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�Educação não transforma o mundo, a educação muda pessoas...

Pessoas transformam o mundo�.

Paulo Freire.



Resumo

Nanopartículas (NPs) dielétricas e/ou metálicas têm sido pesquisadas intensamente ao

longo das últimas décadas devido a suas propriedades elétricas, ópticas e magnéticas.

Um dos aspectos importantes no estudo de NPs metálicas está na ressonância de plas-

mon de superfície resultante da interface metal/dielétrico. Uma NP assimétrica como

um nanobastão pode ser excitada em dos modos dipolares dependendo da polarização da

luz incidente. A forma, o tamanho e a escolha do metal das NP são fatores importantes

para determinar a resposta do material, e o controle destas propriedades conduzem a

aplicações especi�cas. Como o modo longitudinal (LSPR) é o mais atraente do ponto de

vista das aplicações, cresce o interesse de orientar/alinhar as partículas para aumentar

a e�ciência das suas propriedades ópticas. Por outro lado, metamateriais � materiais

projetados com características não encontradas na natureza � utilizando nanoestruturas

metálicas tem sido objeto de pesquisa recente, com inúmeras aplicações. Nesta tese foram

caracterizadas amostras de nanobastões de ouro orientados em um �lme �no de Polyvinyl

alcohol (PVA), nanobastões de ouro em óleo Cargille e metasuper�cies de ouro em sub-

strato de vidro. Num primeiro trabalho os nanobastões de ouro em um �lme de PVA

foram mecanicamente esticado, produzindo amostras anisotrópicas. As amostras apre-

sentaram uma forte anisotropia e um fator de engrandecimento da absorção não linear �

um fator de ∼ 57 com relação à amostra isotrópica � que ainda não havia sido descrito na

literatura. Os dados experimentais foram reproduzidos a partir de simulação numérica,

com um ótimo acordo teoria/experimento. A origem deste aumento foi entendida como

sendo devido à presença de clusters com número especi�co de nanobastões. Dependendo

da polarização da luz incidente, veri�cou-se também a inversão do sinal da refração não

linear, o que faz nosso material muito atraente desde o ponto de vista das aplicações como

chave ultrarrápida de polarização. Em um segundo experimento, também conseguimos

fazer o controle óptico de nanobastões de ouro em óleo Cargille com a ajuda da apli-

cação de um campo elétrico e medimos suas propriedades ópticas não lineares. Em um

terceiro trabalho, foram estudadas metasuper�cies de ouro com separação entre as NPs

de 0.6nm. Estes metamateriais foram preparados por um método de auto-montagem, e

apresentaram índice de refração linear variando entre 0.87 até 4.2. Devido às propriedades

da metasuper�cie, um índice de refração não linear negativo foi medido. O valor de n2 é

pelo menos duas ordens de grandeza maior que outras nanoestruturas de ouro, conforme

dados disponíveis na literatura. O índice de absorção não linear negativo correspondendo

a absorção saturada foi medido. O valor de β2 pode ser considerado típico quando com-

parado a outras NPs de ouro, Todas as medidas foram realizadas com pulsos de 100fs,

800nm a taxas de repetição de 20Hz, 1kHz e 76MHz. A técnica Z-scan e uma técnica

conhecida como Beam Collimated Hartmann-Shack foram utilizadas para os estudos de

óptica não linear.

Palavras-chave: Metasuper�cies. Nanobastões de ouro. Óptica Não Linear. Plasmonica.



Abstract

Particles with characteristic length less than one hundred nanometers are known as

nanoparticles (NP). Dielectric and/or metallic nanoparticles have been investigated in

the last decades based on their electrical, optical and magnetic properties. One of the

most important aspects in the study of metal nanoparticles is the surface plasmon reso-

nance (SPR), an e�ect that occurs at the metal-dielectric interface, where the dielectric

is the material that hosts the nanoparticles. The shape, size, and choice of the metal

are important factors for determining the response of the material and the control of

these characteristics for speci�c applications. Con�gurations that lead to the production

of materials or metamaterials with di�erent features from those known in the current

literature are intended for new technological applications. In this thesis, we studied sam-

ples of gold nanorods oriented in a thin-�lm of Polyvinyl alcohol (PVA), Nanorods in

Cargille oil and Gold metasurfaces in a glass substrate. In a �rst work, the PVA �lm was

mechanically stretched, producing gold nanorods anisotropically distributed. The high

anisotropy implies in this case that the non-linear absorption increases about �fty-seven

times in comparison to the isotropic sample. We reported for the �rst time in the scien-

ti�c literature this e�ect. Our experimental results were corroborated through numerical

simulations, leading to very good agreement. Based on our research we attribute that

the increase in the nonlinear absorption is due to the presence of clusters of a speci�c

nanorods number. We verify the inversion of the nonlinear refractive signal as a function

of the polarization of the incident light, a condition by which our material becomes an

optimal candidate for making ultra-fast polarization keys. In a second experiment, we did

optical control of gold nanorods suspended in Cargille oil, by applying an electric �eld we

measured its nonlinear optical properties. In a third work, we characterized metasurfaces

of gold where the average separation between nanoparticles is estimated to be 0.6nm. The

metamaterials were prepared by a self-assembly method. The linear refractive index can

vary from 0.87 to 4.2. The properties of these metasurfaces lead to a negative nonlinear

refractive index. Therefore, it is a material with high self-defocusing. We measured a

nonlinear negative absorption index of β2, corresponding to saturated absorption. The

value of β2 is considered typical when compared to other gold nanoparticles, while the

value of n2 is approximately two magnitude orders greater. We used incident laser pulses

with 100fs and 800nm, using repetition rates of 20Hz, 1kHz and 76MHz. The experimen-

tal techniques used were conventional Z-scan and Beam Collimated Hartmann-Shack for

the studies of nonlinear optics.

Keywords: Metasurfaces. Gold Nanorods. Nonlinear Optics. Plasmonics.



Nomenclature

CS2 Carbon Disulde

AuNRs Gold Nanorods

C5 Defocalization coecient

CA Closed Aperture

CA/CO Closed Aperture divided by Open Aperture

CCD Charge-Coupled Device

CW Continuous Wave

FFT Fast Fourier Transform

FOM Figure of Merit fs Femtosecond

FWHM Full Width at Half Maximum

FWM FourWave Mixing

GNR Gold Nanorod

GW Gigawatt

HS Hartmman-Shack

HSWFS Hartmann-Shack Wavefront sensor

ITO Indium Tin Oxide

kHz KiloHertz

kV Kilovolts

L-LSPR Longitudinal Local Surface Plasmon Resonance

MHz Megahertz

MLA Microlenses Array

MW Megawatt

NIR Near-Infrared



NL Nonlinear

NLA Nonlinear Absorption

NLO Nonlinear Optics

NLR Nonlinear Refraction

OA Open Aperture

OD Optical Density

PMLs Perfectly matched layers

PVA Polyvinyl alcohol SA Saturation Absorption

SAXS Small-Angle X-ray scattering

SHG Second Harmonic Generation

SPR Surface Plasmon Resonance

T-LSPR Transversal Local Surface Plasmon Resonance

TEM Transmission Electron Microscopy

THF Tetrahydrofuran

TPA Two Photon Absorption

UV-Vis UltraViolet to Visible

WFS Wavefront Sensor

WLC White-Light Continuum
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1 Introduction

Metal nanostructures are well known to produce colors, due to their strong light absorp-

tion and scattering in the visible region of the spectrum. This e�ect is caused by one

of the most important types of interactions of metal nanoparticles with the electromag-

netic �eld, known as plasmons. Metals are characterized by the presence of free electrons,

which can be promoted via intraband transitions to empty energy levels in the same band

or to empty levels of an empty overlapping band, via absorption of low energy photons.

An incident electromagnetic �eld can elicit collective oscillations of these free electrons

[1, 2, 3, 4]. Such oscillations become quickly resonant with the electromagnetic �eld,

and the energy from the incoming radiation is absorbed and transformed into heat (ab-

sorption) and back into light (scattering). These collective and coherent oscillations of

electrons cause a displacement of the electrons from the nuclei, leading to the formation

of various possible distributions in the surface charges (Figure 1.0.1). This in turn cre-

ates Coulomb interactions between positive and negative charges, which induce restoring

oscillating forces acting on these free electrons. Each type of surface charge distribution

is characterized by a collective oscillation mode, also termed as localized surface plasmon

resonance (SPR). Various factors in�uence the possible types of SPRs in nanostructures

and the frequencies at which they are observed.

Figure 1.0.1: Localized surface plasmon resonance for spherical nanoparticle.

For nanoparticles with diameters between 10 and 30nm, the dominant e�ect in the visible

region is the excitation of plasmon modes. In this size regime, and in the simple case of

spherical nanoparticles, basically a single plasmon mode of dipolar characters excited and
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its wavelength is independent of particle size, but is strongly dependent on the dielectric

function of the surrounding medium, and also the width of the plasmon resonance band

remains poorly correlated with size. For particles smaller than 10nm, a size that is signif-

icantly smaller than the mean free path of electrons, free electrons collide frequently with

the surface of the nanoparticles, and this leads to broadening of the plasmon resonance

band due to dephasing e�ects. At sizes above 30nm other e�ects become non-negligible,

like retardation, which lead to broadening and loss in intensity of the plasmon band,

as well as to a spectral shift in the red. At sizes above 100nm, the optical properties

are dominated by scattering of light. In addition, higher order modes (i.e. quadrupolar,

octupolar) start contributing to absorption.

The shape of metal nanoparticles has perhaps the most striking in�uence on their optical

properties. As an example, in rod shape nanoparticles the plasmon mode can be selec-

tively excited in two dipolar SPR modes (see Figure 1.0.2), depending on the polarization

direction of the incident light: longitudinal (LSPR) or transverse (TSPR) with respect

to the long-axis of the NRs. The most attractive from the application standpoint is the

longitudinal one, because it can be excited within a much larger wavelength range, from

mid-visible to near-infrared.

Figure 1.0.2: Localized surface plasmon resonance for nanorod. The nanorod has two
modes of SPR. A longitudinal (L-SPR) and transversal (T-SPR) mode.

The L-SPR strongly depends on the nanorod aspect ratio R, which is de�ned as the length

of the rod divided by the width of the rod (R = L/d). The simulated absorption spectra

of gold nanorods with varying aspect ratios is shown in Figure 1.0.3a. The medium

dielectric constant was chosen to be a �xed value of 4. The maximum of the transverse
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mode shifts to shorter wavelength when increasing aspect ratio. On the other hand, the

maximum of the L-SPR red-shifts 150 nm when the aspect ratio is increased from 2.6

to 3.6. Furthermore, the increase in the peak position of the longitudinal plasmon band

with increasing nanorod aspect ratio follows a linear trend, which is illustrated in the

inset of the Figure 1.0.3. In Figure 1.0.3b) is plotted the absorption espectra for di�erent

values of the medium dielectric constant with a �xed aspect ratio of 3.3. In this case both

maxima shift to longer wavelength and the intensity of both resonances increases with an

increasing medium dielectric constant. Again, the longitudinal mode is more sensitive.

Figure 1.0.3: a) Absorption spectra of elongated elipsoids with varying aspects ratios R.
The medium dielectric constant was �xed at a value of 4. The inset shows a plot of
the maximum of the L-SPR as a function of the aspect ratio. b) Absorption spectra of
elongated elipsoids with varying medium dielectric constant ε. The aspect ratio was �xed
at a value of 3.3. The inset shows a plot of the maximum of the L-SPR as a function of
the medium dielectric constant [5].

When the NRs are randomly oriented or misaligned, their optical properties are averaged

out and the nanostructures functionalities are less e�ective. Applications based on the

excitation of the LSPR of NR-structures can work at their highest e�ciency only if they

use either a single rod or an ensemble of fully aligned ones [6]. But, applications based

on single NRs would still require some more expensive equipment and would be di�cult

to be miniaturized and implemented in practical devices.

The directional growth of AuNRs, starting from seeds implanted on di�erent substrates

was studied as well, but this method could not provide a transparent substrate [7, 8].

Another method is to use the electric �eld to induce alignment moments in AuNRs sus-

pended in liquid solutions. In this case it was shown to require very high �eld strengths.

However, besides generating alignment moments, the electric �eld also induced dielec-

trophoretic forces in the rods, which caused their accumulation around the electrodes

and hence a nonuniform spatial distribution [9]. Another method used for alignment of

AuNRs is the uniaxial stretching. It consists in embedding the rods in a thin �lm of

thermoplastic polymers, such as polyvinyl alcohol (PVA), heating up the composite �lm
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to its glass transition temperature (softening temperature of the polymer) and stretching

it uniaxially [6].

In the search of materials ordered to increase the e�ciency of the optical properties

arises the need to talk about metamaterials. Metamaterials comprise periodically or

randomly distributed arti�cial structures with the size and spacing much smaller than

the wavelength of interest [10, 11]. Because most metamaterials are composed of metals,

the plasmonic e�ect of metals plays an important role in optical metamaterials.

The unique properties of metamaterials based on strong �eld enhancement, promise a

variety of novel applications in biomedical sensing [8, 12], super-resolution imaging [13],

and next-generation optical circuits [14].

The enhancement of the linear properties leads to the enhancement of the nonlinear prop-

erties of this materials. Third-order nonlinear optical e�ects are the physical basis of a

number of applications in future high-capacity communication networks1 in which ultra-

fast switching, signal regeneration, and high-speed demultiplexing would be performed

all-optically through the use of third order optical nonlinearities. Optimization of the de-

sign of these materials for a given application depends, to a large extent, on comprehension

of the physical mechanisms responsible for the nonlinear response.

Gold nanoparticles can be applied as NLO materials because it is expected that the

particles show large third-order nonlinear optical properties enhanced in the vicinity of

the SPR wavelength.

In the search of materials ordered to increase the e�ciency of the optical properties we

study in this thesis �lms of Gold NRs in PVA [15], Gold nanorods suspended in Cargille

oil [16] and the new structures called metasurfaces [17].



2 Measurement techniques

In this chapter, we describe the measurements methods used to characterize the optical

materials employed. Optical density, Small Angle X-Ray Scattering (SAXS) [18, 19, 20,

21], Spectroscopy ellipsometry [22, 23, 24, 25], Z-scan [26, 27, 28, 29] and Beam collimated

Hartmann-Shack [30].

2.1 Linear Techniques

Typically, the �rst step in characterizing a material is to determine its linear optical

properties. This data is used to identify wavelength regions of low one photon absorption

(1PA), which are of interest for nonlinear spectroscopy.

2.1.1 Linear Optical Properties

When light is incident on a sample in a cuvette, it can be transmitted, absorbed, or

scattered. This is often written as T+A+S = 1 due to conservation rules. Transmission is

the light that passes through the sample without interacting with it. Light that encounters

a molecule or particle can be either absorbed or scattered. Elastic scattering occurs when

the interaction changes the direction of light, but not its wavelength or energy.

Figure 2.1.1: Interaction of light and matter.

When an absorption measurement is made, however, it is assumed that scatter is zero, in

which case all light not transmitted to the detector is absorbed by the sample, i.e., T+A =

1. This is true for the ideal case of an in�nitely dilute solution of in�nitely small particles

in a transparent solvent. Luckily, it is also reasonably accurate in practice for a wider range

of absorbing substances, solvents and concentrations. Absorbance occurs when the light

encountering the molecule in the solvent matches the frequency of molecular vibrations
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or transitions in electronic energy level states within the molecule. The chance of this

happening is dependent on the cross section of the molecule for a particular energy level

transition and determines how absorptive a molecule is in solution. The more concentrated

the solution, the greater the chance that a photon traveling through the solution will be

absorbed. In fact, the probability of absorption increases linearly with both the pathlength

and concentration of the solution, a relationship which has been quanti�ed in the Beer-

Lambert Law, also known as Beer's Law.

Beer Law

Beer's Law (also called the Beer-Lambert law) says that the absorbance of a solution

will depend directly on the concentration of the absorbing molecules and the pathlength

traveled by light through the solution.

A(λ) = ε(λ)cl (2.1.1)

where, A(λ) is the linear absorption of the solution as a function of wavelength, ε(λ) is the

extinction coe�cient of the absorbing molecule as a function of wavelength in [mol/L],

c is the concentration of the solution and l is the pathlength traveled by the light beam

through the solution in [cm].

By measuring the transmission through the sample we can determine the amount of

light absorbed. Provided the sample has low scatter (as with a relatively dilute, clean

solution), almost all of the light not absorbed will be transmitted. Transmission is the

ratio of incident intensity, I0 to transmitted intensity, I, and will decrease with increasing

path length or concentration.

T =
I

I0

= e−εlc (2.1.2)

By taking the negative log10 of each side of this equation, we get a linear absorbance

equation that is useful for calculations from measurements.

A(λ) = −logT = ε(λ)cl (2.1.3)

A perfectly transparent sample (T = 100%) will have an absorbance value of zero, while a

perfectly opaque sample (T = 0%) will have an absorbance value of in�nity. When units

are speci�ed, absorbance is usually described in terms of absorbance units (AU) or optical

density (OD). The linearity of absorbance makes it conveniently additive.

2.1.2 Small Angle X-Ray Scattering (SAXS)

The interaction of radiation with inhomogeneities in matter can cause a small deviation of

the radiation from its incident direction, called small-angle scattering (See Figure (2.1.2)).
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Such small-angle scattering (SAS) occurs in all kinds of materials, be they (partially)

crystalline or amorphous solids, liquids or even gases, and can take place for a wide

variety of radiation, such as electrons (SAES) [31], gamma rays (SAGS) [32], light (LS)

[19], x-rays (SAXS) [19, 18, 21, 20] and even neutrons (SANS) [19, 20].

Figure 2.1.2: a) The scattering of radiation to small angles by a sample (SAS). b) Typ-
ical size range of distinguishable nanostructural features (horizontal axis) and sampling
volume (vertical axis) of various volumetric techniques. [33]

The Figure 2.1.2b) shows the typical size range of distinguishable nanostructural features

and sampling volume of various volumetric techniques: transmission electron microscopy

(TEM), atom probe (AP), tomography and small-angle and ultra-small-angle scattering

techniques (SAS/ultraSAS).

SAXS is a well-known technique to characterize the nanometer scale microstructure of

polymer [34]. SAXS is a study of X-ray scattering in reciprocal space at angles very close

to the main beam, typically 2θ < 2°, where θ is half the scattering angle. This technique

depends on the occurrence of large-scale (10�500)Å periodic heterogeneity in the structure

and can provide a broad range of structural features [18, 33]. It also measures the distance

in the range of hundreds of angstrom units. Most frequently, the only cooperative re�ec-

tions that usually appear in the SAXS patterns occur because of the periodic arrangement

of the sample along the axis direction. Therefore, SAXS is an ideal technique to inves-

tigate the orientation of lamellae with respect to the fabrication or stretching direction

[21].
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Figure 2.1.3: Schematic of the SAXS instrument. SAXS tipically recorded as a function
of momentum transfer q = 4π sin θ/λ, where 2θ is the total scattering angle and λ is the
X-ray wavelength.

A schematic of the experimental set-up is shown in Figure 2.1.3. A collimated, monochro-

matic X-ray beam incident on the sample generates scattered x-rays, which are imaged

by detector. The transmitted beam usually blocked by a beamstop, resulting in a shadow

in the image. The SAXS scattering data are collected in the form of a 2-D image. A

radial average is then performed on the 2-D scattering pattern, which is a quantitative

measure of the intensity of X-ray scattering. From the radial average plots, the orientation

function is determined using Herman's orientation function.

Herman's Orientation Function

For uniaxial orientation, the orientation distribution function of chain segments is de�ned

by a series of orthogonal spherical harmonic orientation functions. Crystalline orientation

will be characterized in terms of average squared cosine values that represent the average

orientation of the normal to the crystalline plane with respect to each of the reference axes.

The second harmonic orientation function is known as Herman's orientation function and

is given by [35]

f =
1

2

〈
3 cos2 θ − 1

〉
, (2.1.4)

where θ is the angle between the stretching direction and the longitudinal axis of aggregate,

and 〈cos2 θ〉 is the averaging over all θ given by

〈
cos2 θ

〉
=

∫ 2π

0
I(θ) cos2 θ sin θdθ∫ π/2
0

I(θ) sin θdθ
. (2.1.5)

Where I(θ) is the intensity in photons and is de�ned as

I(θ) =

∫ 2π

0

I(θ, β)dβ. (2.1.6)

I(θ, β) represents the intensity distribution measured on the pole �gure of the (hkl) plane

as a function of the angle a α (π/2 ≥ α ≥ 0) where α = π/2− θ; and β (2π ≥ β ≥ 0) .

When the chains are perfectly aligned along the reference axis, f = +1(θ = 0°); whereas

f = −1/2 for chains aligned perfectly normal to the reference axis (θ = 90°). For a perfect
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random orientation, f = 0 [36].

2.1.3 Spectroscopic Ellipsometry

Ellipsometry measures a change in polarization as light re�ects or transmits from a ma-

terial structure. The polarization change is represented as an amplitude ratio, Ψ, and the

phase di�erence, ∆. The measured response depends on optical properties and thickness of

individual materials. Thus, ellipsometry is primarily used to determine �lm thickness and

optical constants. However, it is also applied to characterize composition, crystallinity,

roughness, doping concentration, and other material properties associated with a change

in optical response.

Since the 1960s, as ellipsometry was developed to provide the sensitivity necessary to mea-

sure nanometer-scale layers used in microelectronics, interest in ellipsometry has grown

steadily. Today, the range of its applications has spread to the basic research in physical

sciences, semiconductor and data storage solutions, �at panel display, communication,

biosensor, and optical coating industries. This widespread use is explained by increased

dependence on thin �lms in many areas and the �exibility of ellipsometry to measure most

material types: dielectrics, semiconductors, metals, superconductors, organics, biological

coatings, and composites of materials.1

Figure 2.1.4: Basic setup for the ellipsometry[25].

Polarized light

Light can be described as an electromagnetic wave traveling through space. For purposes

of ellipsometry, it is adequate to discuss the waves's electric �eld behavior in space and

time, also known as polarization. The electric �eld of a wave is always orthogonal to the

1This tutorial provided by the J. A. Woollam Co. is an introduction to ellipsometry for anyone
interested in learning more about ellipsometry and its applications. It provides a fundamental description
of ellipsometry measurements along with the typical data analysis procedures. The primary applications
of ellipsometry are also surveyed. https://www.jawoollam.com/resources/ellipsometry-tutorial

https://www.jawoollam.com/resources/ellipsometry-tutorial
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propagation direction. Therefore, a wave traveling along the z-direction can be described

by its x−y components. When the light has completely random orientation and phase, it is

considered unpolarized. For ellipsometry, however, we are interested in the kind of electric

�eld that follows a speci�c path and traces out a distinct shape at any point. This is known

as polarized light. When two orthogonal light waves are in-phase, the resulting light will

be linearly polarized. The relative amplitudes determine the resulting orientation. If

the orthogonal waves are 90◦ out-of-phase and equal in amplitude, the resultant light

is circularly polarized. The most common polarization is �elliptical�, one that combines

orthogonal waves of arbitrary amplitude and phase. This is where ellipsometry gets its

name.

Figure 2.1.5: Orthogonal waves combined to demonstrate polarization: a) Lineal polar-
ization, b) Circular Polarization and c) Elliptical polarization [25].

Light and materials

Two values are used to describe the optical properties which determine how light interacts

with a material. They are generally represented as a complex number. The complex

refractive index (ñ) consists of the index (n) and extinction coe�cient (k):

ñ = n+ ik (2.1.7)

Alternatively, the optical properties can be represented as the complex dielectric function:

ε̃ = ε1 + iε2 (2.1.8)

with the following relation between conventions:

ε̃ = ñ2 (2.1.9)

The index describes the phase velocity of light as it travels in a material compared to the

speed of light in vacuum, c:

v =
c

n
(2.1.10)

Light slows as it enters a material with higher index. Because the frequency of light waves

remains constant, the wavelength will shorten. The extinction coe�cient describes the



Measurement Techniques 26

loss of wave energy to the material. It is related to the absorption coe�cient, as:

α =
4πk

λ
(2.1.11)

Light loses intensity in an absorbing material according to Beer's Law:

I(x) = I0e
−iαx (2.1.12)

Thus, the extinction coe�cient relates how quickly light vanishes in a material. These

concepts are demonstrated in Figure 2.1.6 where a light wave travels through two di�erent

materials of varying properties before returning to the ambient.

Figure 2.1.6: Wave travels from air into absorbing Film 1 and then transparent Film
2. The phase velocity and wavelength change in each material depending on index of
refraction (Film 1: n = 4, Film 2: n = 2) [25].

Figure (2.1.7) shows the basic setup in order to calculate the refractive index. Maxwell's

equations must remain satis�ed when light interacts with a material, which leads to

boundary conditions at the interface. Incident light will re�ect and refract at the interface,

as shown in the �gure below. The angle between the incident ray and sample normal (θi)

will be equal to the re�ected angle, (θr). Light entering the material is refracted at an

angle θt given by:

ni sin θi = nt sin θt (2.1.13)

by means of simple geometrical manipulations, an expression for cos(θt) can be deduced

cos(θt) =

√
1−

(
ni
nt

)2

sin2(θi) (2.1.14)
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Figure 2.1.7: Light re�ects and refracts according to Snell's law.

The same occurs at each interface where a portion of light re�ects and the remainder

transmits at the refracted angle. The boundary conditions provide di�erent solutions for

electric �elds parallel and perpendicular to the sample surface. Therefore, light can be sep-

arated into orthogonal components with relation to the plane of incidence. Electric �elds

parallel and perpendicular to the plane of incidence are considered p−and s− polarized,

respectively. These two components are independent and can be calculated separately.

Fresnel described the amount of light re�ected and transmitted at an interface between

materials:

rp =
Erp
Eip

=
nt cos θi − ni cos θt
nt cos θi + ni cos θt

(2.1.15)

tp =
Etp
Eip

=
2ni cos θi

nt cos θi + ni cos θt
(2.1.16)

rs =
Ers
Eis

=
ni cos θi − nt cos θt
ni cos θi + nt cos θt

(2.1.17)

ts =
Ets
Eis

=
2ni cos θi

ni cos θi + nt cos θ
(2.1.18)

Thin �lm and multilayer structures involve multiple interfaces, with Fresnel re�ection and

transmission coe�cients applicable at each. It is important to track the relative phase

of each light component to determine correctly the overall re�ected or transmitted beam.

For this purpose, we de�ne the �lm phase thickness as:

β = 2π

(
d1

λ

)
n1 cos θ1 (2.1.19)

The superposition of multiple light waves introduces interference that depends on the

relative phase of each light wave. The Figure 2.1.8 illustrates the combination of light

waves in the re�ected beam and their corresponding Fresnel calculations.
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Figure 2.1.8: Light re�ects and refracts at each interface, which leads to multiple beams
in a thin �lm.

The data from the ellipsometer are values of Ψ and ∆ as a function of wavelength.

ρ = tan(Ψ)ei∆ (2.1.20)

The Fresnel re�ection coe�cients are introduced as the re�ected amount of the E-�eld in

proportion to the incident amount. This is viewed either parallel or perpendicular to the

plane of incidence as

ρ =
rp
rs

(2.1.21)

This correlation is utilized to derive expressions for the refractive index of a material as

a function of Ψ and ∆.

ñt =

[√
1− 4 sin2 θi tan Ψej∆ + 2 tan Ψej∆ + tan2 Ψej∆

]
ñi sin θi

cos θi [1 + tan Ψej∆]
(2.1.22)

Here, ñt is the complex refractive index of medium ñi is the complex refractive index of

the ambient, θi is the angle of incidence and θt is the unknown angle of transmission.

Ellipsometry measurements

A sample ellipsometry measurement is shown in Figure 2.1.4. The incident light is linear

with both p- and s- components. The re�ected light has undergone amplitude and phase

changes for both p- and s- polarized light, and ellipsometry measures their changes.

The primary tools for collecting ellipsometry data all include the following: light source,

polarization generator, sample, polarization analyzer, and detector. The polarization

generator and analyzer are constructed of optical components that manipulate the polar-
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ization: polarizers, compensators, and phase modulators. Common ellipsometer con�gu-

rations include rotating analyzer (RAE), rotating polarizer (RPE), rotating compensator

(RCE), and phase modulation (PME).

Figure 2.1.9: The RAE con�guration

The RAE con�guration is shown in the Figure 2.1.9. A light source produces unpolarized

light which is then sent through a polarizer. The polarizer allows light of a preferred

electric �eld orientation to pass. The polarizer axis is oriented between the p- and s-

planes, such that both arrive at the sample surface. The linearly polarized light re�ects

from the sample surface, becomes elliptically polarized, and travels through a continuously

rotating polarizer (referred to as the analyzer). The amount of light allowed to pass will

depend on the polarizer orientation relative to the electric �eld �ellipse� coming from

the sample. The detector converts light to electronic signal to determine the re�ected

polarization. This information is compared to the known input polarization to determine

the polarization change caused by the sample re�ection.

Using (2.1.22), these data can be used to calculate the complex index of refraction as a

function of wavelength.

2.2 Nonlinear Optics and Techniques

The characterization of nonlinear optical properties of materials is essential for the devel-

opment of new techniques for the diagnostics [37].

When the light incident on the medium is su�ciently intense, the response of the medium

becomes non-linear with the applied electric �eld. This non-linear response can be written

as a series expansion of electrical �eld powers given by [26]:

−→
P = ε0

{
χ(1) ·

−→
E + χ(2) :

−→
E
−→
E + χ(3)...

−→
E
−→
E
−→
E + . . .

}
(2.2.1)

Where χ(2) is the second order of polarization and is responsible for three wave mixing pro-
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cess. The second order originate phenomen as such as second harmonic generation (SHG),

sum and di�erence frequency generation (SFG and DFG), linear electro-optic e�ect and

optical recti�cation. In materials with inversion symmetry such as gases and liquids this

term vanishes. χ(3) is the third order of the polarization and it is responsible for four

wave mixing process for phenomena as such third-harmonic generation (THG), Raman

scattering, two-photon absorption (2PA), four-wave mixing (FWM), and the optical Kerr

e�ect and is non-null for materials with any special symmetry.

As mentioned before, in centro-symetric materials:

−→
P = ε0

{
χ(1) ·

−→
E + χ(3)...

−→
E
−→
E
−→
E

}
(2.2.2)

Only the �rst- and the third order susceptibilities are considered, the intensity dependent

refractive index and the intensity dependent absorption coe�cient are given by:

n = n0 + n2I (2.2.3)

α = α0 + α2I (2.2.4)

Hence n2 describes the change in refractive index of a material due to an increasing electric

�eld strength and is directly proportional to the nonlinear polarization response of order

3. Thus we can observe the frequency dependence of a temporally Gaussian pulse as it

propagates through a medium of length z. This phase accumulation through propagation

through a nonlinear medium is referred to as self-phase modulation (SPM). Thus, for large
−→
E �eld magnitudes, i.e. large irradiance, ∆n increases and the total phase accumulation

due to propagation in the medium becomes appreciable which causes spectral broadening

of the input pulse. See Figure (2.2.1). In the case of SPM, this change in index is a

Kerr-type e�ect and therefore depends on the intensity of the input light.

Figure 2.2.1: Representation of the Self-focusing and self-defocusing e�ects of a Gaussian
beam.

Another nonlinear process associated with the interaction of the beam laser with a non-

linear medium it is the nonlinear absorption. NLA is expressed in terms of a change in

intensity of the incident laser beam transmitted by the sample. The two NLA processes

can be due to TPA or excited state absorption (ESA).
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� Two-photon absorption is a process where the sample simultaneously absorbs two

photons under high intensity illumination without one-photon resonance with inter-

mediate states.

� Excited State Absorption (ESA) can be an important process when there are simul-

taneous one and two-photon resonances with the medium eigenstates. In this case

the materials may present saturated absorption for ground state absorption at low

intensity and increased absorption due to ESA, when the laser intensity is increased.

2.2.1 Z-scan

The Z-scan technique is the most widely used method to measure the nonlinear index of

refraction and the nonlinear absorption of organic materials, optical materials, nanostruc-

tured materials, etc. The Z-scan method exploits the wavefront distortion of a focused

Gaussian beam, analyzing the transmittance value of the sample measured through a

�nite aperture in the far �eld as the sample is moved along the propagation path z. The

Z-scan experimental apparatus is shown in Figure (2.2.2).

Figure 2.2.2: Basic experimental setup for Z-scan technique.

The physical origin of this technique is related to the self-focusing phenomenon. The

latter occurs when a light beam of non-uniform spatial intensity distribution, as Gaussian

one, falls on a medium with a nonlinear index of refraction. Since the nonlinear index

follows the shape of the beam, an index gradient is induced in the medium. For a positive

nonlinearity, this means that a greater index, and hence the larger phase retardation, is

induced in the on-axis center than in the wings of the beam. In the case of the negative n2

we have an inverse situation. The nonlinear focusing has the e�ect of creating a positive

(n2 > 0) or negative (n2 < 0) lens in the medium that tends to focus or defocus slightly

the beam.



Measurement Techniques 32

Figure 2.2.3: Typical Closed aperture Z-scan transmittance for a) positive and b) negative
third order nonlinear refraction.

The Z-scan trace is characterized by a valley-peak (a minimum followed by a maximum)

con�guration for a positive nonlinearity (Figure 2.2.3a)) and a peak-valley trace for a

negative one (Figure 2.2.3b)). The transmittance is normalized to unity for the sample

far from the focus where the incident intensity is low and so the nonlinearity is negligible.

T (z) =

∫
P (z)∫
P (z∞)

(2.2.5)

In the theorical formulation the transverse pro�le of laser light is often described by

TEM00 mode of circular Gaussian beam:

E(r, t, z) = E0(t)
w0

wz
exp

(
− r2

w(z)
− ikr

2R(z)

)
e−iφ(z,t) (2.2.6)

The Gaussian beam symmetry is illustrated in Figure 2.2.4.

Figure 2.2.4: Schematic illustration of a TEM00 Gaussian beam. a) beam propagation
pro�le and b) beam cross section.

The beam cross section is described by radius w(z) which is de�ned as a the half-width of

the Gaussian curve at the point r, where the curve is at 1/e of its maximum value. The

radius has a minimum, de�ned by w0 (so called beam waist), at the plane z = 0. Outside
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this plane the waist changes with z according to:

w2(z) = w2
0

(
1 +

z2

z2
0

)
(2.2.7)

where z0 is a Rayleigh range which corresponds to the distance from z = 0 at which the

beam radius increases by a factor of
√

2. The Rayleigh range can be also de�ned as:

z0 = k
w2

0

2
. (2.2.8)

The radius of the curvature of the Gaussian wavefront is given by

R(z) = z

(
1 +

z2
0

z2

)
, (2.2.9)

when a beam propagating through a thin sample (L < z0) undergo a change in the phase

that in the slowly varying envelope approximation is give by

∆Φ0 =
∆Φ

(3)
0

1 + z2/z2
0

exp

(
− 2r2

w2(z)

)
. (2.2.10)

The change in the phase is related with the variation of the nonlinear refractive index by:

∆Φ
(3)
0 = k∆nLeff (2.2.11)

where Leff is the e�ective optical path length in the sample.

Leff =
1− e−αL

α
, (2.2.12)

L is the sample thickness and α is the linear absorption coe�cient. In the near �eld region

the phase has practically an in�nite radius of curvature, and hence the Gaussian beam

mimics a plane wave. The model of the Gaussian beam is very useful to treat problems

in nonlinear optics. The measured normalized energy transmittance in a closed aperture

Z-scan experiment can be �tted numerically in order to �nd n2 [26].

T (z,∆Φ0) ' 1 +
4(z/z0)∆Φ0

[(z/z0)2 + 1] [(z/z0)2 + 9]
, (2.2.13)

in the absence of NLA, the peak-to-valley transmittance variation for ∆Φ0 < π is given

by:

∆Tpv = 0.406(1− S)0.25 |∆Φ0| . (2.2.14)

S is the aperture linear in the far �eld. Typical experimental values used for S range from

0.1 to 0.8.

S = 1− exp
(
−2r2

a/w
2
a

)
, (2.2.15)
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where wa is the beam radius at the aperture in the linear regime.

For the Open aperture signal these can be solved analytically,

T (z, q0) =
∞∑
m=0

(−q0)m

(m+ 1)3/2 [1 + (z/z0)2]
(2.2.16)

where,

q0 = β2I0Leff (2.2.17)

For |q0| < 1. Typical open aperture normalized transmittance is shown in Figure 2.2.5.

Figure 2.2.5: Typical Open Z-scan transmittance for a) positive and b) negative third
order nonlinear absorption.

2.2.2 Dual Arm Z-scan

The experimental apparatus used in our experiments is shown in Figure 2.2.6. This setup

consists of a standard Z-Scan setup with an additional arm similar to the Dual arm

technique used by Ferdinandus et. al. in [28]. We have a Coherent Opera, 800 nm, 120

fs, 1 kHz, laser and Mira, 800nm , 150fs, 76MHz. The polarizer and λ/2 are used for

controlling the power of the laser. The �rst beam splitter divided the beam laser in 5%.

One beam with 95% is directed to the sample arm (arm 1), and the another 5% is directed

to the reference arm (arm 2).

Arm 1: The �rst beam passes through a focusing lens with focal distance of 10cm and

then for the sample that which is placed in a motorized system. After that, another beam

splitter divide the beam in order to measure the both nonlinear responses. One beam

passes through an aperture (iris with S=0.4) and after to photodetector for to collecting

the nonlinear refraction contribution. The another beam (non-aperture or S=1) measure

the nonlinear absorption. Arm 2: Have the same path that the arm 1, but no have a

sample in the motorized system.

This con�guration is used for the purpose of reducing the in�uence of the �uctuations

of the laser in the measurement. The two arms have been carefully aligned so that both
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arms have the same response, the equipment in each arm is also matched using the same

optics and model of photodetectors. The beam polarization could be adjusted in order to

orient it properly with respect to the SPR mode of the sample.

Figure 2.2.6: Dual arm Z-scan.

The system was calibrated using CS2, which is a kind of standard material whose NLO

properties are well known and characterized [26, 38, 29].

From the data with CS2, and an aperture corresponding to S = 0.4 in the Z-scan setup,

a beam waist of 21µm at the focus was inferred, which was then used to calculate the

intensities. The characteristics curves of CS2 are in the Figure 2.2.7 for excitation beam

at 800nm, 20Hz and 120fs. We observed a positive NLR and did not observe NLA for

the range of intensities employed (10−40)GW/cm2. The value of n2 = 2.2×10−15cm2/W

was taken of the literature [38] for to �nd the parameters characteristics of the system.

Figure 2.2.7: Z-scan signature for CS2 at 20Hz. a) Closed aperture and b) Open aperture
Z-scan.

For the con�guration with excitation beam at 800nm, 120fs, and 1kHz, the curves for
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CS2 was shown in Figure 2.2.8. We observed again the best alignment of the system and

the positive signal for NLR and no signal for NLA. Was used the same value of the n2

mentioned above and was �nd the same values for the parameters.

Figure 2.2.8: Z-scan signature for CS2 at 1kHz. a) Closed aperture and b) Open aperture
Z-scan.

Thermal lensing induced by high repetition rate lasers in Z-scan experiments has been

reported by various authors [38, 29, 26, 39]. The light passing through the sample is

partially absorbed and converted in heat.

For the excitation beam at 800nm, 76MHz and 150fs, cumulative thermal e�ects is

present due to the high repetition rate of the laser and it is re�ected in the change of the

signal of the NLR. In the Figure 2.2.9 we observed the negative NLR and not signal for

NLA. The value for n2 = −4.4× 10−15GW/cm2 was take of the references [30, 38] for to

obtain the parameters of the system.

The red solid curve in all �gures representing the �t with the equation (2.2.13). This

thermal e�ect can be overcome using a low (<1kHz) repetition rate laser.
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Figure 2.2.9: Z-scan signature for CS2 at 76MHz. a) Closed aperture and b) Open
aperture Z-scan.

2.2.3 Beam collimated technique using a HSWFS

The idea of using this technique is to exploit the ability of the Hartmann-Shack wavefront

sensor (HSWFS) to measure wavefront distortions. The sensor consists of a CCD camera,

an arrangement of microlenses and a software capable of reconstructing the entire wave-

front using the Zernike polynomials. Within these coe�cients is the defocusing coe�cient

(C5) which we relate to the part of the non-linear optics. As a nonlinear material ex-

hibiting variation of the index of refraction behaves as an induced lens, i.e. the material

induces a focusing or defocusing of the beam passing through the sample. The idea then

is to pass a collimated beam through the sample and see the induce lens e�ect through the

wavefront sensor and with the value of the coe�cient C5 to be able to correctly quantify

the value of the nonlinear refractive index. The advantage of this method is that it is easy

to implement, the alignment is done directly with the wavefront sensor which facilitates

assembly and does not require the construction of an interface for data acquisition because

of the sensor software shows on the screen the value of all coe�cients. Another advantage

of this method is that the sample is �xed which helps us in our objective of applying an

electric �eld to a liquid sample.

Wavefront

The wavefront is called the locus of space in which the points of the medium are reached

at the same instant by a given wave. Given a wave propagating in space (or on a surface),

wavefronts can be visualized as surfaces (or lines) that move over time away from the

source. The wavefront is made up of points that share the same phase. Therefore, at a

given instant t, a wavefront is formed by the locus (surface or line) of all points whose
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coordinates satisfy the relation:

k· r−ωt = cte (2.2.18)

Where k is the propagation vector ( |k| = 2π/λ , λ is the wavelength), r is the position

vector of the point where the phase is calculated, ω Is the angular frequency of the wave

and t is the time. This relationship arises from the solution of the wave equation.

Figure 2.2.10: Pictorial view of a wavefront [40].

The phase of the wave can be a�ected by the medium in which it propagates. For this,

the OPL (optical path length) is de�ned as the geometric path (C) that travels the wave

a�ected by the refractive index n of the medium:

OPL =

∫
C

n(l)dl (2.2.19)

Similarly, the optical path di�erence (OPD) can be de�ned as OPD = OPL1−OPL2. For

a surface wavefront propagating in the z direction, the optical path di�erence between

an arbitrary wavefront point, which we take as a reference, and the rest of the points

will be a function of (x, y) which will be denoted W (x, y). This function will be called

the 'aberration' of the wavefront. An alternative way of de�ning the OPD is to use the

di�erence between an aberrated wavefront ϕ (the actual wavefront that is obtained) and

the ideal wavefront ϕ0 (the wavefront to be obtained) [40].

The function W (x, y) can be represented mathematically by a polynomial. The two

most commonly used polynomial basis in the description of aberrations in optical systems

are the Seidel base and the Zernike base. The Seidel base is more used in the design

process and Zernike base in the characterization of optical systems and in metrological

applications.
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Figure 2.2.11: The diagram establishes the relationship between the aberrated wavefront
and the ideal wavefront [40].

Hartmann-Shack wavefront

The HSWFS comprise a CCD camera and a microlens array that is mounted at a de�ned

distance in front of the camera sensor chip. Each microlens generates a spot on the sensor

surface. The spot centroid position depends on the wavefront gradient in front of the lens

area.

Figure 2.2.12: Each microlens of the lenslet array collects the light incident to its aperture
and generates a single spot on the detector plane (CCD camera) that is located at a dis-
tance of one focal length behind the lenslets. a) Planar wavefront. b) Distorted wavefront
[41, 42].

Each spot is centered behind the lens that generated it only if the incident wavefront is

planar and parallel to the plane of the lenslets (Figure 2.2.12a)). These are the Reference

Spot Positions, also known as Reference Spot�eld. Depending on the distortion of the

wavefront incident on the sensor, the current spot positions will be shifted in the X and Y

directions away from the optical axis Z of its associated microlens (see Figure 2.2.12b)).

The displacement is described by the angle α.
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Figure 2.2.13: Schematic representation of the deviation of the spot caused by the distor-
tion in the incident wavefront [41, 42].

From the above sketch (Figure 2.2.13) it can be seen that this deviation is caused by the

deviation of the wavefront incident on the microlens from the reference wavefront, or in

geometrical terms:

tanα =
∆z

∆y
=

δy

fML

(2.2.20)

If W (x, y) describes the shape of the wavefront, then its partial derivatives relative to x

and y are determined by the spot shift dx and dy respectively, as well as by the distance

between microlens and detector, which usually is equal to the focal length of the microlens

fML:
∂
∂x
W (x, y) = δx

fML

∂
∂y
W (x, y) = δy

fML
(2.2.21)

Spot deviations δx and δy are determined by calculating the centroid coordinates of all

detectable spots and subsequently subtracting the corresponding reference coordinates.

The wavefront shape function W (x, y) is the result of a 2-dimensional integration process

of these spot deviations.

Zernike polynomials are often used for this purpose since they are made up of terms that

are of the same form as the types of aberrations often observed in optical tests (Zernike,

1934).

The wave aberration function of such systems can be expanded in a power series or a

complete set of orthogonal polynomials. The derivation below follows reference [41, 43, 42]:

W (ρ, θ) =
∞∑
n=0

n∑
m=0

cnmZ
m
n (ρ, θ) (2.2.22)

Where cnm are the expansion coe�cients that depend on the location of the point object,
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n and m are positive integers including zero, n−m ≥ 0 and even, and

Zm
n (ρ, θ) = [2(n+ 1)/(1 + δm0)]1/2Rm

n (ρ) cos(mθ) (2.2.23)

Is an orthonormal Zernike polynomial, the radial polynomials can be derived as a special

case of Jacobi polynomials

Rm
n (ρ) =

(n−m)/2∑
s=0

(−1)s(n− s)!
s!(n+m

2
− s)!(n−m

2
− s)!

ρn−2s. (2.2.24)

Their orthogonality and normalization properties are given by∫ 1

0

Rm
n (ρ)Rm

n′(ρ)ρdρ =
1

2(n+ 1)
δnn′ (2.2.25)

∫ 2π

0

cos(mθ) cos(m′θ)dθ = π(1 + δm0)δmm′ . (2.2.26)

The Zernike expansion coe�cients are given by

cnm =
1

π

∫ 1

0

∫ 2π

0

W (ρ, θ)Zm
n (ρ, θ)ρdρdθ (2.2.27)

In Table (2.1) contain the 6 �rst Zernike polynomials. The Figure (2.2.14) show the two-

and three- dimensional plots of the 6 �rst Zernike polynomials. Each term contains the

appropriate amount of each lower order term of the Zernike minimizes the rms wavefront

error to the order of that term. Adding other aberrations of lower order can only increases

the rms error. Furthermore, the average value of each term over the unit circle is zero.

Order Mode Frequency Polynomial Name

1 0 0 1 Piston
2 1 -1 ρ sin(θ) Tilt y
3 1 1 ρ cos(θ) Tilt x
4 2 -2 ρ2 sin(2θ) Astigmatism ±45
5 2 0 2ρ2 − 1 Defocus

6 2 2 ρ2 cos(2θ) Astigmatism 0º/90º

Table 2.1: Zernike index scheme [43].
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Figure 2.2.14: Zernike polynomials in 2D and 3D. The Z2
0 is the defocus [43].

Beam collimated technique with Hartmann-Shack

As shown schematically in Figure (2.2.15), the setup is very simple, we have a polarizer

and a half-wave plate (λ/2) for controling the laser intensity. The beam diameter was

collimated and reduced to ∼ 1.1mm using a keplerian telescope (T1) such that the beam

Rayleigh length remained much larger than the sample thickness. At the exit of the

sample the laser beam was magni�ed with a second telescope (T2) to obtain a beam waist

about 3mm and imaged on a HS wavefront analyzer. The use of the second telescope is

necessary to obtain a better approximation of the values of the wavefront since the more

light reaches the detector, the more accurate the reconstruction of the wavefront. The

wavefront data was acquired using a software provided by Thorlabs (the company where

the device was purchased from).

Figure 2.2.15: Beam collimated technique using a Hartmann-Shack device.

A wavefront reference was taken using lower intensities with the sample placed in the

collimated beam. In that case the measured wavefront changes are based on this refer-

ence to allow accurate measurements of further wavefront distortions induced by higher

intensities. We have used the initial 6 Zernike modes indicated in Table (2.1) to �t the

measured wavefront within the pupil area (the piston term, not measurable with the HS

sensor has been excluded). Figure 3 shows the Zernike coe�cients used to describe the

wavefront aberrations. While Zernike coe�cients corresponding to tilt and astigmatism

(C2, C3, C4, C6) remain approximately constant there is a dependence of the defocus

coe�cient C5 with the laser intensity. In accordance with the Zernike orthogonality prop-
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erties [14], the defocus Zernike is thus enough to describe the wavefront distortions caused

by nonlinear e�ects.

WTOTAL = W (z = 0) +WL(z = L) +WNL(z = L) (2.2.28)

Where, W (z = 0) contains the wavefront pro�le with the wavefront aberrations of setup

experimental.

WL(z = 0) contains the aberrations induced by linear refraction and imperfections of the

sample.

WNL(z = L) contains the accumulated nonlinear phase change in the sample.

In analogy with Z-scan technique, we can a�rm that the n2 is proportional to the n2

calculated with Z-scan technique with the calibration factor f .

n2 = f
λ

2πI(r, t)Leff
C5 (2.2.29)

C5 can be measured in waves or radians.

Calibration factor

The general calibration method was as follows. First, one needs to determine f for the

used setup. In order to do this, we got a 2mm thick quartz cuvette containing CS2 and

measured C5 as a function of the laser intensity (by controlling its pulse energy). The

results for 76MHz and 1kHz repetition rates can be seen in Figure 2.2.16.

Figure 2.2.16: Calibration system using CS2 leading to the determination of f by mea-
suring the slope of the �tted straight line for laser: a) 1kHz and b) 76MHz.

By knowing the slope of the �tted straight line and using the well known value of n2

for the CS2 under such excitation conditions, n76MHz
2,CS2

= −4.4 × 10−15cm2/W [38, 30],

one �nds f = 2.1 × 10−3 and the system is now calibrated. Similar procedure has been

performed for the excitation at 1 kHz, and for such low repetition rates one knows for
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n1kHz
2,CS2

= 2.1× 10−15cm2/W [38] we �nd that f ∼ 1. The slope of the curve gives directly

the sign of the nonlinearity.



3 Gold nanorod clusters supported in PVA

3.1 Introduction

This chapter describes the results of the linear and nonlinear optical characterization of

gold nanorods supported in PVA published in the reference [15]. The samples employed

in this chapter were synthesized and partially characterized (linear characterization) by

Dr Richard Vaia and his team at the Materials and Manufacturing Directorate, Air Force

Research Laboratory, Ohio, USA. The theoretical calculation for the electric �eld enhance-

ment was performed by Prof. Paras Prasad and his work team at the Bu�alo University,

Bu�alo, NY, USA.

In the search of new nanostructured materials for photonic applications, metals such as

gold, silver, and platinum have been studied in order to exploit the plasmonic enhancement

in the local �eld at the metal-dielectric interface [3, 2, 1]. Among those, gold nanorods

(GNRs) have been studied, and di�erent applications have arisen, from biophotonics to

laser Q-switching [44, 45, 46, 47]. Special interest in this particular material stands from

the anisotropic behavior of the localized surface plasmon resonance (LSPR) leading to

a transverse (T-LSPR) and a longitudinal (L-LSPR) resonant behavior. In nonlinear

optics (NLO), it has been demonstrated that L-LSPR plays a major role as compared to

the T-LSPR, which is due to the larger �eld enhancement arising from the free-electrons

oscillating along the longitudinal axis.

From the experimental point of view, GNR has been studied in solutions or thin �lm

environment. For the fundamental studies, certainly the environment in�uence can easily

be taken into account, and in fact, several important conclusions have been drawn on the

role of the surface plasmon resonance in GNR, with the longitudinal and transverse SPR

modes arising due to the anisotropic shape of the GNR. From the technological point of

view, if the nanorods can be in a �solid state� environment, it can be more convenient for

several applications. Furthermore, in general, the GNR are prepared in such a way that

they are spatially random in their supporting media. Alignment of the GNR can be very

interesting, and in colloidal suspension electric �eld can be applied for that. However,

once again, for certain application, this is not very useful, since the required �eld is

typically of the order of 10kV or more. Therefore, using some stretching technique, a

proper alignment of the GNR in a thin �lm can be performed, as demonstrated in this

work as well as in refs [48, 49]. PVA has been a preferred supporting polymeric �lm due
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to its well-known properties.

3.2 Fabrication of GNR Cluster-PVA and morphological characterization

Fabrication of GNR-PVA nanocomposite1: The concentrated GNR (L/d ∼ 2.1, length:

L = 51.6 ± 4.6nm, and width: d = 24.3 ± 1.3nm) in aqueous solution (∼ 20nM) were

prepared by modi�ed seed mediated method [50] and subsequential puri�cation procedure

(centrifugation at 14000 rpm for 10 min) - TEM image of GNRs is shown in Figure 3.2.1a).

GNR cluster-PVA nanocomposites were fabricated employing depletion induced cluster

formation technique. Brie�y, 10 wt. % PVA aqueous solution was prepared by dissolving

PVA (Mw: 89 k, 98-99 % Hydrolyzed, Aldrich) with 1 wt. % of ethylene glycol. Ethylene

glycol was added to lower the glass transition of polymer �lm to facilitate the stretching

process. The mixed solution was stirred for 12 hours at 50 °C. 100 µl of concentrated GNR

solution was added to 2 g of polymer solution and stirred for 1 hour at room temperature.

GNR clusters were formed in solution due to depletion interaction induced by the high

molecular weight (89k) and high concentration of PVA. Figure 3.2.1b shows the UV-Vis

absorption of GNRs in water and 10 wt. % PVA aqueous solution. In water, GNR are

individually dispersed showing L-LSPR at 640nm. In 10 wt. % PVA solution, due to

depletion induced aggregation, the L-LSPR peak becomes broadened and both blue and

red shifts were observed due to the formation of clusters which contain both side by side

and end to end interaction among rods. T-LSPR peak was also broadened and red shifted.

Note that the aggregation is reversible. By lowering the PVA concentration, the original

L-LSPR is recovered, con�rming the entropically-derived depletion interactions. Films

were formed by casting 2g of GNR cluster-PVA solution on 2”× 2” glass substrate. The

�lm was dried naturally for 24h at room temperature.

The polymer �lm was carefully peeled from the substrate. The �lm thickness was ap-

proximately 100µm. The �nal concentration of GNRs in the �lm is about 0.2 wt. %

(10nM). The uniaxial alignment was obtained by stretching the �lm in the oven at 80◦C

with a draw ratio of 4 which is typical stretching ratio employed to align the GNRs inside

the stretched �lms [9]. Note that the �lm containing individually dispersed GNRs at the

same concentration was prepared in parallel by lowering the PVA concentration to 5%.

1The samples were fabricated by Rich Vaia and his work team at the Air Force Research Laboratory.
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Figure 3.2.1: a) TEM image of GNRs used to fabricate the PVA nanocomposite. Measured
dimensions of 51.6 nm(length) x 24.3 nm(width). b) UV-Vis absorption spectra of GNRs
dispersed in water (I) and PVA solution (II). [15].

3.3 Linear Optical Characterization

Figure 3.3.1a) schematically shows the stretching process. Figure 3.3.1b) shows the ab-

sorption spectra before and after stretching the �lm. Individually dispersed GNR-PVA

nanocomposite was prepared and the UV-Vis absorption showed distinct L-LSPR and

T-LSRP peaks which is similar to the GNR dispersed in water (shown as dashed line in

Figure 3.3.1 b)). The UV-Vis absorption of GNR cluster-PVA �lm is not identical to the

clusters in PVA solution mainly due to additional aggregation during the drying process.

The overall optical density of GNR in the stretched �lm is smaller than in the unstretched

�lm due to the decreased thickness of the �lm following stretching. The thickness of the

stretched �lm was v 50µm which is consistent with the anticipated thickness considering

Poisson ratio of PVA. When the incident light is polarized parallel and perpendicular to

the stretch direction, a stretched GNR cluster-PVA �lm shows distinct absorption spectra

(Figure 3.3.1c)).
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Figure 3.3.1: a) Schematic diagram of the �lm stretching process. b) UV-Vis absorption
spectra of GNR cluster-PVA �lm before and after stretching. Dashed line shows UV-Vis
absorption spectra of individually dispersed GNR in PVA �lm. c) UV-Vis absorption
spectra of the stretched GNR cluster-PVA �lm upon excitation with the optical �eld
polarized parallel and perpendicular to the stretching direction [15].

When the incident light is polarized parallel to the stretching direction, it only excites the

L-LSPR while perpendicularly polarized light only excites the T-LSPR. The unstretched

�lm shows the same absorption spectra irrespective of the light polarization directions.

Accordingly, the unstretched �lm shows the same color in both polarization directions

while the stretched �lm shows distinct color depending on the polarization of the light

(Figure 3.3.2).

Figure 3.3.2: Optical microscopy images of the unstretched and stretched GNR cluster-
PVA �lm under white light illumination with polarization (‖) and perpendicular (⊥) to
the stretch direction [15].

The structure of clusters was determined via SAXS/TEM analysis. TEM analysis con�rms

that GNRs in the polymer composite were present as a form of clusters (Figure 3.3.3a)
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and 3.3.3b)). The average number of rods in an aggregate was 6 (size of the clusters is

101nm×54nm). Therefore, the concentration of clusters can be approximated as 1.7 nM.

Figure 3.3.3: a) and b) TEM images of GNR clusters in PVA �lm. The scale bar is 1000
nm in a) and 50 nm in b). The red arrow indicates stretching direction. c) Schematic to
measure the angle θ to calculate Herman's orientation function [15].

The alignment of the aggregates in the stretched �lm was estimated from SAXS by cal-

culating Hermans' orientation function. For the unstretched �lm, f ∼ 0, consistent with

random orientation of the GNRs. In contrast, for the stretched �lm, f ∼ 0.4 − 0.47,

which indicates relatively aligned GNRs along the stretching direction. The orientation

function estimated from TEM images is consistent with the SAX measurements. Note

that the Hermans' orientation function of a�ne uniaxial elongation of non-interacting,

individual rods is theoretically predicted to be f ∼ 0.8 for a draw ratio of ∼ 4.27 The

lower degree of alignment is likely due to rotational drag associated with the viscoelastic

nature of the polymer matrix, and has been reported previously [36]. Figure 3.3.4a)-b)

shows the concentration of clusters aligned at di�erent angles with respect to the uniaxial

elongation direction, as derived from the azimuthal SAX intensity (f = 0.47 (blue)) and

the average cluster concentration (1.7 nM). For an ensemble of non-interacting rods, this

orientation distribution function is [51]

W =
λ3

4π(cos2 θ + λ3 sin2 θ)3/2
, (3.3.1)

where W is the orientational probability density function, λ is the drawing ratio, and θ

is the orientation angle. The experimental distribution is well described by theoretical

prediction for λ = 1.7, consistent with the smaller Hermans' orientation function discussed

above. Nevertheless the shape of the distribution is well described by a�ne rotation of an

initially random distribution of isolated rods even though the matrix retards alignment

(Figure 3.3.4c)).
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Figure 3.3.4: SAXS azimuthal pro�les of (a) unstretched and (b) stretched GNRs in
PVA �lm along the edge-on and face-on directions. c) Theoretically predicted cluster
concentration at di�erent orientation angle (red) compared with the experimental value
obtained from SAXS analysis (blue) [15].

Characterization: UV-Vis-NIR spectra were acquired with a Cary 5000 UV-Vis-NIR spec-

trophotometer for the solution and Craic 1000 microspectrophotometer for the �lm. Mean

size of GNR clusters and the orientation parameters were evaluated by TEM (Philips

CM200 LaB6 at 200kV and FEI Talos at 200 kV). Nanocomposite �lms with 100nm

thickness for electron microscopy (TEM) imaging were prepared by cryomicrotomed at

−80ºC using a RMC PowerTome XL ultramicrotome and a diamond knife.

3.4 Nonlinear Optical characterization

As pointed out before, NLO characterization of GNR in thin �lms and colloidal environ-

ment has been performed. Optical sources characteristics for the reported NLO studies

range from fs to ns pulse duration, 300nm to 1550nm, and most of the work employed

the Z-scan technique, as summarized by Olesiak-Banska and co-workers [52].

In this work, we employed a Ti-sapphire regenerative ampli�er operating at 800 nm, with

repetition rate 20Hz, and 100fs pulse duration. The low repetition was used in order not

to damage the thin �lm sample.

The system was calibrated using CS2 (See 2.2.7). The beam polarization could be adjusted

in order to orient it properly with respect to the longitudinal or transverse SPR mode.

3.4.1 Nonlinear absorption

Using the open aperture (OA) Z-scan setup, one can infer the NLA properties of the

sample (See Figure 3.4.1a) to 3.4.1c)). From the Z-scan measure, it is inferred that

saturated absorption is taking place, as already observed in the Figure 3.4.1a),b) and ref

[48].
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The measured open-aperture Z-scan transmission curves are presented in Figures 3.4.1a)-

c). As expected, the original GNRs/PVA �lm showed similar transmission responses upon

the excitation with two di�erent polarizations Figure 3.4.1a). The transmission peaks ap-

pearing at z = 0 were caused by the absorption saturation of the GNRs because of the

high laser intensity near the focus. For a stretched �lm, on the other hand, there was a

big di�erence in the Z-scan curves. In the case of parallel polarized excitation, the NLA

e�ects were very obvious (Figure 3.4.1b)) while for the perpendicular-polarized excita-

tion the NLA e�ects were not observed Figure 3.4.1c). The polarization independent and

dependent transmission curves in Figure 3.4.1a)-c) clearly illustrate the anisotropic non-

linear e�ects induced by the alignment of GNRs. To quantify the absorptive nonlinearity

of our samples, the experimental data were normalized and �tted by using the OA-Z-scan

equation (2.2.16).

Figure 3.4.1: Traces of open aperture Z-scan for: a) Unstretched b) Stretched with po-
larization parallel to LSPR c)Stretched with polarization parallel to TSPR. Intensity
behavior of the β2 for: d) Unstretched and e) Stretched samples with polarization par-
allel to LSPR; and f) Stretched sample with polarization perpendicular to the stretching
direction.

To ensure the accuracy in comparisons between di�erent samples, we performed a series

of intensity-dependent Z-scan measurements. The results are shown in Figure 3.4.1d)

and 3.4.1e), for the unstretched and stretched samples, with the later taking into account

the incident polarization with respect to the stretching direction. We employed the same

analysis to determine the absorption coe�cient as in ref [48], the data was �tted as well

with:

β2 =
β0

1 + I0/ISAT
. (3.4.1)
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where ISAT is the saturation intensity of the NLA and β0 is the NLA coe�cient under low-

intensities excitation, i.e., an intensity I0 much lower than the saturation intensity ISAT ,

so that the inequality I0/ISAT << 1 holds. In fact, the nonlinear saturation e�ect arises

from a quasi-resonant one-photon induced nonlinear absorption (see linear absorption

spectra in Figure 3.4.3), whose Z-scan signature is shown in Figure 3.4.1, and is quite

di�erent from NLA due to two-photon absorption. We keep the notation ISAT bearing in

mind the above de�nition.

The numerical values for β0 and ISAT are given in table 3.1. It should be observed that

for the excitation polarization perpendicular to the LSPR mode, the nonlinear absorption

is negligible (Figure 3.4.1f)). The NLA enhancement between the LSPR mode in the

stretched sample is 57 times higher than that in the unstretched one, due to the very

strong anisotropy. This related mainly to the plasmonic e�ect arising from the clustering

of the GNR, as will be discussed later.

Sample β0 × 103(cm/GW) Isat(GW/cm2)

Unstretched −1.815 0.256
Stretched Longitudinal −102.800 0.026
Stretched Transversal ∼ 0 −−−

Table 3.1: Measured values of nonlinear absorption coe�cient and saturation intensity of
the GNR cluster-PVA �lms for an irradiation wavelength of 800 nm.

3.4.2 Nonlinear Refraction

To obtain the NLR coe�cients, a closed aperture (CA) Z-scan was used. By measuring

the nonlinear transmission we veri�ed that the NLR coe�cient n2 is positive for the

unstretched sample (Figure 3.4.2a)) and for stretched sample when the polarization was

parallel to the LSPR (Figure 3.4.2b)), therefore leading to self-focusing in both cases. For

the stretched sample with the pump polarization parallel to the TSRP, the sign of the

refractive nonlinearity was inverted (Figure 3.4.2c)). The induced nonlinear phase shift

was less than π, as required by the theoretically analysis in all cases.
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Figure 3.4.2: A typical CA Z-scan curve for the S4 sample, where the positive sign of
the nonlinearity for a) Unstretched and b) Stretched with polarization parallel to LSPR,
and negative sign for c) Stretched with polarization parallel to TSPR. NLR as a function
of intensity: d) Unstretched; e) Stretched with input beam polarization parallel to the
stretching direction and f) Stretched with the input beam polarization perpendicular to
the stretching direction.

However, as in the case of the NLA, the NLR was intensity dependent (see Figures 3.4.2d)-

g)), and at least two approaches could be used to describe the experimental results:

1. The in�uence of high order terms in the nonlinear optical susceptibility expansion,

as in [53, 54]. In this approach, and the NL phase obtained in the Z-scan experiment is

written as:

∆Φ0 = ∆Φ
(3)
0 + ∆Φ

(5)
0 + ∆Φ7

0 + ∆Φ
(9)
0 + · · · (3.4.2)

where ∆Φ
(3)
0 , de�ned in the section 2.2.1 and ∆Φ

(5)
0 , ∆Φ

(7)
0 , and ∆Φ

(9)
0 are related to the

susceptibilities of the third, �fth, seventh, and ninth order, respectively.

∆Φ
(5)
0 = kn4I

2
0

[
1−exp(−2α0L)

2α0

]
, ∆Φ

(7)
0 = kn6I

3
0

[
1−exp(−3α0L)

3α0

]
∆Φ

(9)
0 = kn8I

4
0

[
1−exp(−4α0L)

4α0

]
...

. (3.4.3)

In addition, considering ∆Φ0 � 1, and S � 1, and analogously to the procedure of [24],

an expression for the laser transmittance in the far �eld is obtained as the function of the

sample's position, z, that can be written as an expansion of the equation (2.2.13). Doing

the theoretical �t using these equations similar to that in ref [53] would lead to invoke the

9th order term in the intensity, which would imply the observation of the 21st order in

the nonlinear coe�cient. However, the very high number of adjustable terms make this
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model very susceptible to the adjustment parameters, which is not appropriate.

2. A saturation of the nonlinear index of refraction. We applied a similar analysis as

in [55] in order to evaluate the experimental data obtained with the GNR cluster-PVA

�lm. It is important to emphasize that the following physical aspects were considered: (a)

we veri�ed that the absorption spectra of the sample did not change before and after the

measurements (See Figure (3.4.3)); (b) the measured nonlinear phase shift was less than

π and (c) the intensity range employed, up to 70GW/cm2, was less than that reported in

the work in GNR in colloids [52] and of the same order as employed in the recent work of

ref [56] In our case, the best �t to the experimental data was given by:

n2 =
n2,0

1 + I/ISAT
, (3.4.4)

where n2 given by eq. (3.4.4) is the saturated value of the nonlinear refraction, n2,0 is the

value at low intensities and ISAT is the saturation intensity.

Figures 3.4.2e) to 3.4.2f) show the experimental results of n2 as a function of intensity,

where the solid line is a �t using eq. (3.4.4). The values of the NLR and corresponding

ISAT were obtained from the �ttings and are shown in table 3.2. Notice the change in

sign for the TSPR, from focusing to defocusing nonlinearity. This is the �rst time this

behavior is observed and measured in PVA-GNR or other �lm supporting GNR.

Sample n2 × 10−7(cm2/W) Isat(GW/cm2)

Unstretched 1.44 0.25
Stretched Longitudinal 2.63 0.28
Stretched Transversal −5.98 0.018

Table 3.2: Measured values of nonlinear refraction coe�cient and saturation intensity of
PVA-GNRs �lms for an irradiation wavelength of 800 nm.

The absorption spectra were done before and after measurement, in order to guarantee

that the high intensities did not introduce damage to the samples. The bankruptcy on

the x-axis of �gure 3.4.3b) and 3.4.3c) is due to the equipment.

Figure 3.4.3: Linear absorption spectra before and after measurement. a) unstretched, b)
strectched longitudinal and c) stretched transversal.
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3.5 M odeling of plasmon local �eld

2As mentioned above, the observed enhancement (see Table 3.1) in nonlinear optical

response of the stretched nanocomposite �lm, containing clusters of GNRs, can be at-

tributed to coupled plasmon local �eld, con�ned at the plasmonic hot spots within the

clusters. With this in mind, we applied full-wave electromagnetic analysis to study the

collective plasmon e�ect of clustered nanorods as a function of the number of GNRs in

a cluster, as well as of the spacing between separate GNRs in the cluster. Speci�cally,

we studied a nanocomposite comprised of hemi-sphere capped cylinders suspended in a

dielectric host as shown in Figure 3.5.1. The optical response of these nanocomposites was

obtained using full-wave time-harmonic �eld analysis as implemented in the COMSOL

�nite element-based RF solver (www.comsol.com). For gold NRs at optical frequencies,

the relative dielectric permittivity was modeled using an analytical expression that is

based on the Drude-Lorentz model and matches the measured optical response of gold

[57]. The computational domain is shown in Figure 3.5.1. A single NR has the follow-

ing dimensions: length L = 50nm, diameter D = 24nm, capping hemi-sphere radius

R = 12nm. The wall-to-wall distance between the rods in each of the triplet, sextet and

nonet clusters is set to 5nm. The end-to-end distance between the rods in the nonet clus-

ter is 4nm, and in the sextet cluster this distance is varied between 4, 8, 12 and 16nm.

The host dielectric is lossless, with the refractive index n = 1.53, corresponding to that

of PVA. The full-wave analysis is carried out for the scattered �eld with the background

electric �eld strength set to 1V/m. Throughout this section we assume that the incident

background �eld is a uniform plane wave at normal incidence that is linearly polarized

at 45 degrees with respect to x−axis, unless otherwise is stated. Note that NRs/cluster
rotation axis is oriented at 45 degrees to the polarization direction in order to capture

both transverse and longitudinal plasmon modes.

One should bear in mind that since the transverse and longitudinal resonances are spec-

trally resolved/separated, the local plasmon �elds at these resonances can be considered

quasi-independent of each other, and so are the enhancement factors of the nonlinear

properties of the composite material.

2This section is a textual copy of the reference [15], where I directly collaborated in writting article.

(www.comsol.com)
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Figure 3.5.1: Computational domain with (a) a single rod, (b) a triplet cluster, (c)a sextet
cluster, and (d) a nonet cluster [15].

In this work we were particularly interested in analyzing the enhancement of nonlinear

absorption/refraction due to the longitudinal plasmon resonance (the excitation wave-

length for the nonlinear characterization is 800nm), as experimentally veri�ed. It should

be noted that �xing the relative orientation between the �eld vector and NR/cluster ro-

tation axis is absolutely justi�ed because, �rst, we were comparing relative strengths of

local plasmon �eld generated by a single rod and di�erent size clusters, and, second, the

anisotropy of the �lm samples was induced in the actual experiment via stretching, so that

the relative orientation of the �eld polarization and the clusters axis was a priori known.

To model a non-stretched composite, it is more appropriated to illuminate a cluster of any

given size by linearly polarized light with a few di�erent orientations of the electric �eld



Gold Nanorods in PVA 57

vector with respect to the main axis of the cluster, to be able to perform orientational

averaging.

Figure 3.5.2: Surface average of the electric �eld strength vs wavelength for a single rod,
a triplet, a sextet and a nonet clusters. The arrow indicated the wavelength of excitation
[15].

The results of calculations are presented in Figures 3.5.2-3.5.3. The spectra of surface

averaged electric �eld strength for a single Au nanorod, a pyramidal arrangement of three

rods, and more complex clusters consisting of six (2 pyramidal batches) and nine (three

pyramidal batches) rods are presented in Figure 3.5.2. Apparently, plasmonic hot spots

between the hemispherical caps of the rods in the sextet and nonet cluster arrangements

result in much higher, compared to the single rod and the triplet, local �eld strength at

the wavelength of two-photon excitation (also bear in mind 6- and 9-fold increase of the

surface area with respect to the single rod, Figure 3.5.2).

The reason is end-to-end near �eld coupling between the rods. The distribution of the

local �eld at this particular wavelength of 800 nm for each arrangement of the rods is

shown in Figure 3.5.3. The local �eld is enhanced about 6-fold as compared to the single

rod.
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Figure 3.5.3: The distribution of the local �eld at 800 nm for (a) a single rod, (b) a triplet,
(c) a sextet, and (d) a nonet cluster [15].

Plasmon coupling in nanorod aggregates can be qualitatively described by exciton-coupling

(or plasmon hybridization) model [58, 59]. In accord with this model, red and blue shifts

of the transverse and longitudinal resonances in the extinction spectra of the clusters de-

pend on polarization of the incident �eld with respect to GNR axis and the arrangement

of rods in the assembly (end-to-end or wall-to-wall). The results of our full-wave analy-

sis agree well with this theory, as from the point of view of the exciton-coupling model

there is a combination of both H- and J-type aggregates for both senses of polarization

(transverse and longitudinal) in the sextet and nonet clusters. The longitudinal plasmon

resonance splits into two peaks in this case, both are red-shifted with respect to that of

the single rod. However, these peaks may be not resolved in an experiment. Instead,

one broad, averaged out peak is usually observed because of di�erent inhomogeneities

in individual rod size, number of rods in di�erent clusters, distance between individual

rods and such. For example, in the sextet cluster, which is more thoroughly studied here

since it corresponds to the experimental situation (see Figure 3.3.4, section II), varying

the end-to-end distance, d, between the rods sitting on one inter-particle axis results in a
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clear red shift of the split longitudinal plasmon resonance as d decreases, because of the

increased coupling between the rods in J-type aggregate (Figure 3.5.4).

Figure 3.5.4: Surface average of local �eld strength vs wavelength for a sextet cluster with
di�erent end-to-end distances, d [15].

The increased coupling also leads to the local plasmon �eld growing up dramatically.

Compared to the local �eld of the single rod, the �eld at the hot spots of the tightest

sextet cluster (end-to-end separation of 4 nm) is enhanced 6-fold (see Figures 3.5.3 and

3.5.5). Note that at the same end-to-end separation (4 nm) the enhancement of the �eld

at the hot spots in the nonet cluster is slightly weaker. The saturation of local plasmon

�eld can be one reason.

Figure 3.5.5: The distribution of the local �eld at 800nm for a sextet cluster with rod
end-to-end distance, d, of (a) 12nm, (b) 8nm and (c) 4nm [15].
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At a �rst glance the experimentally obtained 57-fold enhancement of NLA appears to be

much smaller than predicted by calculations. Let us analyze two situations:

1. The enhancement for the perfect arrangement of the sextet clusters with the end-to-

end distance of 4 nanometers relative to a single nanorod, which means comparing

a clustered sample to nanorod dispersion (Figure 3.5.3).

2. The relative enhancement for the perfect arrangement of the same sextet clusters

with the electric �eld polarized parallel, perpendicular and at 45 degrees to the

cluster's rotation axis.

In the �rst case, the 6-fold enhancement of the local �eld at 800nm wavelength results

in the 64 = 1296-fold enhancement of nonlinear absorption. However, in this case com-

parison is done between a clustered and a non-clustered samples, when stretching is not

considered. In the second case, illustrated in Figure 3.5.6, the di�erence between the

local plasmon �elds induced by the transverse (Figure 3.5.6(a)) and longitudinal (Figure

3.5.6(c)) polarization is almost 7-fold, which re�ects the fact, that no enhancement of

two-photon absorption was observed in the case when the incident light was polarized

perpendicular to the stretching direction. In the unstretched sample the relative orien-

tation of clusters rotation axes and the polarization direction is not �xed. Some of the

clusters can be parallel to the polarization vector, some can be perpendicular and some

can have 45 degrees orientation. With the strength of the local plasmon �eld in the case

of pure longitudinal plasmon excitation 1.4 times that of the case when the �eld is polar-

ized at 45 degrees with respect to the cluster rotation axis (Figures 3.5.6(b)) and 7-fold

increase compared to the pure transverse excitation, a very crude averaged value of the

relative local �eld enhancement between a stretched and an unstretched samples would

be 4-fold, which equates to 44 = 256-fold enhancement of nonlinear absorption. This is

the case when only sextet clusters are present in the composite. With some isolated rods

and a certain percentage of smaller than sextet clusters the predicted enhancement of the

nonlinear absorption would come closer to the experimental number.
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Figure 3.5.6: The distribution of the local �eld at 800 nm for a sextet cluster with the
end-to-end separation of 4nm and the incident electric �eld polarized (a) perpendicular
to the cluster axis; (b) at 45 degrees to the axis of the cluster; and (c) parallel to the axis
of the cluster. The white arrows indicate the polarization direction [15].

3.6 Discussion

The physical origin of the NLA has been clari�ed before as due to one-photon absorption

in the LSPR wavelength region [52], arising from the local �eld enhancement introduced

by plasmon oscillations as well as nonradiative plasmon decay. In this way, electron=hole

pairs are e�ciently created in the sp band of the GNR. The collective assembly of the

aligned GNR leads to the noticeable saturation of the NLA, as observed here. This en-

hancement has been con�rmed using full wave electromagnetic analysis, and the predict

enhancement matched well the observed NLA enhancement factor. The use of femtosec-

ond pulses also plays an important role, since the time scale of the dynamics of the

electron-phonon processes involved is of the order of a few picoseconds [60, 61, 56]. We

did not observe any other e�ects in the NLA, such as reverse NLA due to two-photon

absorption, as in refs [52, 60], both in water solution. NLR has also been studied in earlier

work. The obtained values of n2 for polarizations parallel (n2||) and perpendicular (n2⊥)

to the assembly of GNR in the electrospun �lm [56] or solution [62, 63] are summarized in

table 3.3, together with our results. No clustering e�ect is reported in ref [56]. The sat-

uration of the NLR most certainly arises from the same physical origin as the saturation

of the NLA, the one-photon absorption in the LSPR wavelength region. In refs [63, 56]

the magnitude of the nonlinear refractive index in the parallel polarization to the LSPR,

was higher than in the transverse polarization, i.e. parallel to the TSPR. This data is not

available from ref [62] In our case, this ratio of ∼ 0.43, i.e., the NLR with the polarization

paralell to the TSPR was higher than the polarization parallel to the LSPR.
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Reference,
technique

λpump,
τpump

Ipump
n2,Random

(cm2/W )
n2,‖

(cm2/W )
n2,⊥

(cm2/W )
Enhancement

factor (n2
f/n2⊥)

Zhang et al.
Z − scan

800nm
100fs

25GW/cm2 −− 26.41× 10−12 3.52× 10−12 7.5

∗Padilha et al.
Z − scan

770nm
140fs

*** −7.8× 10−15 −9.4× 10−15 −5.0× 10−15 ∼ 1.9

∗ ∗ Tsutsui et al.
Z − scan

800nm
90fs

1.64× 10−15 −− −− −−

Thiswork,
Z − scan

800nm
100fs

< 5GW/cm2 1.44× 10−11 2.63× 10−11 −5.98× 10−11 ∼ 0.43

Table 3.3: Tabulated values of nonlinear refraction coe�cients of GNRs in colloid [63, 62]
and �lms [56, 15] for an irradiation wavelength around 800nm.

* GNR in Toluene suspension, aligned with electric �eld ~11kV/cm

**GNR in suspension, not aligned

***Energy of 12nJ/pulse

An interesting feature is the change in the sign of the nonlinearity from the polarization

excitation parallel to the LSPR compared to excitation of the TSPR. Sign reversal of

NLR is known from gold nanoparticles in soda-lime glass substrate [64], and has been

explained as due to the annealing process employed for the nanoparticles size control. In

GNR in solution prepared by electrochemical methods [65], change in sign of the NLR

has been observed and demonstrated to be due to change in shape of the nanorods to

more spherical nanoparticles due to the laser irradiation. For the results shown here,

the sign reversal of the NLR is mainly due to the pump wavelength position respective

to the TSPR and LSPR resonances. In the former case, the pump wavelength is well

below the TSPR absorption, thus leading to a positive (self-focusing) nonlinearity, as

observed in Figure 3.4.2. On the other hand, being closer and on the red wavelength side

of the LSPR absorption (see Figure 3.4.2) the manifested self-defocusing nonlinearity is

therefore explained. Again, a one-photon process was dominant in the NLR, and lead to

a saturated behavior.

3.7 Conclusions

We have described the fabrication, morphological and nonlinear optical characterization

of gold nanorod cluster-PVA nanocomposites prepared by modi�ed seed mediated method

and subsequential puri�cation procedure. Uniaxial alignment was obtained by mechan-

ically stretching the PVA-based �lms. Using the Z-scan technique with an excitation

source at 800 nm and 100 fs pulses, saturation of both nonlinear absorption and nonlinear

refraction were observed. The experimental results, supported by �nite element analysis

of local electric �eld distribution in the arrays of gold nanorod clusters, were explained in

light of a plasmonic e�ect arising from the gold nanorod clusters aligned in the stretched

polymeric matrix. The theoretical calculation of the electric �eld enhancement due to the

clustering of the GNR (∼ 50) showed a remarkable agreement with the measured NLA

coe�cient enhancement (∼ 57) when the relative concentration (theory to experiment)
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was taken into account. As we mentioned before, the overall behavior for our results is

quantitatively consistent with models of local �eld enhancement within the clusters, and

thus establishes a rational for the morphological design of optical nanocomposites with

plasmonic nonlinearity. For further understanding of the role of the GNR clusters, studies

employing confocal microscopy shall be performed to analyze single and clustered GNR.



4 Control of the optical behaviour of AuNRs in Cargille Oil with Electric

Field

4.1 Introduction

A method used to induce alignment moments of AuNRs suspended in liquid solutions is

applying a electric �eld. Electric �elds generated between micrometer spaced electrodes

did achieve high enough �eld strengths to induce alignment moments that overcame the

Brownian motion in a colloidal AuNR solution. However, in the reference [66], besides

generating alignment moments, the electric �eld also induced dielectrophoretic forces in

the rods, which caused their accumulation around the electrodes and hence a nonuniform

spatial distribution.

To counter accumulation around the electrodes e�ect, we prepared a cuvette with Indium

Tin Oxide (ITO) �lms deposited on the glass slides used to make it lamines to avoid

introducing electrodes into the solution. ITO is one of the most widely used transparent

conducting oxides because of its two main properties: its electrical conductivity and

optical transparency, as well as the ease with which it can be deposited as a thin �lm.

As with all conductive �lms, a compromise must be made between conductivity and

transparency, since increasing the thickness and increasing the concentration of charge

carriers increases the material's conductivity, but decreases its transparency (see Figure

4.1.1a)). The lamina ITO was corroded making the design of the electrodes as shown in

Figure 4.1.1b) (See Appendix B).

Figure 4.1.1: Cuvette: a) Representation of the ITO lamina b) Electrode (ITO lamina
corroed) c) cuvette of 1mm d) �nal con�guration.



AuNRs in Cargille oil with Electric Field 65

For the application of the voltage it necessary another Te�on cuvette holder of 35mm.

This has two windows (1mm thick microscope slides) along light propagation direction,

separated by 34mm and containing transformer oil (Lubrax AV 24) to avoid dielectric

breakdown (See Figure 4.1.1c) and 4.1.2b)). A cuvette is needed to avoid creating arc due

to high voltage. In the interior was placed to 1mm cuvette containing gold nanoparticles

in Cargille oil (Figures 4.1.1c) and 4.1.2c)). The real cuvettes used in the experiment

showed in Figure 4.1.2.

Figure 4.1.2: The cuvettes used in the experiment. a) cuvette of 1mm with electrodes.
b) Te�on cuvette holder c) Final con�guration.

To perform the linear and nonlinear optical experiments as a function of the NRs electric-

�eld induced orientation was used the high voltage system consisted in a sinusoidal func-

tion generator (SRS DS345) feeding a 2000x voltage ampli�er (Trek 20/20C).

The NRs can be aligned in colloids with external electric �elds, thus allowing dynamically

controlling the system's optical properties.

4.2 Gold Colloid Preparation

Gold Nanorods with aspect ratio L/d ∼ 3.2, length L = 74mm and width: d = 23nm

originally in deionized water (Nanopartz, product number A12-25-700-CTAB, 60 ppm)

dispersed in Cargille oil (Series A, nD=1.5700) were employed.

In order to transfer the NRs from deionized water to Cargille oil, the nanoparticles were

�rst transferred to an organic medium (toluene) by taking 1mL of a solution composed by

0.1g of thiol-terminated polystyrene and 4mL of tetrahydrofuran (THF). This solution

was mixed to 2mL of the AuNRs solution in DI water in a vial, which in sequence

was sonicated for 1 minute. This last step was repeated placing another 1mL of the

polystyrene-THF solution into the vial. The mixture stand for 15 minutes and then the

supernatant was removed. At this point, the AuNRs stuck on the vial wall. 2mL of
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toluene were added to the vial to redisperse the AuNRs. The transfer of AuNRs from

toluene to Cargille oil is made by �rst placing in the glass vial a given volume of the oil

and upon it the same quantity of AuNRs in toluene. After a few days, toluene evaporates

and the AuNRs will have di�used into the oil. These samples were prepared by Isabel

Carvalho and collaborators at Ponti�cia Universidade Catolica de Rio de Janeiro (PUC).

4.3 Linear Optical Characterization

In order to study the in�uence of the electric �eld in colloidal samples, we performed

extinction measurements using unpolarized white light (Ocean Optics HL-2000-LL) and

recording the extinction with a USB spectrometer (Ocean Optics HR4000) as a function

of the voltage applied to the ITO pads.

The experimental results for the unpolarized linear optical transmission of GNRs are

shown in Figure 4.3.1a). The response from nanorods is dependent on the electric �eld

applied with the maximum absorption located at 775nm for L-SPR mode like to references

[67, 68]. The Figure 4.3.1b) shown the variation of the maximum peak of the L-SPR with

the electric �eld. The longitudinal peak is suppressed when the electric �eld is applied.

The peak of the transverse mode T-SPR is located at 550nm but the little visibility of

the transverse mode and the broadening of the longitudinal mode in Figure 4.3.1a) is due

to the aggregation of the nanorods in the colloidal sample.

Figure 4.3.1: a) The extinction coe�cient in arbitrarie units with applied voltage and
b)Variation of the absorption peak as we increase the applied voltage.

4.4 Nonlinear Optical Characterization

For to explore the nonlinear properties of AuNRs colloids in Cargille oil, we use the two

techniques: Beam Collimated Hartmann-Shack and Dual arm Z-scan.

The initial idea was to use the Hartmann-Shack wavefront sensor due to the experimental

setup is simple to implement and because the sample is �xed, which helps us in our
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objective of applying an electric �eld to a liquid sample. Once we obtained a robust and

safe con�guration for the application of the electric �eld, we decided to use the Z-scan

technique to observe the behavior of the nonlinear absorption with the application of the

electric �eld.

In 2009, Padilha et al. partially oriented Au NRs dispersed in toluene inside a 3 mm

thick cuvette. They measured the dependence of the NLR and NLA index n2, β2 with

the application of voltages up to 11kV for laser polarizations perpendicular and parallel

to the applied electric �eld, obtaining the n2 value compared to when one does not apply

any voltage, and saturated absorption for any value of the electric �eld applied [63].

This article was the only �nd in the literature in the study of the NLO properties using

the electric �eld in colloids of metallic nanoparticles.

4.4.1 Beam collimated using a HSWFS

The experimental scheme used is the so-called collimated beam con�guration. We inves-

tigated two di�erent excitation regimes: In the �rst one, a Ti:Sapphire laser (Coherent

Mira, 800nm, 150fs, 76MHz, beam diameter: 1.13mm), and due to its high repetition

rate one observes thermal e�ects. In the second one, an Ti:Sapphire laser (Coherent Li-

bra, 800nm, 120fs, 1kHz, beam diameter: 0.78mm), allowing to investigate electronic

e�ects.

In order to guarantee that the contributions of the nonlinear properties are due only to

the nanoparticles, we quantify the contribution of Cargille oil to the colloid nonlinear

refraction. In the �rst time, we measured the variation of the C5 with the intensity

for both regimes of the repetition rate. In the Figures 4.4.1a) and 4.4.1c) we have the

negative contribution for NLR. How the n2 is proportional to C5 and using the equation

(2.2.29) with respective factor correction, we obtain the values for the nonlinear refraction

coe�cients. The values calculated are n76MHz
2 = −8.8×10−15cm2/W and n1kHz

2 = −5.0×
10−16cm2/W . The n76MHz

2 is an one order of magnitud higher than n1kHz
2 . Due to the

Cargille oil having a nonlinear contribution, we need to calculate de dependence of this

nonlinearities with the electric �eld. In the Fugures 4.4.1b) and 4.4.1d) show the ∆n2 as a

function of the applied voltage. Moreover, the n2 not change and there is no dependence

of the such properties with the applied voltage. The value of the intensity was �xed.

The ∆n2 was de�ned as:

∆n2 = n2(E 6= 0)− n2(E = 0). (4.4.1)
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Figure 4.4.1: Measurements of the NLR properties of the Cargille oil. Dependence of the
C5 with the intensity for a) 1kHz, d) 76MHz and the variation of the NLR with the
electric �eld for b) 1kHz and d) 76MHz.

We performed the same protocol for investigating the behavior of ∆n2 from the AuNRs

as a function of the applied voltage V, for a �xed excitation laser intensity. For high

repetition rate, the value of the intensity was 4.5×105W/cm2. The ∆n2 value for V = 0

was taken 0. Increasing the voltage applied in intervals of 1kV we can to observed the

in�uence of the electric �eld in the nonlinearities of the AuNRS (Figure 4.4.2). From 9kV

the variation of n2 seems to be constant. For low repetition rate the value of the intensity

was 8.8 × 109W/cm2. We can to observed the same tends of the NLR. The variation in

both cases was approximately six times of the initial value.
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Figure 4.4.2: Variation of defocusing Zernike coe�cient with applied tension in excitation
regime: a) 1kHz and b) 76 MHz .

To obtain the value of the n2 of the AuNRs at zero applied voltage, we got the C5

measured for the Cargille oil at the intensity 4.5× 105W/cm2 (high repetition rate) and

8.8 × 109W/cm2 (low repetition rate) and subtracted this value from that obtained for

the colloid. The results thus re�ect directly the in�uence of the AuNRs presence. We

got n2 = −1.0× 10−13cm2/W for 76MHz and n2 = −1.5× 10−16cm2/W for 1kHz. The

results for ∆n2 are shown in Figure 4.4.2. The diference of n2 between the two regimes is

of 3 orders of magnitude. However, the trends are the same in both cases.

Repetition
rate

Diameter
beam (mm)

Intensity
(W/cm2)

n2(cm2/W )
CargilleOil

n2(cm2/W )
AuNRs (E = 0)

1kHz 0.78 8.8× 109 −5, 01× 10−16 −1, 5× 10−16

76MHz 1.13 4.5× 105 −5, 75× 10−14 −1, 0× 10−13

Table 4.1: Values of n2 for the Cargille oil and AuNRs without the applied electric �eld.

One can understand this by recognizing that the L-SPR is the one which strongly absorbs

light and converts it into heat via Joule e�ect. The application of the external voltage

makes the average angle between the NRs longer axis and the laser polarization direction

increase. Thus, there is smaller coupling between light and the L-SPR, leading to a smaller

energy dissipation as heat and thus decreasing the thermal e�ects.
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4.4.2 Z-scan measurements

The previous experiments (Section 4.4) showed that it is possible to control the nonlinear

refractive index of AuNRs colloids, which is potentially interesting for applications in

devices. However, for applications, one should be concerned with the absorption features

of their active elements. Thus, in order to make a complete characterization of such

systems, it is important to study how their nonlinear absorption coe�cient β2 behaves

when the samples are subjected to a high applied voltage along the excitation light's

propagation direction. Since our composite cuvette showed itself to be very robust and safe

in dealing with high voltages, we decided to make Z-Scan measurements for investigating

the behavior of n2 and β2 in these Au NRs colloids.

For the Z-Scan measurements we used only the high repetition rate excitation (76MHz)

in order to check the behavior of the nonlinearities (both, NLA and NLR) in the presence

of a applied �eld. We then studied the agreement between the results obtained using

this technique and the results reported in Section 4.4. The experimental setup used was

described in the section 2.2.2.

Nonlinear Refraction (Closed-aperture Z-scan)

The results for closed-aperture Z-scan can be seen in Figure 4.4.3. As the applied voltage

increases, the nanoparticles tend to align in the direction perpendicular to the incident

light and the index of nonlinear refraction �decreases�. The sign of the NLR is negative

in agreement with results did with Beam collimated HS and is due to self-defocusing.

The solids lines representing the �tting curves doing with the equation (2.2.13). In the

Figure 4.4.3b) we presenting the traces of Z-scan for 0kV and 10kV to apreciate better

the diferences.

Figure 4.4.3: Traces of closed aperture Z-scan. a)Variation of the NLR with the applied
voltage. b) Closed Z-scan for 0kV and 10kV

The values for n2 was obtained with the �tting for the Closed-Z scan. In the Figure 4.4.4a)

plots the n2 values with the applied voltage. The intensity used was I0 = 2.53GW/cm2.
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In order to compare the values obtained in the two con�gurations, we plots in Figure

4.4.4b) both results and show a good agreement between both techniques.

Figure 4.4.4: a)Variation of n2 with applied voltage. b) Comparation between Z-scan
Technique (red squares) and Beam Collimated Hartmann-Shack (Blue points).

Nonlinear Absorption (Open-aperture Z-scan)

We want to know how is the behavior of the nonlinear absorption. The results for NLA

is shown in Figure 4.4.5. The black squares representing the experimental data and the

red solid curve representing the �tting with the equation (2.2.16). We observed nonlinear

absorption. However when the applied voltage reached the vale of 5kV NLA has vanished

or reduced to the noise level.
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Figure 4.4.5: Open Z-scan curve for the AuNRs in Cargille oil varing the voltage. When
the voltage is increased the nonlinear absorption vanishes. The red curve is the �tting
using the equation (2.2.16).
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In the Figure 4.4.6, we put in the same picture the data for 0kV and 10kV to observe

the di�erence. The values for β2 was calculated using the equation (2.2.16) for the �tting.

The variation of the NLA with the voltage is shown in Figure (4.4.6)a).

We have positive values for β2. The maximum values are for 0kV and are suppressed for

values of the applied voltage bigger than 5kV .

Figure 4.4.6: a)NLA for the 0 kV and 10kV. The black curve is the �tting for 0kV .
b)Variation of NLA coe�cient with the applied voltage.

4.5 Discussion on the in�uence of linear absorption and n2 in NLA of AuNRs colloids

Since the nonlinear refractive index for both repetition rates does not change the sign, we

can ensure that the predominant e�ect of the nonlinearity is thermal. For that, we can

not be expected to �nd positive values for NLA in the open-aperture Z-scan experiments.

In this way, we performed a literature search and found the work of reference [69], which

the authors relevant to our discussion.

In the case of Kerr-type nonlinearities, the expressions relating the refractive index and

the absorption coe�cient with the intensity of the electromagnetic wave are expressed in

the equations (2.2.3) and (2.2.4). In a system showing a negligible absorption (α0 ≈ 0),

the nonlinear refractive index n2 and the nonlinear absorption coe�cient β2 are propor-

tional to the real and imaginary parts of χ(3) through the following expressions in the

international system (SI) of units:

χ
(3)
R = (4/3)n2

0ε0cn2 (4.5.1)

χ
(3)
I =

(
n2

0ε0cλ/3π
)
β2 (4.5.2)

In spite of the assumption of negligible absorption implicit in Eqs. (4.5.1)-(4.5.2), they

have been used very often for �nding the values of χ(3)
R and χ

(3)
I in absorbing systems

k, particularly since Z-scan measurements became one of the most popular methods for
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the assessment of third-order nonlinearities. In reference [69] the authors derive a set of

expressions relating χ(3)
R , χ(3)

I , n2 and β2 valid for absorbing systems.

χ
(3)
R = (4n0ε0c/3) (n0n2 + k0k2) (4.5.3)

χ
(3)
I = (4n0ε0c/3) (n0k2 + k0n2) (4.5.4)

Both expressions (4.5.3) and (4.5.4) reduce to the relations given in Eqs. (4.5.14.5.2)

when the absorption of the system is negligible (α0 ≈ 0). In absorbing systems, the NLA

and NLR are thus the consequence of the interplay between the real and imaginary parts

of the �rst- and third-order susceptibilities, and n2 and β2 are no longer proportional to

the real and imaginary parts of χ(3). This can be seen more clearly when looking at the

inverse expressions obtained from Eqs. (4.5.3) and (4.5.4):

n2 =
3

4ε0c (n2
0 + k2

0)

[
χ

(3)
R +

k0

n0

χ
(3)
I

]
(4.5.5)

k2 =
3

4ε0c (n2
0 + k2

0)

[
χ

(3)
I −

k0

n0

χ
(3)
R

]
(4.5.6)

Using β = 4πk/λ.

β2 =
3π

λε0c (n2
0 + k2

0)

[
χ

(3)
I −

k0

n0

χ
(3)
R

]
(4.5.7)

If χ(3)
I = 0 in the equations (4.5.5) and (4.5.7), we have:

n2 =
3

4ε0c (n2
0 + k2

0)

[
χ

(3)
R

]
(4.5.8)

and,

β2 =

(
−α0

n0

)
n2 (4.5.9)

This indicates that the NLA has a positive signal when the nonlinear refraction has

a negative signal in absorbing media near of the resonance. We can conclude that the

results for NLA are not due to two-photon absorption and instead, are due to the in�uence

of α0 and n2 in the values for β2. This is the most important result, supported by the

theoretical prediction made by Coso in the reference [69].

4.6 Conclusions

Using the Beam Collimated Hartmann-Shack we characterized nonlinear optical properties

in AuNRs in Cargille oil. The technique use a Hartmann-Shack sensor used in adaptative

optics. The advantages of this method remain in the easy implementation, the facility for
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performing optical alignement of the system and the sample is �xed. As the electric �eld

applied is very intense, we used a cuvette of 35mm with transformer oil and a cuvette of

1mm containing the sample. The NLR was measured using the H-S technique for both

regime (at 150fs, 76MHz) and (100fs, 1kHz). The NLR shown negatives values related

to self-defocusing. When we increasing the electric �eld the longitudinal plasmonic mode

decreasing and the NLR increasing. The variation of the NLR in both regimes was six

times the initial value. The initial idea for to use the both regimes was studied the

electronic and thermal e�ects in the nonlinearities. But we can not observe changes in

the signal of the n2 indicating that the predominant contribution of the NLO properties

is thermal.

The Z-scan technique was used for measuring both, nonlinear refraction and nonlinear

absorption to understand the behavior of these in AuNRs in Cargille oil under electric

�eld application. This was done for high repetition rate excitation and we con�rm the

self-defocusing behavior of the NLR and good agreement between the values measured in

both methods (Z-scan and Beam Collimated Hartmann-Shack). On the other hand, the

behavior of the nonlinear absorption was unexpected. Positive values for the NLA was

�nd. The majorities of the papers in the literature showing a saturation of the nonlinear

absorption for Gold nanorods. On the other hand, the excitation beam was 800nm, and

this value is strongly resonant with the longitudinal SPR.

This led us to search the literature for mechanisms to explain this behavior. Coso and Solis

[69] demonstrated that many scientists make a mistake when calculating the magnitude of

the third-order susceptibilities. They a�rm that when dealing with absorbing media, one

needs to use other equations to obtain this values. Their approach lead us to understand

our results. The sample is initially (E = 0) an absorbing sample (high α0), and when

we applied the electric �eld the values for the α0 is decreasing (making the sample less

absorbing). The positive value for the NLA when E = 0kV is a direct result of the high

values for α0 at 800nm and the negatives values of n2.



5 Self-assembled Gold nanospheres metasurfaces

5.1 Introduction

This chapter describes the results of the linear and nonlinear optical characterization of

gold nanospheres metasurfaces. This work was did in colaboration with Jake Fontana et.

al. and was published in the reference [17].

The pre�x �meta� (μετα in Greek) means �beyond,� and in this sense, the name �metamate-

rials� signi�es systems that are beyond conventional materials. The word �metamaterial�

�rst appeared in literature in 2000 when Smith et. al. published their seminal paper

on a structured material with simultaneously negative permeability and permittivity at

microwave frequencies [70]. Metamaterial is a material engineered to have properties that

are not found in nature, their properties derive not from the properties of the base ma-

terials, but from their newly designed structures. Shape, geometry, size, orientation, and

arrangement gives them their smart properties capable of manipulating electromagnetic

waves. The materials are usually arranged in repeat patterns, at scales that are smaller

than the wavelengths of the incident electromagnetic �elds.

Optical metamaterials are classi�ed into two categories according with [71]:

1. Metamolecules, which are individual elements with inherent metamaterial properties

and can be macroscopic in quantity.

2. Metasurfaces, which are thin, high-density, �lms of ordered plasmonic nanoparticles

leading to novel optical, electronic and chemical properties.

For many applications, metasurfaces can be used in place of metamaterials. Metasurfaces

have the advantage of taking up less physical space than full three-dimensional metama-

terial structures; consequently, metasurfaces o�er the possibility of less-lossy structures.

Metasurfaces have a wide range of potential applications in electromagnetics (ranging

from low microwave to optical frequencies). Some optical properties are: Negative, zero

and large positive refractive índices, subwavelength resolution lenses and innovative wave-

plates. However, creating these metasurfaces e�ciently, with nanoscopic scale feature

resolution, uniformly over macroscopic scale areas, remains challenging. Moreover, mea-

suring the optical response from these sub-wavelength thick metasurfaces is non-trivial

and critical to enable the development of dispersion engineered coatings.
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5.2 Self-assembly technique

Self-assembly is a process by which discrete components are driven to organize sponta-

neously into well-de�ned geometries by speci�c interactions. Self-assembly is typically

associated with thermodynamic equilibrium, the organized structures being characterized

by a minimum in the system's free energy. Essential in Self-assembly is that the building

blocks organize into ordered, macroscopic structures, either through direct interactions

(e.g., by interparticle forces), or indirectly using a template or an external �eld [72, 73].

There are di�erents forces, among these:

• Covalent bond • Hydrophobic
• Van der Waals • Steric
• Electrostatic • Magnetic force

• Hydrogen bonding • Electrical force

In this section we describe the method used by Jake Fontana and his team for the fabri-

cation and linear characterization of the samples. In this case the metasurface assembly

is based on a phase separation and surface tension gradient technique [74, 75].

This technique combines (i) the phase transfer of nanoparticles using a water miscible

organic solvent, (ii) the self-assembly of nanoparticles into macroscopic (>cm), high-

density, monolayer �lms using phase separation and (iii) the transport of the nanoparticle-

ligand �lms onto non-functionalized substrates using surface tension gradients.

The 15.4 ± 1.8nm diameter was determined through transmission electron microscopy

(Figure 5.2.1) gold nanosphere suspension (OD ∼ 1 in 1 cm) is placed into a 20 ml glass

scintillation vial. A SiO2 (Corning 1737) substrate, cleaned in potassium hydroxide dis-

solved in methanol at a concentration of 5% (w/v), was placed inside the vial containing

the nanospheres. A 1-propanethiol solution (442 mM) was prepared in 1 ml tetrahydrofu-

ran (THF). The 1 ml of the ligand solution in THF was then added into the vial containing

the nanospheres and shaken for 15s. The glass substrate was repositioned near vertical

against the wall of the vial after shaking and the reaction mixture was pipetted onto

the substrate, re-wetting the surface. The 1-propanethiol capped gold nanospheres phase

separate from the �uid mixture to the air-�uid interface and are transported onto the

wetted substrates via surface tension gradients creating macroscopic scale metasurface.
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Figure 5.2.1: a) Representative transmission electron microscopy images of the metasur-
face. b) Gold nanospheres size distribution determined from the TEM images.

A schematic illustrating the metasurfaces consisting of a monolayer of gold nanospheres

functionalized with ligand shells on a glass substrate is shown in Figure 5.2.2(a). Trans-

mission electron microscopy (TEM) imaging (JEOL JEM-2200FS �eld emission electron

microscope with 200kV accelerating voltage) of the metasurfaces were performed to ex-

amine the nanoscale organization of the nanospheres and determine the minimum inter-

particle distance. For such purposes, the metasurfaces were placed onto a holey carbon

TEM grid by lifting the metasurface from the air-�uid interface during the self-assembly

reaction. This created µm scale domains of quasi-hexagonally close packed monolayer

metasurfaces, similar in local morphology to the glass substrates, but smallerrom the

FFT analysis the center-to-center distance between the nanospheres was determined to

be domain sizes. A representative TEM image of a metasurface is presented in Figure

5.2.2(b) showing a monolayer metasurface with local quasi-hexagonally close packing.

From the TEM images the fast Fourier transform (FFT) was calculated using ImageJ

(inset Figure 5.2.2(b)). FFT analysis can determine the crystalline structure and orien-

tation of nanoparticles as well as the presence of any defects. From the FFT analysis the

center-to-center distance between the nanospheres was determined to be 16.0 ± 0.6nm.

The calculated particle diameter is 15.4nm. Thus the gap between the particles is 0.6nm.

Figures 5.2.2(c) and 5.2.2(d) are images of a metasurface re�ecting and transmitting white

light, respectively, demonstrating surface areas on the centimeter size scale. The gold

colored re�ection in Figure 5.2.2(c) is a result from the large density of gold nanospheres.

When backlit with white light and viewed in transmission, Figure 5.2.2(d), the spatially

uniform blue color indicates that the plasmon resonances are well preserved, con�rming

the metasurfaces are a monolayer over the �lm area.
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Figure 5.2.2: (a) Metasurface schematic consisting of a monolayer of gold nanospheres
capped with ligand shells and supported by a glass substrate. (b) Representative false-
colored TEM image of a metasurface composed of a monolayer gold nanospheres capped
with 1-propanethiol shells on a holey carbon TEM substrate. The inset is a Fourier
transform of a TEM metasurface image. Optical images of a metasurface on a glass
substrate re�ecting (c) and transmitting (d) light.

The n-alkanethiol ligand length, were n is the number of carbon atoms, and interparticle

gap size are correlated in 5.2.3. The energy minimized ligand length, bound to gold, was

determined using ACD/Chemsketch 2012 (solid black dots). The interparticle gap be-

tween close-packed gold nanospheres capped with n-alkanethiol shells has experimentally

been shown to depend linearly on the length of the ligands, increasing at 0.12nm per n

(solid red line) [76, 77]. A constant o�set of 0.24nm accounts for the Au-S bond. The

energy minimized ligand lengths and experimentally determined slope from literature are

in good agreement, implying that the gap is set predominantly by the length of the ligand.

Speci�cally for 1-propanethiol (n = 3) corresponds to an interparticle gap of 0.59nm, in

reasonable agreement with the experimental FFT results.
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Figure 5.2.3: Correlation between the number of carbons in the n-alkanethiol ligands and
the interparticle gap.

To further validate the interparticle gap three-dimensional �nite element simulations

were carried out using COMSOL Multiphysics 5.2. The metasurface was modeled as

a hexagonal close-packed 15.4nm diameter gold nanosphere monolayer on a glass sub-

strate (n = 1.53) with periodic boundary conditions. The refractive index of the gold was

interpolated from literature [78]. Since excess ligands is deposited onto the �lm during

the self-assembly process the nanospheres are fully coated with 1-propanethiol (n = 1.44).

The model used unpolarized light to approximate the experimental conditions and the ab-

sorbance was calculated from the simulations. The absorbance from the metasurface was

calculated as a function of interparticle gap from 2.0 to 0.2nm in 0.2nm intervals, Figure

5.2.4a). As the interparticle gap decreases the capacitance in between the nanospheres

increases, resulting in the absorbance peak red-shifting from 629nm to 940nm for gaps

0.2nm to 2.0nm. By comparing the simulated and experimental absorbance peaks we can

verify the interparticle gap. The experimental absorbance measurements from the meta-

surfaces were made using unpolarized white light incident perpendicular to the meta-

surfaces on SiO2 substrates. The normalized experimental absorbance spectra from a

metasurface is shown in Figure 5.2.4b) (blue points). The quality factor is de�ned by

Q =
λ0

δλFWHM

, (5.2.1)

where λ0 is the absorbance peak wavelength and δλFWHM is the full width at half max-

imum (FWHM) of the absorbance peak. The quality factor for experimental espectra is

relatively large, Q = 3.8 indicating that the nanospheres are not aggregated (touching).

The quality factor of the simulated spectrum is higher, Q = 7.4, than the experiments due

to a prefect hexagonally close packed lattice. Yet, overall we observed a very good agree-

ment between the simulated and experimental spectra demonstrating the metasurface are
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hexagonally close packed monolayer �lms of gold nanospheres capped with alkane ligands.

Overlaying the absorbance spectra retrieved from the simulations, Figure 5.2.4b) (solid

red line), with the experimental spectra we �nd good agreement with the experimental

(753nm) and simulated (760nm) absorbance peak wavelength for a simulated interparticle

gap of 0.6nm. We also �nd the shape of the spectra are similar with the experimental and

simulated observation of a higher order mode at approximately 550nm. The simulations,

energy minimization and FFT results all strongly indicate that the interparticle gap is

predominantly set by the length of the ligand.

Figure 5.2.4: a) The simulated normalized absorbance peak wavelength shift of the meta-
surface as a function of interparticle gap from 2.0nm to 0.2nm in 0.2nm intervals. b)
Comparing the normalized experimental (blue points) and simulated (gap = 0.6nm, solid
red line) absorbance peaks of the metasurfaces.

To understand the response of the metasurface, relative to an isolated dimer, further

simulations were undertaken. Figure 5.2.5 is the absorbance peak wavelength as a function

of interparticle gap for the metasurface (red circles) and an isolated dimer (purple squares).

Both were �t, and agree well, to the plasmon ruler equation [79] of the form,

λ = ae−(x/b) + λ0 (5.2.2)

where a = 571nm, b = 460nm, λ0 = 0.550nm are for the metasurface (solid red line) and

a = 571nm, b = 245nm, λ0 = 0.474nm are for the dimer (solid purple line). However,

the absorbance peak wavelength from the metasurface is signi�cantly more red-shifted

(205nm at gap = 0.2nm) relative to the dimer, highlighting the importance of near-

neighbor interactions to e�ectively enhance the capacitance (local electric �eld) in between

the nanospheres in the metasurface [80]. These collective enhancements can be applied

to create sensitive surface-enhanced Raman scattering sensors [74].
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Figure 5.2.5: The shift in the absorbance peak wavelength of the metasurface (red dots)
and an isolated dimer (purple squares) as a function of interparticle gap. The simulations
�t for the metasurface (solid red line) and dimer (solid purple line).

5.3 Linear Optical Characterization

The linear refractive index of the metasurface was determined using spectroscopic ellip-

sometry (J.A. Woollam Co., V-VASE) by comparing the measured data and a model

calculation. Ellipsometry measurements were performed o� the air-nanosphere interface

of the metasurface from (400− 1500)nm in 10nm steps at an angle of 60◦. The probed

area on the metasurface was approximately 7mm2. Scotch tape was used on the backside

of the glass substrate to scatter and prevent any secondary re�ections from the glass-air

interface. Figure 5.3.1 shows the real and imaginary parts for 5 metasurfaces with the

same characteristics. Was necessary to synthesized di�erents samples for the same gap

(0.6nm) for to guaranteed the uniformity, and reproducibility.

Figure 5.3.1: Real (a) and imaginary (b) parts of the linear index of refraction of the
metasurfaces.
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To retrieve the optical response of the metasurface a 3 layer model was used comprised

of the glass substrate, gold nanospheres and an ambient layer. The metasurface layer

was modeled as a homogenous layer since it is deeply sub-wavelength. The thickness of

the metasurface layer was set at 16.6nm (15.4nm diameter gold nanospheres and 1.2nm

ligand layer). Figure 5.3.2(a-b) shows the experimental (blue solid line) and �tted (black

dashed line) spectroscopic ellipsometry angles Ψ and ∆, averaged over �ve metasurface

samples shown in the Figure 5.3.1.

Figure 5.3.2: Spectroscopic ellipsometry data (solid blue lines) of Ψ (a) and ∆ (b) averaged
over �ve metasurface samples. The dashed black lines are the 3-layer model �tted to the
experimental data. Real (c) and imaginary (d) parts of the linear index of refraction of
the averaged metasurfaces obtained from the �ts from (a-b).

The linear real and imaginary parts of the refractive index, n0 and k0 = λβ0/4π, of

the metasurface are shown in Figure 5.3.1. The average was do and is shown in the

Figure 5.3.2(c-d). The real part of the linear refractive index shows a large dispersion

ranging from values of 0.87 to 4.1. This indicates the metasurface has an optical response

varying from less than vacuum to Germanium-like [23] within a spectral range of 280nm,

signi�cantly larger than previous studies of self-assembled plasmonic nanospheres �lms

[81, 82, 83, 24].

The absorption peak wavelength occurs at 749nm, Figure 5.3.2d), in agreement with the
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spectroscopy data collected in Figure 5.2.4c). We �nd no evidence of a lower energy

charge transfer plasmon mode, Figure 5.3.2d), at near infrared wavelengths and from

Figure 5.2.4c) the absorbance peak wavelength is modeled well using a purely capacitive

(insulating) 0.6nm gap. These results demonstrate that a classical description (without

charge transfer) is appropriate to model these sub-nanometer gap metasurfaces, since

ambiguities exists in the literature [84, 85, 86].

The �gure of merit, that is the absolute maximum of the real to imaginary parts of the

refractive index, is expected to be near unity for plasmonic metals at visible frequencies

and indeed we �nd for these metasurfaces the average �gure of merit is |nmax0 | / |kmax0 | =
1.3. The Figure of merit is shown in the 5.3.3. We can to observed very high values

increasing quase-linearly since 800nm reaching values up to 22 in the near infrared. This

is very important for applications suchs as al-optical switches.

Figure 5.3.3: The average �gure of merit. FOM = |n0/k0|. The inset in the �gure is the
FOM in the visible region.

5.4 Nonlinear Optical Characterization

To study the nonlinear optical behavior of the metasurfaces we employed the well-known

Z-scan method [26, 27] described in the section 2.2.2. The optical source for the experi-

ment was a Ti-sapphire regenerative ampli�er operating at 800nm and a 1kHz repetition

rate, with 100fs pulse duration. To calibrate the system a standard material, CS2, with

well-known nonlinear optical properties was used [26]. From the CS2 measurements and

an aperture corresponding to S = 0.4 in the Z-scan setup, the beam waist was deter-

mined to be 21µm at the focus, which was then used to calculate the intensities. Four

metasurface samples were measured at three di�erent lateral positions in each �lm. If

the Z-scan measurements were repeated at �xed lateral position on the �lms, the results

were constant (within the 5% of laser �uctuation), ensuring damage was not occurring

due to the large laser intensities. Figure 5.4.1 shows the Z-scan signatures, averaged over
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the four samples, of the NLA and NLR. A blank SiO2 substrate was �rst characterized,

shown in Figure 5.4.1(a), even for high intensities no nonlinear signal was detected. Fig-

ure 5.4.1(b) is a typical signature for one of the metasurfaces at 10GW/cm2, showing

saturated absorption and negative (self-defocusing) nonlinear refraction.

Figure 5.4.1: Average NLA and NLR measurements for (a) glass substrate at I0 =
5.87GW/cm2. (b) Gold metasurface Z-scan signature for open and closed aperture at
I0 = 10GW/cm2. (c-d) experimentally determined average values of NLA and NLR co-
e�cients for all samples, showing saturation behavior as a function of incident power
density

Figures 5.4.1(c-d) show the intensity dependence for the NLA and NLR, where it can be

readily observed that all samples present saturated absorption behavior, leading to satu-

ration of the NLA as a function of incident intensity. The NLR also presented saturation

of the nonlinearity as a function of incident intensity.

The saturation behavior for the NLA and NLR were �tted to β2 = β2sat/(1 + I0/Isat)

and n2 = n2sat/(1 + I0/Isat), following [87, 55]. The saturated behavior of the NLA can

be explained by the strong one-photon absorption arising from the plasmonic resonant

excitation at 800nm, close to the linear absorption peak at 753nm (see Figure 5.2.4b). As

a consequence, it also leads to a saturation and negative sign for the NLR. Table 5.1 shows

the values for n2 and β2 for the gold metasurfaces, compared with the data for other gold

nanostructures [64, 88, 89], including periodically assembled gold nano�lms [90] and gold
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nanorods in thin PVA �lms [56, 15] To the best of our knowledge, a direct comparison

with similar nanostructured metasurfaces cannot be made since it has not been studied

before.

Ref
Nanostructure

type
λpump

t
SPR n2(cm

2/W) β2(cm/W)

[17]
Gold

Metasurface
800nm
100fs

∼ 753nm −7.9× 10−9 −0.90× 105

[64]
Gold thin film

(15nm)
800nm
100fs

∼ 560nm −5.5× 10−11 ∼ 6.2× 102

[88]
Gold thin film
(5− 52)nm

532nm
35fs

∼ 550nm Not detected ∼ 1.0× 106

[89]
Gold ultrathin
films (0.05nm)

532nm
30ps

∼ 550nm Not detected ∼ 5× 106

[90]
Gold thin film

periodically organized
(14nm)

532nm
25ps

∼ 600nm −2.89× 10−10/n2
0 −7.6× 101/n2

0

[56]
Gold nanorods

in electrospun films
800nm
100fs

500nm ‖
820nm ⊥

3.5× 10−12 ‖
26× 10−12 ⊥ Not studied

[15]
Gold nanorods

inPV A
stretched films

800nm
100fs

530nm ‖
670nm ⊥

1.4× 10−11 ‖
6.0× 10−11 ⊥ 1× 103 − 1.02× 105

Table 5.1: Comparison of NLR and NLA absorption in gold nanostructured materials.

In [64], Au thin �lms were deposited on glass (soda-lime) substrates and annealed to

form Au nanoparticles on the surface of the glass. Optical nonlinear properties were

studied, before and after annealing, as a function of the thickness of the deposited �lm

(before annealing) and of the height of the NPs (after annealing). For the nonlinear

characterization was used TM-EZ scan technique at 800nm and 150fs before and after

annealing. Results showed that n2 and α2 at 800nm undergo a sign change after the

annealing process for the 15 nm deposited �lm. On the other hand, the 15 nm deposited

�lm does not present a surface plasmon signal before annealing; rather, its absorbance

spectra resembles the extinction spectra for bulk Au. With the annealing, large Au NPs

are formed and the absorbance spectra presents a SPR peak at 560 nm, leading to an

increase of n2.

In [90], well-ordered 2-D gold nanoparticle arrays were fabricated using nanosphere lithog-

raphy. The nonlinear optical properties of the nanoparticle arrays were investigated using

the z-scan technique at 532nm with 25ps pulses. The FOM of the nanoparticle arrays is

about one order of magnitude larger than that of the ultra-thin gold �lm consisting of

randomly distributed spheroidal clusters. The enhancement of the optical nonlinearity

could be due to the strong local �eld near the triangular nanoparticles. It is worth noting

that, in well-ordered nanoparticle arrays, the homogeneity in size, shape, and distribution

of the nanoparticles make it possible to get a better understanding of the origin of the
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enhancement of the nonlinearity, and then to further optimize the value of the FOM.

In a recent report, Boyd and co-workers [91] reviewed the third order optical nonlinearity

of several gold based nanostructures, and pointed out the di�erences in measured nonlinear

optical coe�cients, both NLR and NLA, with respect to the experimental conditions

(pump wavelength, pulse duration, technique employed). In their literature survey, NLR

values ranged from∼ 10−8cm2/W tov 10−12cm2/W and NLA ranged from 103cm/GW to

106cm/GW , with pulse durations ranging from 100fs to 750ps. If we consider the 100fs

pump pulse regime, whereby interband (5d�6sp) and hot electron contribution should be

taken into account [91], the values of the NLR obtained in our work are two orders of

magnitude larger than in other gold nanostructured materials studied at the same pump

pulse duration regime. For the NLA, the values are the same order of magnitude, of

course, the pump wavelength with respect to the plasmonic peak absorption wavelength

plays an important role.

5.5 Conclusions

In summary, we have described the preparation, morphology, linear and nonlinear optical

characterization of metasurfaces consisting of a quasi-hexagonally close packed mono-

layer of gold nanospheres capped with alkanethiol ligands on glass substrates. We show

the interparticle gap is predominantly set by the length of the ligand, and demonstrate

that a classical description is su�cient to model these sub-nanometer gap metasurfaces.

These nanoengineered metasurfaces have a linear refractive index, determined using el-

lipsometry, ranging from n0 = 0.87 − 4.1 between 600nm and 800nm, which opens up

many possibilities for basic and applied studies in a single material. Nonlinear optical

characterization was also carried out, and the results were compared to other gold based

nanostructures. A signi�cant point of our nonlinear results compared to literature, with

respect to the same pump pulse time scale, is that the negative (self-defocusing) NLR

in our metasurface is at least two orders of magnitude higher (at saturation intensity),

whereas the saturated NLA is of the same order as other gold nanostructures (see table

5.1). By controlling the pump duration and wavelength parameter space, and taking into

account the dynamics of gold excitations, the nonlinearities can be managed and properly

exploited for photonics applications.



6 Conclusions and future work

Gold nanostructures have been studied during decades. The behavior of the optical prop-

erties corresponds to di�erent physical process depending on the shape, size, geometry,

thickness, arrangement, methods of the synthesizing, among others. There are review

articles demonstrating the challenges for understanding the behavior of the linear and

nonlinear properties of metals. In this thesis, we studied nanomaterials based on Gold.

The anisotropy in the optical properties of the Gold nanorod cluster-PVA was studied in

a separate experiment. Uniaxial alignment was obtained by mechanically stretching the

PVA-based �lms. Using TEM and SAXS we could quantify the alignment of the clusters

NRs. NLO was studied at 800nm, 100fs and 20Hz (the low repetition rate was used to

avoid damage in the samples) and we discovered that the local �eld in the clusters leads

to enhancement of the NL properties. An interesting feature is a change in the sign of the

nonlinearity from the polarization excitation parallel to the LSPR compared to excitation

of the TSPR. Saturation of the NLA was observed for randomly and parallel to the

alignment direction with an enhancement of 57 times and zero values for the polarization

excitation parallel to TSPR demonstrating again the anisotropy of the material.

In another study, measurements in AuNR in Cargille oil under applied electric �eld demon-

strated the in�uence of the linear absorption in the NLO properties. For NLR was used

two techniques: Z-scan and Beam collimated Hartmann-Shack. We �nd self-defocusing

and increasing in the values of the NLR with the application of the electric �eld (i.e.

decreasing the LSPR). We �nd a good agreement the results obtained by using both

techniques. When we did the NLA measurements for 76MHz, whereby thermal e�ects

dominate, we �nd a positive NLA which is associated to two-photon absorption, but in

reality, this positive value is due to the high linear absorption at 800nm combined with

negatives values of n2.

We studied metasurfaces with a refractive index ranging from n0 = 0.87 − 4.1 between

600nm and 800nm. These metasurfaces were fabricated by the self-assembly methods and

provided uniforms samples, with a sub-nanometer interparticle gap and large area (few

centimeters). For the nonlinear characterization it demonstrated that the metasurfaces

have a saturated self-defocusing NLR saturated two orders of magnitude higher when

compared with another Gold-nanostructures and saturation of the NLA due to the high

values of the α0 at 800nm.

As for future work, we want to extend the research of the NL responses of the metasurfaces



in a broadband in wavelength � towards the optical communication region - using a white-

light Z-scan and observing the nonlinear optical response dependence of the refraction

index. The linear FOM for this material showed high values ∼ 22, making it promising

for applications such as all-optical switches. Furthermore, we want to explore the action

of the random laser of the metasurfaces doping with dyes.

Regarding the GNR in PVA, we plan to explore the enhancement of the local �eld of the

clusters of NRs experimentally in PVA using microscopy techniques.

A new cuvette will be designed to explore the dependence of the polarization of the

incident light with the electric �eld applied to AuNRs in colloids to extend the linear and

nonlinear characterization of this samples.
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A Hartmann- Shack Wavefront Sensor

A Thorlabs wavefront (Shack-Hartmann) sensor is comprised oif a camera with a microlens

array (MLA) mounted in front of the camera sensor. Two types of wavefront sensors are

available with di�erent camera sensors and performance:

� WFS150/300 Series, based on a CCD camera

� WFS20 Series, based on a high resolution CMOS camera head with external control

box that allows a remarkably higher measurement speed at an improved measurement

accuracy.

WFS150-5C uses a MLA with a chrome mask on it that prevents the light from passing

through the spaces between microlenses directly to the sensor. This increases the image

contrast of the detected spot�eld and improves the instrument accuracy, especially in

the case of strong wavefront deformations. The wavelength range is not restricted (no

AR coating) and covers the full sensitivity range of the Silicon CCD detector of 300 -

1100 nm (with largely reduced sensitivity at the edges). Taking into account that such

a chrome mask cannot be anti-re�ection coated, and may re�ect up to 25% of the input

light back into your measurement setup. It can be helpful to tilt the sensor a bit or insert

an attenuator in order to reduce the amount of light re�ected back into your measurement

setup.

The WFS comprise a CCD camera and a microlens array that is mounted at a de�ned

distance in front of the camera sensor chip. Each microlens generates a spot on the sensor

surface. The spot centroid position depends on the wavefront gradient in front of the lens

area.

Each microlens of the lenslet array collects the light incident to its aperture and generates

a single spot on the detector plane (CCD camera) that is located at a distance of one

focal length behind the lenslets. a) Planar wavefront. b)Distorted wavefront.

Coordinate De�nitions

The WFS Series Wavefront Sensors use an orthogonal right-hand coordinate system

(x, y, z) as shown to the left of the (A.0.1). Imagine that you are looking towards the

light source. Then the x-direction points towards right, the y-direction points up, and the

optical beam to be analyzed is propagating in z direction towards the entrance aperture of

the Wavefront Sensor. The graphs in the Wavefront Sensor GUI (Spot�eld, Beam View)
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are de�ned in the same way - the positive X axis points rigtwarrds and the Y ais points

upwards.

Figure A.0.1: Coordinate system for HSWFS.

In the 3D wavefront graph the beam's cross section in the X-Y plane is drawn at the

bottom, and the Z axis points upwards. If the beam is coming from the bottom up, then

the displayed 3D curve will represent the wavefront at the top of the beam.

(a) (b)

Figure A.0.2: a) Spot�eld graph and b) Beam view graph.

In the 3D wavefront graph the beam's cross section in the X − Y plane is drawn at the

bottom, and the Z axis points upwards. If the beam is coming from the bottom up, then

the displayed 3D curve will represent the wavefront at the top of the beam.
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Figure A.0.3: 3-D wavefront graph

Zernike modes

The wavefront can be expressed in terms of a set of Zernike functions, also called Zernike

modes.

W (x, y) =
∞∑
0

cnZn(x, y) (A.0.1)

The wavefront W (x, y) is derived from a summation of orthonormal Zernike functions

Zn(x, y) weighted by their amplitudes or Zernike coe�cients cn. Generally a least square

Zernike �t is done in order to determine the Zernike coe�cients cn.

A variety of de�nitions exist for these Zernike functions. The Zernike polynomials are

recommended for describing wave aberration functions over circular pupils with a unit

radius. Individual terms or modes of a Zernike polynomial are mutually orthogonal over

the unit circle and are easily normalized to form an orthonormal basis. Zernike modes

are conveniently expressed in either polar or rectangular coordinate reference frames.

Rectangular coordinates are x any y both normalized to unit radius 1. Polar coordinates

(ρ, θ) are normalized radius coordinate ρ and angular coordinate θ, whereas ρ = r/a with

r as physical radial coordinate and a as the pupil radius. The natural scheme for ordering

of the Zernike modes is to use a double index corresponding to the radial order n and

angular frequency m as following equation.

Zm
n (ρ, θ) (A.0.2)

n ≥ 0 Radial order

|m| ≤ n Angular frequency
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ρ ≤ 1 Normalized radial coordinate

θ(0..2π) angular coordinate

r physical radial coordinate

a physical pupil radius

Zernike polynomials have three properties that distinguish them from other sets of or-

thogonal polynomials.

� First, they have simple rotational symmetry properties that lead to a polynomial

product of the form

R(ρ)G(θ′), (A.0.3)

where G(θ′) is a continuois function that repeats itself every 2π radians and satis�es the

requirement that rotating the coordinate system by an angle α does not change the form

of the polynomial. That is,

G(θ′ + α) = G(θ′)G(α). (A.0.4)

The set of trigonometric functions

G(θ′) = e±imθ
′

(A.0.5)

where m is any positive integer or zero, meets these requirements.

� The second property of Zernike polynomials is that the radial function must be a

polynomial in ρ of degree n and contain no power of ρ less than m.

� The third property is that R(ρ) must be even if m is even, and odd if m is odd.

The radial polynomials can be derived as a special case of Jacobi polynomials, and tabu-

lated as Rm
n (ρ). Their orthogonality and normalization properties are given by∫ 1

0

Rm
n (ρ)Rm

n′(ρ)ρdρ =
1

2(n+ 1)
δnn′ (A.0.6)

and

Rm
n (1) = 1. (A.0.7)

It is convenient to factor the radial polynomial into

Rm
2n−m(ρ) = Qm

n (ρ)ρm, (A.0.8)

where Qm
n (ρ) is a polynomial of order 2(n−m).Qm

n (ρ) can be written generally as

Qm
n (ρ) =

n−m∑
s=0

(−1)s
(2n−m− s)!

s!(n− s)!(n−m− s)!
ρ2(n−m−s). (A.0.9)
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In practice, the radial polynomials are combined with sines and cosines rather than with

a complex exponencial.



B Procediment for to corrode ITO lamines

1. Cover the region where you want to keep the ITO �lm with insulation tape. The

tape should be securely fastened with no bubbles.

2. Mix Zinc powder in water until you have a paste. Place the paste in the region of

the ITO �lm to be corroded so that it covers the entire ITO.

3. Dry the Zinc paste well. Use a hair dryer for this.

4. Quickly introduce (1 second) the sheet into 37% pure hydrochloric acid (undiluted).

Repeat several times until the Zinc is corroded (2 or 3 times).

5. Rinse well with water.

6. If the process was carried out correctly, the sheet should be left with white residue

that comes out easily when passing the �nger. Then remove the insulation tape,

and the sheet can undergo a typical cleaning process.
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