 90o increased,
and in (e) overall intensity decreased of all polarisations.
Similar effect could have been observed for radial polarisation irradiation of 3x3 mm
squares- Figure 6-25. When the hatch distance was chosen to be 18µm, peak intensities
of red shifted bands were of similar intensity. Decrease in hatch distance resulted in first
(b) higher intensity at 45o and 90o signals followed by increase of intensity of peak at 0o
(c), then decrease of signal at 90o (d) and overall degradation of signal in (e).
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Figure 6-25 Extinction spectra for 3x3 mm squares irradiated with radially polarised
laser beam and various hatch distances. Linearly polarised light source was used.
In both irradiations (azimuthal and radial) the spherical remnant of the SPR (positioned
at ~430nm) decreased in intensity along with the decrease of the hatch distance. This
observation agreed with the theory about dissolution of nanoparticles under high power
laser irradiation, where highly overlapped lines can be assumed to reflect such an effect.
Changes in the red-shifted peak intensity for different illumination polarisations can be
explained for both polarisations. When comparing these two irradiations and their
spectra from Figure 6-24 and Figure 6-25 one can see that when decreasing the hatch
distance between lines in the raster scan, completely opposite polarisation components
behave in similar manner, i.e. for azimuthal irradiation two of the most intense peaks
were for 0o and -45o components whereas for radial irradiation these were 90o and 45o.
Similarly in azimuthal irradiation (d) 90o increased and in radial irradiation (d) 0o.
Figure 6-26 visualises the behaviour of overlapped lines for an example of azimuthal
irradiation. It shows which parts of each line became more dominant with the increase
of hatch distance.
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Figure 6-26 Schematic represntation of nano ellipsoids orientation for overlapped
azimuthal polarisation irradiation. (a) small overlapp and (b) big overlapp are shown for
left-to-right direction of irradiation.
In Figure 6-26 (a), where small overlap was present, a part of the irradiated line which
was left un-overlapped (top), was placed on the top with nanoparticles orientation as
follows (starting from top to bottom): {90o, -45o, 0o}. If the overlap was bigger (shown
in Figure 6-26 b), upper part of the beam consisted of nanoparticles orientation as
follows: {90o, -45o}.

It was shown in Figure 6-22 that every next line that was

irradiated on top of a previous one dominated in terms of the orientation of
nanoparticles. It was therefore obvious that the red-shifted peak intensity change
represented exactly that effect. It has to be noted that in Figure 6-26, nanoparticle
orientation of 90o stayed unchanged for both overlaps (a and b) even though it was not a
dominant polarisation component in the spectrophotometer results in Figure 6-24. This
resulted from the fact that nanoparticles oriented in that direction were placed both on
the top and the bottom of each line therefore even smallest line overlap would have
decreased the amount of nanoparticles oriented in 90o on the bottom of each line (unless
the irradiation was designed to overlap from the top).
6.5.2

Results of misalignment of the S-wave plate

Additional findings needed to be added about the alignment of the S-wave plate. In
order to achieve all of the optical parameters presented in previous sub-chapters the
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polarisation needed to be of great quality (which was the case for the S-wave plate that
was used).
It was found that the alignment of the S-wave plate was of paramount importance,
especially when change from azimuthal to radial polarisations was performed. Below,
an example of results of irradiation of a 3 x 3 mm square with misaligned s-wave plate
is shown (Figure 6-27). Azimuthal polarisation state was chosen. It can be seen there
that the red-shifted peak spread was much bigger when compared to Figure 6-24 for the
same hatch distance (18 µm).

Figure 6-27 Extinction spectrum (a) and beam profile (b) of azimuthal irradiation with
missaligned S-wave plate.
This result was achieved by a misaligned S-wave plate which produced a doughnutshaped beam with irregular intensity distribution, seen in Figure 6-27 (b).
6.5.3

Macroscopic optical effects

For comparison purposes of macroscopic optical properties between radially and
azimuthally polarised irradiations and linearly polarised irradiations another set of 3 x 3
mm squares was irradiated with these three different polarisation states. The extinction
spectra of the irradiated areas as a function of wavelength were measured using the
spectrophotometer with a linearly polarized light illumination. Spectra for four different
incident polarisation directions of the illumination can be seen in Figure 6-28 for linear
polarisation state of irradiation.
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Figure 6-28 Extinction spectra measured for 3x3 mm squares irradiated with linearly
polarised laser beam. Variable light polarisation was used

Figure 6-29 (a) and (b) present spectra of azimuthal and radial polarisation irradiation.
Figure 6-29 (c)-(f) show microscope images of these irradiated areas. The linearly
polarised microscope illumination in transmission was used to visualize the modified
areas. The incident light polarisation direction was adjusted to be the same as in
previous chapters, that is: 0o, 90o, and +/- 45o. There was no clear dichroism present in
the samples irradiated with the radial and azimuthal polarized laser beams, rather a
permanent change to the SPR, with small variations in the intensity and peak position at
the red-shifted band which could result from non-perfect s-wave plate alignment or
overlap between lines in raster scan.
Moreover, the modification of the SPR band that can be seen from these images was
rather similar for both radially and azimuthally polarized beam modified areas. The
linearly polarised modified area, as explained in previous chapter, produced highly
organized nano-ellipsoids (in the direction of laser polarisation).
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Figure 6-29 (a)-(b)Extinction spectra measured for 3x3 mm squares irradiated with
azimuthal and radial polarisations. (c)-(f) Polarised microscope images of 3x3 mm
squares irradiated with azimuthal, radial and linear laser polarisations.

The dichroic effect could be clearly observed as a change of colour from blue/green to
brown/red between (c) and (e). Figure 6-29 (d) and (f) show an intermediate situation
where both blue and red shifted SPRs are present. It should be noted that (f) has similar
colour to (d), due to the fact that the direction of the nanoparticle elongation in the
sample was not exactly vertical but slightly offset to the left.

6.6 Irradiation under different number of pulses per
spot

It was shown in the previous chapter that irradiation under linear polarisation direction
of the laser beam elongates nanoparticles along the direction of polarisation. Also,
dependency of number of pulses shot on a sample was shown on the elongation rate of
nanoparticles. It was concluded that the gap distance between the s- and p-polarised
bands increased with the increase in number of pulses per spot.
Throughout this chapter, irradiations with 2000 pulses per spot were presented for both
azimuthal and radial polarisations as that gave optimal results and was a higher value
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that could have been achieved with linear polarisation, due to differences in the laser
beam spot. An experiment was proposed in order to investigate the elongation ratios of
nanoparticles for various number of pulses per spot. Squares of 3 x 3 mm were
irradiated with azimuthal and radial polarisation using a raster scan method. The
number of pulses per spot for each square were: {500, 750, 1000, 1250, 1500, 1750, and
2000}. Squares were then investigated under the spectrophotometer with linear
direction of illumination polarisation as well as with an unpolarised illumination.
Unpolarised illumination was found to be useful when the red-shifted peak intensity
spread was small as it gave a peak position and intensity height averaged over that of
single polarisation states. Figure 6-30 shows obtained spectra with unpolarised light.
Only 500, 1000, 1500 and 2000 pulses per spot are shown for clarity. The band that
peaked ~580nm clearly shifted towards longer wavelengths along with the increase of
number of pulses shot. Also, degradation of the peak and the remnant SRP can be seen
for the higher number of pulses. Small variation of peak height can be seen with
azimuthal polarisation for 1000 pulses per spot, which was caused by non-perfect
irradiation or unevenness of the nanoparticle layer in this part of the whole sample.

Figure 6-30 Extinction spectra for different number of pulses per spot used in irradiation
with (a) azimuthal and (b) radial laser polarisations.

Separation gap distances were measured for all of the irradiated areas. Distances
between red-shifted peak positions and the remnant SPR were calculated for each of the
illumination polarisations. Figure 6-31 shows these gap distances as a function of
number of pulses per spot.
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Figure 6-31 Separation gap distance as a function of number of pulses per spot for (a)
azimuthal and (b) radial irradiations with increasing number of pulses per spot

The small spread in the gap distance can be seen for each irradiated area (~10 nm),
which could have resulted from non-perfect S-wave plate alignment or overlap between
lines in raster scan.
Results obtained from irradiation of areas with azimuthal and radial polarisation and
with varying number of pulses per spot showed linear increase in the gap distance until
~1500 pulses fired. Then a saturation of the effect could have been seen, which was in
agreement with linear irradiations presented in the previous chapter. It showed that the
nanoparticles were being elongated in the very same manner and with the very same
physics lying behind this process. The only difference lied in the fact that after
irradiation, nanoparticles were oriented in all directions for both azimuthal and radial
polarisation, leaving the irradiated area dichroic-less, which could be used in various
engineering applications where this effect is not desired, but the ability to extinct the
light of all polarisations.

6.7 Conclusions

In this chapter, radially and azimuthally polarised picosecond pulsed irradiation of Ag
nanoparticles embedded in soda-lime glass has been presented. This resulted in
elongation of previously spherical nanoparticles and formation of uniquely positioned
nano-ellipsoids. Laser reshaping parameter change was presented as its effect on
nanoparticles’ modification: hatch distance, direction of irradiation and number of
pulses per spot. The opposing character of reshaping between the radial and azimuthal
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polarisations was presented. Macroscopically, linear optical properties for these two
incident polarisations were in agreement. New linear and non-linear optical techniques
were presented as a way of defining the shape and orientation of nanoparticles in
reshaped MGNs. These were: polarised illuminated optical microscopy and SecondHarmonic-Generation cross-sectional scan.
The reshaping method presented in this chapter added an additional technique to shape
manipulations of MGNs embedded in soda-lime glass. It expanded the knowledge base
of already existing methods for versatile techniques of reshaping of nanoparticles with
ultra-short laser pulses. It paved the way for nanoparticle shape modification in terms of
future new experiments that could be performed with different laser polarizations in
order to achieve more complicated nanoparticle modification [160], [198]–[202].
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7 SHG and MAIL comparison for
different types of MGNs
7.1 Introduction

Chapter 7 will describe how SHG and MAIL compares between all presented
previously types of MGNs. Measurements describing output signal dependence on
variable input beam polarisation will be shown, as well as the output signal dependence
on output polariser direction. Emission spectra will be compared and results described
according to the theory already presented (Chapter 5). The absolute strength of emitted
signal comparison will be performed and presented. It will add to the understanding of
parameters responsible for the highest signal intensities achieved.

7.2 Illumination polarisation and output signal
polarisation variation

For experiments aimed at describing the behaviour of SHG and MAIL signals and their
dependence on the input polarisation, and for the output signal polarisation components
description, the main emphasis will be put on comparison between ps-pulsed reshaped
nanoparticles of linear elongation and other types:
1) MGNs irradiated under ~40o angle of incidence
2) MGNs irradiated with radially/azimuthally oriented laser polarisation
3) MGNs irradiated with radially/azimuthally oriented laser polarisation, under
~40o angle of incidence
Fs-reshaped and MS-MGNs have already been described in Chapter 5, and did not
need additional experimental results. Also, comparison between samples produced with
similar laser parameters was the most appropriate to draw reliable conclusions. Later in
this chapter samples irradiated ps-irradiation will be presented:
1) Silvering MGNs,
2) High-fill factor MGNs,

172
3) MGNs reshaped from both sides of the glass sample
Their effect on created SHG and MAIL signal will be described.
Here, ps- MGNs with linear elongation of NPs (ps-MGN measured in this experiment
was a ps-MGN irradiated with 1000 pulses per spot. Other parameters of irradiation
presented in Chapter 4 stayed the same) was illuminated with 1064 nm fundamental
laser beam while varying its direction of polarisation. The technique presented in
Chapter 5 (Figure 5-16 c) was used. The resulting signal intensity plot as a function of
direction of polarisation can be seen in Figure 7-1.

Figure 7-1 Polar plot of SHG intensity as a function of input laser polarisation direction.
Samples were placed in two positions orthogonal to each other: 1 (black) and 2 (red).
Ps-MGN was measured.
Two orthogonal positions of nanoparticles are presented on a polar diagram. Similarly
to what was described in the Chapter 5, SHG and MAIL signal had the highest
intensity when the input polarisation direction of the laser beam was parallel to the long
axis of the nanoparticles (as presented in Table 3).
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Pos1

Pos2

NPs long axis direction

~120o, ~300o

~30o, ~210o

Direction when the

~120o, ~300o

~30o, ~210o

(same as above)

(same as above)

highest SHG+MAIL
intensity occurs

Table 3 Nano ellipsoids direction of long axis according to the polar plot and directions where the most
intense signal was measured

Another set of samples used for this experiments involved ps-MGNs irradiated at 40o
incidence angle (ps-MGN-angle at 1000 pulses per spot). The same measurement setup
was used. Polar plot can be seen below (Figure 7-2). Similarly to the previous sample
(ps-MGN), the highest intensity of the signal followed values from Table 3. Slightly
lower intensities could be seen but comparable to ps-MGN were achieved. Lower
intensities could have been a result of the effective length of nanoparticle projected on
to the surface of the glass.
Assuming that NPs created in the volume of glass were on average ~30-40 nm in
diameter, and that the elongation ratio for these laser parameters corresponded to ~2.70
(according to DDA calculations in Chapter 5, Table 2), one can calculate the projection
of rotated nanoparticle on to the glass surface plane. Simplified calculations yield that
the effective projected length of such ellipsoid would have an elongation ratio of ~2.07.
One can compare this to previously presented FEMB sample which had elongation ratio
of ~2.05, and slightly smaller emission strength in comparison to ps-MGN (Chapter 5).
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Figure 7-2 Polar plot of SHG intensity as a function of input laser polarisation direction.
Samples were placed in two positions orthogonal to each other: 1 (black) and 2 (red).
Ps-MGN irradiated at 40o angle of incidence was measured.

Also, this result contradicted the empirically tested behaviour of MGNs in both
Chapter 5 Figure 5-14 and [35], where the incidence angle (~40o) of the fundamental
beam showed increase in the SHG signal. It could be then concluded that orientation of
elongated silver NPs in soda-lime glass, in a presented experimental setup did not
enhance the SHG signal, but actually decreased it slightly. The effect of enhancement
was however measured for angled illumination where the NPs where placed
perpendicularly to the surface of the glass. The volume effect however showed to
increase the SHG signal intensity, where by rotating the sample, the thickness projection
of the NP layer effectively increased.
Ps-reshaped MGNs with polarisations being either radial (ps-MGN-rad) or azimuthal
(ps-MGN-azim) were also measured for their signal dependence on the incident
polarisation direction. Samples presented in Chapter 6, Figure 6-29 were used.
Measurements of ps-MGN-rad can be seen below:
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Figure 7-3 Polar plot of SHG intensity as a function of input laser polarisation direction.
Samples were placed in two positions orthogonal to each other: 1 (black) and 2 (red).
Ps-MGN-rad was measured.

A much smaller intensity of the emitted signal can be observed when compared to
linearly irradiated MGNs. Also, this sample did not show a strong distinction between
both: the position 1 or 2, and input laser polarisation direction. Small directionality can
be observed however in the direction of polarisation previously named as p-pol.
According to the Table 3, the highest intensity of the SHG and MAIL signal should
have been seen when the long axis of nanoparticles were parallel to the input
polarisation direction of the laser. It can be then concluded that ps-MGN-rad has certain
directionality. It could be a result of higher elongation ratios in certain parts of each
irradiated line (in the middle of each irradiated line, higher elongation ratios are
expected if lines were not overlapped).
Ps-MGN-azim results can be seen in Figure 7-4.
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Figure 7-4 Polar plot of SHG intensity as a function of input laser polarisation direction.
Samples were placed in two positions orthogonal to each other: 1 (black) and 2 (red).
Ps-MGN-azim was measured.

Here, results are similar to the ps-MGN-rad, but with the directionality of the achieved
signal being orthogonal to the radially irradiated sample. That corresponded to the
character of reshaping that was presented in Chapter 6.
Samples irradiated under an angle of 40o can be seen below (Figure 7-5 and Figure 7-6)
for both radial and azimuthal polarisation irradiation. Similarly to the linear reshaping
process, signals from samples irradiated under an angle were slightly smaller in the
intensity, but the general response to the incident 1064 nm beam remained the same as
the samples irradiated normal to the glass surface.
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Figure 7-5 Polar plot of SHG intensity as a function of input laser polarisation direction.
Samples were placed in two positions orthogonal to each other: 1 (black) and 2 (red).
Ps-MGN-radANG was measured.

Figure 7-6 Polar plot of SHG intensity as a function of input laser polarisation direction.
Samples were placed in two positions orthogonal to each other: 1 (black) and 2 (red).
Ps-MGN-azimANG was measured.

In all of the presented figures, an intensity difference between position 1 and 2 exists.
This effect could be present due to damage/degradation of the MGN under illumination
of the fundamental beam.
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Output signal polarisation components were also measured. The technique used in this
experiment was presented in Chapter 5 (Figure 5-16 d). The incident polarisation
direction of the 1064 nm beam was kept constant (linear polarisation direction was
aligned to the long axis of nanoparticles) while a polariser was placed at the
spectrometer entrance. Rotational orientation of polariser was varied. Signal achieved
for ps-MGN can be seen in Figure 7-7. A dipolar response in the signal was recorder
similarly to previous samples presented in Chapter 5.

Figure 7-7 Polar plot of SHG intensity as a function of the output laser polarisation
direction. P-polarisation of the fundamental beam was used. Ps-MGN was measured.

Similarly to the previous experiment, here, ps-MGN-azim (Figure 7-8) and ps-MGN-rad
(Figure 7-9) were also measured and can be seen in Figure 7-8 and Figure 7-9:
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Figure 7-8 Polar plot of SHG intensity as a function of the output laser polarisation
direction. P-polarisation of the fundamental beam was used. Ps-MGN-azim was
measured.

Figure 7-9 Polar plot of SHG intensity as a function of the output laser polarisation
direction. P-polarisation of the fundamental beam was used. Ps-MGN-rad was measured.

Samples were illuminated with linear direction of polarisation (a p-polarisation in this
case) which when passed directly through the measurement system with the absence of
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MGN samples would have shown the highest signal for polariser orientation equals to
90o and 270o. The very same directions of highest intensity can be seen in all angular
dependence plots: ps-MGN, ps-MGN-rad, ps-MGN-azim. This agrees with the
expectation that the incoming beam created a dipolar field on the nanoparticle that
matched the input field polarisation direction, which then re-radiated or re-scattered the
newly formed electromagnetic wave in a dipolar fashion. Small rotational offsets can be
seen in ps-MGN and ps-MGN-azim. This is an effect was caused by the precision to
which the nanoparticles could have been aligned. Also, higher fluence values had to be
used to ps-MGN-azim and ps-MGN-rad. Their signal in comparison to ps-MGN was
much weaker and SHG less distinguishable. That led to higher absolute measurement
points in presented figures due to MAIL involvement in the signal.
Samples ps-MGN-angle, ps-MGN-rad-angle, and ps-MGN-azim-angle were not part of
these measurements. There was no fundamental reason for them to behave differently.
Also, difficulty arose when attempts to measure the two latter samples were performed,
due to their very weak absolute signal strength.

7.3 Emitted signal strength and spectrum comparison

A variety of MGNs has been produced by the laser-assisted reshaping process, using a
ps-pulsed laser beam. Comparison between samples produced this way in terms of their
SHG and MAIL signal strength was an important step towards a fully optimized sample.
Some parameters of elongated nanoparticles had already been presented, especially
comparing signals between linearly reshaped MGN with ps-pulsed laser, with a fspulsed laser and mechanically stretched. That was a part of Chapter 5. In this chapter,
signal comparison will be shown between MGNs created with ps-pulsed reshaping.
Types of MGNs presented in earlier chapters that were processed with a ps-pulsed laser
and compared here are:
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A

B

C

D

E

F

G

H

I

ps-MGN (1000 pulses per spot, linear polarisation)
ps-MGN ‘silvering’ (1000 pulses per spot, linear polarisation, higher
overall fluence used)
HighFill (1000 pulses per spot, linear polarization, nanoparticles
created in high filling factor substrates)
ps-MGN-40 deg (1000 pulses per spot, linear polarisation, 40o angle of
incidence)
ps-MGN-rad (radial polarisation irradiation, 1000 pulses per spot)
ps-MGN-azim (azimuthal polarisation irradiation, 1000 pulses per
spot)
ps-MGN-rad-40 (radial polarisation irradiation, 1000 pulses per spot,
40o angle of incidence)
ps-MGN-azim-40 (azimuthal polarisation irradiation, 1000 pulses per
spot, 40o angle of incidence)
ps-MGN-double (500+500 pulses per spot, double sided irradiation)
Table 4 List of samples used for SHG and MAIL signal intensity comparison

In order to record differences in behaviour between these samples two types of
illumination polarisation were used: linear and circular. A λ/4 wave plate was used in
the optical path in order to change original linear polarisation to circular. It was thought
that circular polarisation could be especially insightful for radially and azimuthally
polarised samples as their nanoparticles elongation direction is spread from 0o to 180o.
Each sample was illuminated with a 1064 nm laser beam at ~80 nJ (which corresponds
to ~2.49 mJ/cm2). Resulting and spectrally resolved data from linear illumination can be
seen in Figure 7-10
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Figure 7-10 Spectrally resolved SHG and MAIL signals from samples listed in Table 2.
Linear polarisation of fundamental beam was used.

Similarly as with ps-MGN, the most pronounced MAIL band was positioned spectrally
at ~650 nm. Small intensity bands could be seen at ~450 nm for samples irradiated with
radially and azimuthally polarized laser beam (along with their versions irradiated at 40o
angle).
The highest intensity of the SHG and MAIL signals were achieved for HighFill2
samples (in Chapter 4 it was shown that HighFill samples were irradiated for three
different pulse energies- 8, 10 and 13 µJ, which correspond to HighFill1, HighFill2, and
HighFill3). It was observed that signal intensities (when looking at peak values of 650
nm MAIL band) for these type of samples were as follows:

MAIL band

HighFill1

HighFill2

Highfill3

2500

3500

2000

intensity [arb.u.]
Table 5 List of HighFill samples and their MAIL signal intensities

The increase and then the decrease of the signal could be explained by the dissolution of
nanoparticles when irradiation with high fluence occurs. It was explained in the
previous chapter, that increase in laser fluence while irradiating led to Coulomb
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explosion of Ag ions from the NP and heat accumulation in the vicinity of NP. If the
fluence was too high however, Ag ions could travel further distances which eventually
led to lesser effect of them recoupling with ejected electrons on the poles of the
nanoparticle. Heat accumulation around the NP could also lead to destruction of newly
formed small ion species (Chapter 5). Irradiation results from Chapter 4 in form of ppolarised extinction spectra, showed however no change in the p-pol band between
HighFill2 and 3 (Figure 4-49). It was therefore believed that above laser fluences used
for HighFill2 newly formed Ag ion species were destroyed by the heat.
Second type of MGNs with significantly higher intensity of both SHG and MAIL was
ps-MGN ‘silvering’. This sample was created by increasing the laser fluence. That led
to Oswald ripening of silver particles and formation of a silver layer close to the
percolation threshold on the surface of glass (Chapter 4). It was shown in Chapter 2
that the overall increase in the NP size, even for the spherical nanoparticle, can lead to
higher extinction cross-sections. It was shown with SEM technique that bigger
nanoparticle formation occurs in the ripening process, and it was believed to cause the
higher intensity emission signal.
Radially and azimuthally polarised MGNs showed the smallest intensity of the emitted
signal, due to spread of the elongation of nanoparticles in various directions.
MGNs were also illuminated with circularly polarised laser beam. Figure 7-11 presents
spectrally resolved measurement data.
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Figure 7-11 Spectrally resolved SHG and MAIL signals from samples listed in Table 2.
Circular polarisation of fundamental beam was used.

Similarly to linear polarisation excitation, HighFill 1, 2, 3 and ps-MGN ‘silvering’
showed the highest signal intensities. SHG peak was also more pronounced than the
MAIL band. Also, the MAIL signal peak at ~ 570 nm instead of ~650 nm. The observed
shift in the MAIL signal could be explained by the presented hypothesis:
During the laser reshaping process of nanoparticles with a laser beam, a number of
silver ions were ejected and recoupled at the poles of ellipsoidal nanoparticle. These
aggregated during the same reshaping process and formed Ag species. 650 nm MAIL
band is thought to be created by emission of absorbed photons in these species.
However, when illuminating MGNs with circularly polarized laser beam, not only the
Ag ions that are placed on poles of NPs are responsible for MAIL but also any other Ag
species that were ejected into the glass matrix from Coulomb explosion. Also, the
proportion of photon energy delivered to poles of the nanoparticle is lesser than to the
sides of nanoparticles as the polarisation of the illumination beam rotates around its axis
(due to its spin angular momentum). The interaction between the incident light and
silver ions surrounding the nanoparticles at its side is the main contributor to the MAIL
spectrum shown, whereas the lack of the 650 nm peak of MAIL can be explained by
insufficient energies delivered to the certain Ag species located at poles of NP (it is
believed that a range of these species are responsible for formation of the broad band
that peaks at ~450 nm, therefore it was possible that species located lower on the energy
level diagram may have been missed from interaction).
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More experimental work needs to be performed to address the behaviour of MAIL
signal on circularly polarised fundamental beam. The most important proposed
experiment would be the luminescence observation of emission signals and its
dependence on various excitation polarisation states. Greater understanding on
morphology of MGNs around the whole nanoparticle after laser reshaping will also
need to be addressed in the future.

7.3.1

Direct comparison between obtained signals

HighFill 2 MGN showed the highest SHG and MAIL intensity among all other MGNs
that were previously treated with high power ps-pulsed laser beam. The direct
comparison to the ps-MGN can be seen in Figure 7-12. Both linearly and circularly
illuminated spectra can be observed.

Figure 7-12 SHG and MAIL signal spectra. Comparison between ps-MGN and
HighFill1 & 2 are shown for both linear and circular fundamental polarisation.

These results showed that the fill factor of the MGN played a significant role in the
SHG and MAIL signal generation. In the Chapter 4, when the extinction spectra were
created with the spectrophotometer, it was observed that the p-polarised extinction peak
was much less pronounced for HighFill MGNs than for the ps-MGN samples. It was
also shown that the HighFill samples had much broader SPR band and overall
background extinction for 300-800 nm wavelength. Here however, HighFill MGNs
show much greater signal intensity for both SHG and MAIL.
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Another set of samples that were directly compared were the ‘silvering’ MGN as they
also showed a significant SHG and MAIL intensity. Experimental results for ‘silvering’
MGNs can be seen below:

Figure 7-13 SHG and MAIL signal spectra. Comparison between ps-MGN and
‘silvering’ MGN are shown for both linear and circular fundamental polarisation.

As mentioned earlier, the higher signal intensity of the ‘silvering’ sample can be an
effect of formation of much bigger nanoparticles, producing more intense extinction
cross-sections. Circular polarisation results show the same emitted signal behaviour- the
‘silvering’ SHG and MAIL is of higher intensity than ps-MGN.
The comparison between ps-MGN and ps-MGN irradiated at 40o incidence angle is
shown in Figure 7-14.
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Figure 7-14 SHG and MAIL signal spectra. Comparison between ps-MGN and psMGN irradiated at 40o are shown for both linear and circular fundamental polarisation.

It was already explained and is being confirmed here with results obtained, that MGNs
irradiated at an angle show signals of weaker intensity. The main reason for that was the
effect of the effective size and length of nanoparticle when illumination- that is a
projected size of nanoparticle on to the glass surface. For circular polarisation
illumination however, signals obtained for both samples are of similar intensity.
MGNs irradiated from both sides, which in Chapter 4 showed much greater increase in
the intensity of the p-polarised SPR peak, can be seen in Figure 7-15. Much smaller
signal was obtained for them than for ps-MGN irradiated with 1000 pulses per spot. It
was thought that irradiating nanoparticles with 500 pulses per spot twice (from top and
bottom of the sample) increased the overall amount of nanoparticles that were elongated.
However, elongation ratio might have stayed in the same range as if they were
irradiated with 500 pulses per spot. Here a comparison between this sample and psMGN was shown which was irradiated with 1000 pulses per spot leading to higher
elongation. It was believed that irradiating a MGN sample from both sides with 1000
pulses could however lead to dissolution of already reshaped from one side
nanoparticles. It is also possible that 500 shots irradiation from both sides has already
destroyed some Ag species along with NPs, leading to smaller SHG and MAIL signal
intensity.
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Figure 7-15 SHG and MAIL signal spectra. Comparison between ps-MGN and psMGN irradiated from both sides are shown for both linear and circular fundamental
polarisation.

Ps-MGN-rad and ps-MGN-azim SHG and MAIL results can be seen below:

Figure 7-16 SHG and MAIL signal spectra. Comparison between ps-MGN and RadMGN, Rad-MGN 40 deg, Azim-MGN, Azim-MGN 40 deg are shown for linear
fundamental polarisation.

Here, linear polarisation illumination results are only shown and compared. High
similarity between Ps-MGN-rad and azim was observed. These types of MGNs were
not much different in their elongated nanoparticle ratios and overall morphology,
therefore it was expected that they would have similar signal strengths. Also, because of
their projection of nano-ellipsoids to the glass surface the signal obtained from angled
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samples was expected to be of smaller intensity (similarly to angled linear reshaped
samples – ps-MGN-40).
Both radially and azimuthally irradiated samples were shown in Chapter 4 to not
behave in an optically dichroic way (in comparison to linearly reshaped samples). The
reason for that was the orientational spread of elongated NPs around the centre axis. For
the same reason it was expected that that circular polarisation illumination will give
signal comparable or bigger to that of linearly reshaped nanoparticles. Experimental
results can be seen in Figure 7-17

Figure 7-17 SHG and MAIL signal spectra. Comparison between ps-MGN, Rad-MGN,
Azim-MGN, are shown for both linear and circular fundamental polarisation.

As seen in the figure, radially and azimuthally reshaped MGNs illuminated with circular
polarisation show comparable SHG and MAIL signal to the linearly reshaped sample
illuminated with the same polarisation state. Higher intensity signal for MGN-rad and
MGN-azim could however be achieved in principle if the elongation ratio of radial and
azimuthal MGNs were matched to that of ps-MGN.
It is important to mention that ps-MGN-rad and –azim can have a significant application
if more engineering work is done to optimize their properties. These MGNs can be
engineered to produce MAIL or SHG without the dependency on the incident laser
polarisation, and also MGNs that will be matching or having higher signal intensity to
that of linearly reshaped MGNs.
Various types of samples were shown and compared in this chapter. Presented
experimental observations can lead to engineering an optimized solution for either a
SHG or MAIL generator. For future reference, this chapter shows that the best
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candidates for achieving the highest signals are MGNs with high filling factor as well as
MGNs irradiated with laser parameters leading to Oswald ripening of silver
nanoparticles in the volume and surface of the glass.
Also, it was confirmed that irradiation under an angle did not lead to increase in the
SHG and MAIL signal. Work presented in Chapter 5 as well as in the [35] paper
showed how this effect depended on the effective thickness of the nanoparticle layer.
Interesting results were shown for radially and azimuthally reshaped MGNs. Their
independence on input laser polarisation (small dependence in fact was shown but
negligible when compared to linearly reshaped MGN) as well as signal strength
comparable to linearly reshaped MGNs (under circular illumination), could lead to
precise nano engineering of both SPR band position (in terms of their extinction
spectrum) as well as their SHG and MAIL signal.
More experimental work needs to be performed in order to be described precisely the
origin of the MAIL band shift to ~ 570 nm under circular polarisation illumination.
Preferably, broader luminescence experiments could be made and presented in the
future. Also, more experiments need to be devised in order to see how intensity slopes
change for different samples in order to optimize the MGN to either an efficient SHG or
MAIL producing device.

7.4 Conclusions
In this chapter, comparison has been performed between MGNs (presented in previous
chapters) that were reshaped with a picosecond pulsed laser. Input polarisation
variations and emitted polarisation components have been proved to be of similar
characteristic to mechanically stretched samples. It was also shown that no increase in
the SHG signal is present for nanoparticles irradiated under an angle. This leads to a
better understanding of the SHG process (volume effect rather than surface).
Effect of exciting MGNs with a circularly polarised laser beam has been shown. It
proved that the SHG and MAIL signals from radially and azimuthally reshaped
nanoparticles can be as good as and, if optimised, better than linearly reshaped MGNs.
High Fill factor MGNs showed the highest intensity signals leading to conclusion that
densely packed and elongated nanoparticles are the best candidates for future efficient
SHG/MAIL converters. Also, silvering MGNs emitted more intense signals than
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traditionally elongated nanoparticles. This showed to be a great way of optimization of
emitted signal from nanoparticles when irradiating with a picosecond laser.
This work can be used as a foundation for the production of efficient SHG and MAIL
converters. Various types of samples were shown and compared and conclusions were
presented about the resulting signal emission.
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8 Future work, applications, conclusions
and summary
8.1 Introduction

This chapter will describe potential applications of presented findings. Two of the
main applications will be presented, the first of which is based on MGN’s ability to
generate Second Harmonic, and the second of which is based on the main motivation of
this thesis – THz field modulation. Experiments shown in this chapter were performed
at STFC Daresbury Laboratory with the help of the laser group led by Steve Jamison.
Also, a summary of the findings of the presented thesis will be shown and conclusions
formulated.

8.2 Frequency Resolved Optical Gating (FROG)

Frequency Resolved Optical Gating, or FROG, is a technique used to measure the
properties of ultrashort pulses (pulse length and phase) [203], [204]. It is widely used
for ultrashort pulse measurements, where there exist no shorter pulse to probe the one
that is to be measured [205], [206]. In general, FROG is an upgrade of the
autocorrelation technique, which is based on the pulse intensity measurement [207],
[208]. There, laser pulses are separated into two optical beam paths, where one of them
has a time delay stage. The two pulses are then focused together on to a nonlinear
medium (i.e. SHG crystal) that produces an SH signal whenever pulses overlap on it.
The intensity of the resulting signal is measured while the time delay is varied, and
pulse length is calculated from it. Typical autocorrelation setup can be seen in Figure
8-1 below.
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Variable delay τ
E (t−τ )
E

SHG

(t , τ)

Detector

E (t)

SHG crystal
Figure 8-1 Autocorrelation measurement setup

Here, the produced SHG signal is described directly proportional to the product of two
input fields with a time delay τ:

𝑬𝑆𝐻𝐺 (𝑡, 𝜏) ∝ 𝑬(𝑡)𝑬(𝑡 − 𝜏)

8-1

The intensity of such field can be described as:

𝐼 𝑆𝐻𝐺 (𝑡, 𝜏) ∝ 𝐼(𝑡)𝐼(𝑡 − 𝜏)

8-2

The intensity autocorrelation function can be then measured which can be described as:

𝐼𝐴𝐶 (𝜏) = ∫

+∞

−∞

|𝐴𝑆𝐻𝐺 (𝑡, 𝜏)|2 𝑑𝑡 = ∫

+∞

𝐼 𝑆𝐻𝐺 (𝑡, 𝜏)𝑑𝑡

8-3

−∞

with the complex envelope A(t,τ) and intensity I(t,τ)=|A(t,τ)|2. Because autocorrelation
needs certain assumptions about the ultrashort pulse shape, the measured values may
not be exact if a more complex pulse is present. A FROG technique is therefore needed
in these situations. It is based on the autocorrelation technique, where a nonlinear
medium is required. A time-frequency spectrogram is however measured instead of the
intensity and a two-dimensional phase-retrieval algorithm used to obtain the field and
phase information of an ultrashort pulse [209]. The FROG setup can be seen in Figure
8-2.
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Variable delay τ
E (t−τ )
E

SHG

(t , τ)

Spectrometer

E (t)

SHG crystal
Figure 8-2 FROG based measurement setup. Here the SHG crystal would be replaced
by a metallic nanoparticle composite.

Similarly to the autocorrelation, the resulting signal field is as in 8.1. By spectrally
resolving the obtained signal, a Fourier Transform with respect to time is obtained in the
form of:

𝑆𝐻𝐺 (𝜔,
𝐼𝐹𝑅𝑂𝐺
𝜏)

+∞

= |∫

𝑬(𝑡)𝑬(𝑡 − 𝜏)𝑒

2
(−𝑖𝜔𝑡)

𝑑𝑡|

8-4

−∞

An exact FROG measurement setup that was used in this thesis is presented in Chapter
3. There, the MS-MGN was put in place of the SHG crystal. The incidence angle was
adjusted to ~40o in order to increase the bulk contribution to the SHG signal (as
described in previous chapters). Nanoparticles orientation was also adjusted in order to
maximise the Surface Plasmon coupling with the incoming laser signal. The measured
spectrogram along with a retrieved spectrogram can be seen in Figure 8-3. Also, the
pulse profile can be seen there along with its phase information. It can be seen that the
measured and retrieved pulse length was ~50 fs and its phase was flat along the pulse.
This result agreed with the laser pulse length that was used. The spectrogram frequency
data were centred at zero for calculations, whereas the actual measurement were taken
at ~750 THz +/- 20 THz (~400 nm). The left hand side ‘saw-like’ phase signals are
calculation artefacts that should not be assumed to be real.
Successful measurement was performed that utilised the SHG signal ability of the MSMGN.
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Figure 8-3 Measured and retrieved FROG spectrograms (top); Measured normalized
pulse intensity in blue and phase of the pulse in green (bottom).

The ability of elongated nanoparticles to produce SHG and MAIL was shown in
previous chapters. Here, the first real applications has shown that MGNs can be used in
the future. It is important to mention that these results can be seen as a proof-ofprinciple experiment. MGNs are however versatile and their shape can be manipulated
to achieve applicability in other regimes, i.e. FROG measurements for different laser
wavelengths by adjusting the aspect ratio of nanoparticles to increase the plasmon
coupling. Also, these types of composite can potentially be used with a different
material than soda-lime glass as a host matrix and other material used for nanoparticles
either. Electron-beam lithographic and lift-off methods can be utilised to produce
metallic nanoparticles of various shapes and sizes on a fused silica substrate [210]. This
can in theory be used in producing MGNs designed to measure ultrashort UV pulses (in
the range of the lower transmittance band of the UVFS ~190 nm or even for shorter
wavelengths where the surface coupling would be smaller but still measureable)
utilizing the FROG technique in UV-laser sources and UV FEL facilities.
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8.3 THz-based detection of ultra-short electron
bunches in Free Electron Lasers and particle
accelerators

The main goal for this thesis, since the very beginning, was to determine and deliver
answers to the THz field interaction with nanoparticles embedded in glass. This was a
very important part in the development of novel materials that could potentially swap
the traditionally used Electro-Optic crystals like ZnTe or GaP in the EO detection of
ultrashort electron bunches.
It was mentioned in Chapter 1 that EO methods are being used worldwide for nondestructive detection of electron beam bunch lengths. The measurement of this type is
based on the first order EO property of the used crystal. This crystal then interacts with
the THz field that is being produced by an electron bunch and a laser measurements
setup is used for THz pulse (therefore electron bunch) length detection. The interaction
of a THz pulse with an appropriate material induces an electric displacement D which
can be described as:

𝑫 = 𝜖0 𝑬𝑻𝑯𝒛 + 𝑷 = 𝜖0 (1 + 𝜒𝑒 )𝑬𝑻𝑯𝒛
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Where P is the polarisation induced by the electric field of the THz pulse (ETHz). If the
field is high enough, nonlinear terms can be taken into account that can be described
using the Taylor expansion of the polarisation:

(1)

(2)

(3)

𝑷 = 𝜖0 𝜒𝑒 𝑬𝑻𝑯𝒛 = 𝜖0 (𝜒𝑒 𝑬𝑻𝑯𝒛 + 𝜒𝑒 𝑬𝟐𝑻𝑯𝒛 + 𝜒𝑒 𝑬𝟑𝑻𝑯𝒛 + ⋯

8-6

The aforementioned crystals (ZnTe and GaP) are used for detection because of their
ability to utilize their characteristic of second-order nonlinear susceptibility tensor
component- 𝜒𝑒2 . The effect is described as the linear Pockels effect. This tensor
susceptibility element is also always present in non-centrosymmetric materials and as a
result of that in materials possessing the Second-Harmonic-Generation property.
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Because of the electric field applied across the material, it becomes locally birefringent,
leading to a change in the laser polarisation state, which can be later decoded to provide
information about the electric field that was applied.
The main experiment that was used to provide information on nanoparticle interaction
with a THz pulse was the system presented below:

Figure 8-4 THz based measurement setup used for THz pulse interaction measurement
with the nanoparticle.

In this experiment the laser pulse was split into two optical paths, where one of them
was used to create a THz pulse with the use of a photoconductive antenna. ITO was
later used to combine both laser pulse and the THz and the MS-MGN was used as a
nonlinear EO medium along with a quarter-wave plate. It can be noted that usually for
this type of measurements typical EO crystals are used in place of the MGN. The
generated signal was then read out in the spectrometer.
Unfortunately, no measurable changes to the optical signal were measured. It was
however not evident that the nanoparticles are an optical material that cannot be used
for this purpose. Additional experiments are recommended for the future work in order
to establish the optimal parameters of the nanoparticle position, orientation and shape
that would interact with the THz pulse more intensely. Foundations for this type of
experimentation were delivered with this thesis (with regards to nanoparticle reshaping)
and should be used as a close guide to nanoparticles in glass morphology manipulation
and optimisation. Additionally, a birefringence measurement would be recommended
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for various types of MGNs along with simulations of their refractive indices dependence
on wavelength. It is evident that the presented MGNs have an existing χ(2) tensor
element, which was shown and resulted in strong SHG and ability to measure FROG
signals. Optimisation for THz frequencies needs to be added for successful EO
measurements.

8.4 Conclusions and summary
This thesis has described a novel meta-material in a form of a composite of silver
nanoparticles and soda-lime glass. Electro-Optical techniques used for length
measurements of ultrashort electron bunches based on MGNs were proposed as a
promising candidate for future experiments in places like CLIC CERN. Techniques for
optimisation of nanoparticles morphology were presented and their linear and non-linear
optical properties characterised. Although the preliminary test with EO setup was not
successful, it is believed that more accurate optimisation of MGN for THz fields will be
required and will show applicable results.
In the first experimental chapter, Chapter 4, laser assisted reshaping methodology of
MGNs was presented in great detail. All of the main laser parameters were described
and their effects on the process of irradiation shown. The laser fluence was shown to
have an effect not only on reshaping but also on the size of the area affected by the laser.
It was presented that the laser modification fluence must be greater than the threshold
value for effective reshaping. Another parameter of number of pulses per spot fired on
the sample was also shown to have a great effect on the irradiated sample. The
technique of reshaping was also a parameter which needed to be established, which took
into consideration the mechanical constrains of the irradiation setup and also the bidirectionality of laser reshaping shown in the literature. A polarised light microscope
study was presented as an effective way of determining the nanoparticle orientation and
shape. Surface Plasmon Resonances of presented MGNs were shown and its change
dependence on the type of irradiation, directionality of laser path, and more. Dichroism
was created in nanoparticles by elongating them upon linear ps-pulsed laser irradiation.
It was also shown that the amount of elongation was proportional to the number of
pulses per spot fired and to the laser repetition rate.
Also, a silvering effect was presented, which was caused by irradiation with higher laser
fluence at multi pulse per spot regime. It was explained that a ripening effect was taking
place that caused silver nanoparticle to coalesce and flow toward the surface of the glass
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(eventually forming a percolated layer). Effect of silvering on SPR extinction band was
explained. Additionally, a technique for modification of nanoparticle orientation along
the axis normal to the surface was described. It was achieved by irradiation under an
angle, and had a pronounced effect on the MGN SPR.
A method for optimisation of reshaping was proposed in a form of double-sided
irradiation which increased the p-polarised band extinction. Moreover, a high filling
factor MGN was irradiated with linear polarisation leading to elongation of
nanoparticles and the SPR separation.
Chapter 5 showed comparison between different types of MGNs. These were:
mechanically stretched (MS-MGN), reshaped by a femtosecond irradiation (FEMAFEMB), and presented in Chapter 4 MGNs reshaped by a picosecond irradiation.
Second-Harmonic-Generation was shown to take place in all of these samples. It was
also proved that the host matrix (soda-lime glass) did not caused the SHG in these
samples, but the nanoparticles. Firstly, MS-MGN was characterised in term of its SHG
parameters, as the sample that had the strongest signal due to the highest intensity of
plasmon coupling with the fundamental laser beam (1064 nm @10 ps pulse width).
Dependencies upon input laser polarisation change was presented. Also, polarisation
components of the produced SHG were separated and spectrally resolved, and increase
of the SHG signal as a function of the laser pulse energy was shown. Similar effects
were presented for FEM MGNs and ps-MGNs.
Luminescence characterisation of presented MGNs was performed and results were
used to explanation of the broad band signal that was observed in the background of the
SHG. Multiphoton-Absorption-Induced-Luminescence (MAIL) was introduced as a
result. Comparison between samples’ spectrally resolved signals was performed and
explanation for formation of optical MAIL bands presented.
Discrete-Dipole-Approximation (DDA) simulation method was used for modelling of
the absorption, scattering and extinction SPR bands for nanoparticles embedded in sodalime glass. Elongation ratios were estimated from DDA calculations and the ratio
between absorption and scattering was shown and compared to the experimental results
giving very good agreement. Lastly, a Jabłoński diagram was introduced in order to
visualise the underlying cause for MAIL band formation.
Chapter 6 considered irradiation of MGNs with a laser polarisation transformed from
linear to radial and/or azimuthal. There, lines of various thicknesses were irradiated and
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analysed with a polarised light microscope technique introduced in Chapter 4. It was
shown there that the single line’s extinction changes within its cross section. A novel
method was devised in order to determine changes in the modified single lines, which
involved SHG and MAIL dependence on the elongated nanoparticle orientation
(property introduced in Chapter 5). Evidence was provided that nanoparticles were
elongating during the irradiation with either radial or azimuthal polarisation. Also, there
were changing their orientation accordingly to the tail of the irradiating beam. SPR band
dependence on hatching distance was shown to have a great impact and that it can be
tailored to achieve desired effect.
Next, square 3x3 mm areas were irradiated and their macroscopic optical properties
were discussed. It was shown that the SPR band did not change in a dichroic way (as
seen with the linearly polarised irradiation) but rather stayed at a particular spectral
position. Also, dependence of SPR separation on number of pulses per spot was
presented for both polarisations.
Chapter 7 described a direct comparison between various types of reshaped MGNs that
were introduced within this thesis. Firstly, SHG properties were characterised for: psMGNs, ps-MGNs irradiated under 40o incidence angle, ps-MGN irradiated with either
radial or azimuthal polarisation. Input polarisation dependence on SHG signal as well as
the SHG polarisation components were shown. Secondly, SHG signal strength was
compared for different types of reshaped MGNs:
1. ps-MGNs
2. ps-MGNs irradiated with laser parameters that led to the silvering effect
3. High filling factor sample, reshaped with a ps-laser
4. ps-MGN illuminated under 40o incidence angle
5. ps-MGN-radial and ps-MGN-azimuthal
6. ps-MGN-radial and ps-MGN-azimuthal irradiated under 40o incidence angle
7. ps-MGN-double sided irradiation
Measurements were performed for both linear and circular polarisation of the
fundamental beam. It was shown how the MGN type, morphology and modification
changes their response to SH generation. Samples with the highest amount of SHG were
identified.
The beginning of this chapter (Chapter 8) showed some of the applications that can be
used that utilize reshaped MGNs. It was shown that Frequency Resolved Optical Gating
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(FROG) can be effectively used for measurements of ultrashort pulses when the
nonlinear optical medium is replaced with an MGN sample.
Also, it was shown that MGNs can potentially be used in detection and bunch length
measurements of relativistic electron bunches using Electro-Optical techniques.
Although, direct measurements were performed and showed not successful result, it was
concluded that optimisation of nanoparticles shape, orientation, size, needs to be
performed in order for them to interact with the THz pulse effectively.
Work presented in this thesis could potentially be used in the future by the
research community for optimization of the EO detection method. One of the main
goals of this work was to provide the community with a toolbox that would be used in
future research. Detailed theory of the light – nanoparticle interaction was presented
with precise description of simulations used for this purpose as well as the temperatures
models in the MGNs. Techniques for nanoparticle reshaping, linear optical
characterisation, nonlinear optical characterisation, luminescence and SHG were
presented, along with details on experimental setups used. Novel ways of
characterisation of nanoparticle orientation was presented in a form of the SHG
translation setup (Figure 3-14), UV-VIS spectrum analysis, as well as the simplified
colour analysis. With such created toolbox, one should be able to not only reshape
nanoparticles to desired shape and orientation, but also characterise them in detail in
terms of their optical parameters (and potentially EO parameters).

8.5 Future work

Metal-glass nanocomposites were presented in this thesis along with both their linear
and non-linear optical properties. Dichroism, Second Harmonic Generation and
Multiphoton-Absorption-Induced Luminescence were the main ones. An effective
toolset was shown that could be used in the future for further experimentation with
reshaping of Ag-glass composites with a ps- pulsed laser. Properties presented here,
along with specially devised characterisation techniques, could be used in the future for
optimisation of MGNs to work efficiently with THz pulses for relativistic electron
bunch measurements. That could involve direct THz-nanoparticle interaction
experiments and variation of parameters of both the experimentation setup as well as the
nanoparticle composite morphology and type. Strong emphasis should be put in the
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future into theoretical investigation of this type of interaction of Surface Plasmons with
the THz field. Refractive indices should be modelled in this frequency regime for
different types and morphologies of MGNs, followed by their manufacturing and testing
in a real EO setup.
Further investigations of the third-order non-linear parameters would be recommended
with regards to potential application of MGNs in EO bunch length measurements
utilising

a

TFISH

technique

(Terahertz

Field-Induced

Second

Harmonic

Generation)[211], [212]. This method is a third order phenomenon, where the TFISH
intensity is proportional to χ(3), Ifundamental, and ITHz as follows [213]:

2
𝑇𝐹𝐼𝑆𝐻
𝐼2𝜔
∝ (𝜒 (3) )2 𝐼𝑓𝑢𝑛𝑑𝑎𝑚𝑒𝑛𝑡𝑎𝑙
𝐼𝑇𝐻𝑧
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And can be implemented in the experimental system as follows:
Variable delay τ
E THz

THz
PCA

MGN

E SHG

Spectrometer
E Fundamental

Figure 8-5 proposed TFISH technique measurement setup.

TFISH being primarily a third order effect could be potentially used for this type of
experiment provided that the MGN would exhibit strong third order nonlinearity, which
was documented in various other types of nanoparticles in the literature [174], [175]
(but also it was shown that part of the MAIL signal was created by a third order
process).
The last but a very important aspect of future improvements of MGNs that would need
to be provided, are experimentations aimed at increasing the conversion efficiency for
the SHG. It is believed that because photons that were created in the SHG process were
‘wasted’ to the background MAIL. It would be advised to quench this conversion and
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absorption by the ion species in the glass, by devising a technique for the glass
treatment that would result in MAIL being quenched and SHG increased.
Successful implementation of the aforementioned experiments and calculations,
followed by an in-depth understanding of the nanoparticle composite interaction with a
THz pulse can lead to a breakthrough in EO electron bunch measurements and be used
with great success in future machines like CLIC-CERN and others.
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Appendix A
Sphere in a uniform electric field
It was discussed in Chapter 2 that the quasi static approximation can lead to simpler
treatment of the metallic nanoparticle in an electric field. That is as a small sphere
(radius a) with a dielectric constant ε placed in a uniform electric field, which at large
distances from this sphere can be treated as Eo along the z axis.
The calculation of the electric potential as per Jackson [57], yields the general solution
of the Laplace equation is in the form:
∞

Φ(𝑟, 𝜃) = ∑[𝐴𝑙 𝑟 𝑙 + 𝐵𝑙 𝑟 −(𝑙+1) ]𝑃𝑙 (𝑐𝑜𝑠𝜃)

(1)

𝑙=0

This equation can be separated into the inside and the outside of the sphere. In order to
determine the potential within the spherical region, one must assume that there is no
charge at the origin. Also, for the inner region since the potential at 𝑟 = 0 is finite, then
the 𝑟 −(𝑙+1) term must vanish and leave 𝐵𝑙 = 0 for all l. Then the inside and the outside
potential of the sphere can be described as:
∞

Φ𝑖𝑛 = ∑ 𝐴𝑙 𝑟 𝑙 𝑃𝑙 (𝑐𝑜𝑠𝜃)

(2)

𝑙=0
∞

Φ𝑜𝑢𝑡 = ∑[𝐵𝑙 𝑟 𝑙 + 𝐶𝑙 𝑟 −(𝑙+1) ]𝑃𝑙 (𝑐𝑜𝑠𝜃)

(3)

𝑙=0

Applying boundary conditions at the radius of the sphere equal to a:
𝑇𝑎𝑛𝑔𝑒𝑛𝑡𝑖𝑎𝑙 𝐸:

𝑁𝑜𝑟𝑚𝑎𝑙 𝐷:

1 𝜕Φ𝑖𝑛
1 𝜕Φ𝑜𝑢𝑡
|
=−
|
𝑎 𝜕𝜃 𝑟=𝑎
𝑎 𝜕𝜃 𝑟=𝑎

(4)

𝜕Φ𝑖𝑛
𝜕Φ𝑜𝑢𝑡
|
= −𝜖𝑚
|
𝜕𝑟 𝑟=𝑎
𝜕𝑟 𝑟=𝑎

(5)

−

−ϵ

Applying the first boundary condition (4) one can get:
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∞

∞
𝑙

∑ 𝐴𝑙 𝑟 𝑃𝑙 (𝑐𝑜𝑠𝜃) = ∑[𝐵𝑙 𝑟 𝑙 + 𝐶𝑙 𝑟 −(𝑙+1) ]𝑃𝑙 (𝑐𝑜𝑠𝜃)
𝑙=0

(6)

𝑙=0

Knowing that at large distances from the sphere (r>>a) the potential is given by
Φ𝑜𝑢𝑡 (𝑟, 𝜃) ≅ −𝐸0 𝑧 = −𝐸0 𝑟𝑐𝑜𝑠𝜃, the Bl can be set to zero apart from B1(=-E0).
∞

∞

∑ 𝐴𝑙 𝑟 𝑙 𝑃𝑙 (𝑐𝑜𝑠𝜃) = −𝐸0 𝑎𝑐𝑜𝑠𝜃 + ∑
𝑙=0

𝑙=0

𝐶𝑙
𝑃 (𝑐𝑜𝑠𝜃)
𝑎𝑙+1 𝑙

(7)

Form this, first coefficients can be calculated:
𝐴1 = −𝐸0 +

𝐴𝑙 =

𝐶1
,
𝑎3

𝐶𝑙
,
2𝑙+1
𝑎

𝑙=1

(8)

𝑙≠1

(9)

The second boundary condition can be now written as:
∞

∞

𝜖 ∑ 𝐴𝑙 𝑙𝑎𝑙−1 𝑃𝑙 (𝑐𝑜𝑠𝜃) = −𝜖𝑚 𝐸0 𝑎𝑐𝑜𝑠𝜃 − 𝜖𝑚 ∑
𝑙=0

𝑙=0

(𝑙 + 1)𝐶𝑙
𝑃𝑙 (𝑐𝑜𝑠𝜃)
𝑎𝑙+2

(10)

This leads to:
𝜖
𝐶1
𝐴1 = −𝐸0 − 2 3 ,
𝜖𝑚
𝑎
𝝐
𝐶1
𝑙𝐴1 = −(𝑙 + 1) 2𝑙+1 ,
𝝐𝒎
𝑎

𝑙=1

𝑙≠1

(11)

(12)

Solving these equations for l=1 leads to:
3𝜖𝑚
𝐴1 = − (
)𝐸
𝜖 + 2𝜖𝑚 0

(13)

𝜖 − 𝝐𝒎
) 𝑎 𝟑 𝑬𝟎
𝝐 + 𝟐𝝐𝒎

(14)

𝐶1 = (

For 𝑙 ≠ 1, the solution is 𝐴𝑙 = 𝐶𝑙 = 0.
The potential is therefore:
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3𝜖𝑚
Φ𝑖𝑛 = − (
) 𝐸 𝑟𝑐𝑜𝑠𝜃
𝜖 + 2𝜖𝑚 0
Φ𝑜𝑢𝑡 = −𝐸0 𝑟 𝑐𝑜𝑠𝜃 +

𝜖 − 𝜖𝑚
𝑐𝑜𝑠𝜃
𝐸0 𝑎3 2
𝜖 + 2𝜖𝑚
𝑟

(15)

(16)

Appendix B
Matlab calculations of the Mie Resonances using [61]
The main code:
clear all
close all
%% importing data from Johnston and Christy
a=importdata('Ag_trzecie'); %
Ag=a.data;
Ag(:,1)=Ag(:,1)*1000;
%% turning data to a useable format
for ii=1:length(Ag)
wave(ii,1)=Ag(ii,1);
nAg(ii,1)=Ag(ii,2)+i*Ag(ii,3);
end
%% using MieScattering2 for the SPR calculation
% in this example the nanoparticle radius is set to 20nm
% and the glass refractive index to 1.52
for j=1:length(Ag)
[Qext,Qsca,Qabs]=MieScattering2(wave(j),20,1.52,nAg(j,1));
ext(j,1)=Qext;
ext(j,2)=Qsca;
ext(j,3)=Qabs;
end
% figure plotting
figure;plot(wave(:,1),ext(:,1));hold on;
plot(wave(:,1),ext(:,2),'r');
plot(wave(:,1),ext(:,3),'b'); hold off
xlim([400 600])
ylim([0 40000]);
legend('Qext','Qscatt','Qabs');
xlabel('wavelength [nm]');
ylabel('Q [arb.u.]')
text(650,25000,'40nm diameter')

Function used in the main code for calculations (as per [61])
function [Qext,Qsca,Qabs]=MieScattering2(lambda0,r0,n_m,n_Au)
%% SCATTERING BY A SPHERICAL NANOPARTICLE USING MIE THEORY
%% inputs
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%n_m
optical index of the medium
%lambda0 wavelength in nm
%r0
radius of the particle in nm
%N=5
maximum n-pole
%% parameters
m=n_Au/n_m;
k=2*pi*n_m/lambda0;
x=k*r0;
z=m*x;
N=round(2+x+4*x^(1/3));
%% computation
j=(1:N);
sqr=sqrt(pi*x/2);
sqrm=sqrt(pi*z/2);
phi=sqr.*besselj(j+0.5,x);
xi=sqr.*(besselj(j+0.5,x)+i*bessely(j+0.5,x));
phim=sqrm.*besselj(j+0.5,z);
phi1=[sin(x), phi(1:N-1)];
phi1m=[sin(z), phim(1:N-1)];
y=sqr*bessely(j+0.5,x);
y1=[-cos(x), y(1:N-1)];
phip=(phi1-j/x.*phi);
phimp=(phi1m-j/z.*phim);
xip=(phi1+i*y1)-j/x.*(phi+i*y);
aj=(m*phim.*phip-phi.*phimp)./(m*phim.*xip-xi.*phimp);
bj=(phim.*phip-m*phi.*phimp)./(phim.*xip-m*xi.*phimp);
Qsca=sum( (2*j+1).*(abs(aj).*abs(aj)+abs(bj).*abs(bj)) );
Qext=sum( (2*j+1).*real(aj+bj) );
Qext=Qext*2*pi/(k*k);
Qsca=Qsca*2*pi/(k*k);
Qabs=Qext-Qsca;
Data used for silver refractive index, taken from [51]
Silver trzecie, johnson n christy
1 2 3 4 5 = columns for wave, Re(n), Im(n), eps1, eps2
wave(um) Re(n) Im(n) eps1 eps2
1.937 0.24 14.08 -198.19 6.7584
1.61 0.15 11.85 -140.40 3.555
1.393 0.13 10.1 -101.99 2.626
1.216 0.09 8.828 -77.93 1.58904
1.088 0.04 7.795 -60.76 0.6236
0.984 0.04 6.992 -48.89 0.55936
0.892 0.04 6.312 -39.84 0.50496
0.8211 0.04 5.727 -32.80 0.45816
0.756 0.03 5.242 -27.48 0.31452
0.7045 0.04 4.838 -23.40 0.38704
0.6595 0.05 4.483 -20.09 0.4483
0.6168 0.06 4.152 -17.24 0.49824
0.5821 0.05 3.858 -14.88 0.3858
0.5486 0.06 3.586 -12.86 0.43032
0.5209 0.05 3.324 -11.05 0.3324
0.4959 0.05 3.093 -9.56 0.3093
0.4714 0.05 2.869 -8.23 0.2869
0.4509 0.04 2.657 -7.06 0.21256
0.4305 0.04 2.462 -6.06 0.19696
0.4133 0.05 2.275 -5.17 0.2275
0.3974 0.05 2.07 -4.28 0.207
0.3815 0.05 1.864 -3.47 0.1864
0.3679 0.07 1.657 -2.74 0.23198
0.3542 0.1 1.419 -2.00 0.2838
0.3425 0.14 1.142 -1.28 0.31976
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0.3315 0.17
0.3204 0.81
0.3107 1.13
0.3009 1.34
0.2924 1.39
0.2844 1.41
0.2761 1.41
0.2689 1.38
0.2616 1.35
0.2551 1.33
0.249 1.31
0.2426 1.3
0.2371 1.28
0.2313 1.28
0.2262 1.26
0.2214 1.25
0.2164 1.22
0.2119 1.2
0.2073 1.18
0.2033 1.15
0.1993 1.14
0.1953 1.12
0.1916 1.1
0.1879 1.07

0.829
0.392
0.616
0.964
1.161
1.264
1.331
1.372
1.387
1.393
1.389
1.378
1.367
1.357
1.344
1.342
1.336
1.325
1.312
1.296
1.277
1.255
1.232
1.212

-0.66
0.50
0.90
0.87
0.58
0.39
0.22
0.02
-0.10
-0.17
-0.21
-0.21
-0.23
-0.20
-0.22
-0.24
-0.30
-0.32
-0.33
-0.36
-0.33
-0.32
-0.31
-0.32

0.28186
0.63504
1.39216
2.58352
3.22758
3.56448
3.75342
3.78672
3.7449
3.70538
3.63918
3.5828
3.49952
3.47392
3.38688
3.355
3.25984
3.18
3.09632
2.9808
2.91156
2.8112
2.7104
2.59368
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Appendix C
Full text journal papers published by the author.
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