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Abstract
In this work, we study the second-order nonlinear optical properties of two kinds of
nanoplasmonic structures. The first part of the study concerns regular arrays of L-shaped
gold nanoparticles. The samples are investigated by linear characterization, i.e., extinction
spectroscopy, and by second-harmonic generation. By incorporating the effective medium
theory into the earlier developed nonlinear response tensor formalism, we determine the
effects connected to higher-multipolar interactions in the second-order nonlinear response
of the samples. We verify the effect of the sample quality on the presence of such multipolar contributions, as well as the effect of the local field enhancement, which is driven by
the plasmon resonance.
In the second part of the thesis, we investigate bulk-like materials with symmetry breaking
along the direction of the normal to the sample surface. These samples are fabricated
with aerosol techniques, which are relatively cheap and time efficient. The symmetry
breaking is induced by the structure, i.e. by separating consecutive layers of silver-glass
nanocomposite with silica glass. It is shown that after optimization such a structure might
be interesting as a second-order nonlinear material. We also develop an analytical model
that allows us to estimate the surface nonlinear tensor of such structures. Preliminary
estimates show that decreasing the effective thickness of such structures could improve
their nonlinear properties.
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Chapter 1

Introduction
The demonstration of second-harmonic generation (SHG) in crystalline quartz using a ruby
laser 5 , only three years after the development of the first laser 6 , marks the beginning of
the field of nonlinear optics. Subsequent progress in the development of laser systems
and measurement techniques led to experiments revealing new mechanisms of nonlinear
processes as well as new nonlinear materials. A particularly interesting class of materials in
optics nowadays are so called metamaterials. Meatamaterials are artificial materials that
do not appear in nature and whose optical characteristics can be engineered to guide light
in unconventional fashions. Their remarkable linear and nonlinear characteristics are the
result of the utilization of metals in nanoscale.

1.1

Metals in Optics

Recent advances in the fabrication of nanoscale structures allows for better understanding
and control of the characteristics of metamaterials. Metal particles with sizes of the order of
a few to a few hundred nanometers interact strongly with the electromagnetic field at optical frequencies. The resulting collective oscillations of the free electrons inside the particles
induce a range of interesting effects like plasmon resonances or the lightning rod effect.
The first theoretical models describing the optical characteristics of metallic nanoparticles
were formulated by Maxwell Garnett in 1904 7 , and Gustav Mie in 1908 8 . Because of their
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unique properties, metals can change the optical characteristics of dielectric materials in
remarkable ways. In fact, the characteristics of the metal-dielectric composite material can
be significantly different from those of its constituent components 9 . Nowadays, research
on optical properties of metal nanoparticles and nanostructures is very popular. It is a major part of the expanding field of nanoplasmonics, which studies the interactions of such
structures with the electromagnetic field. The main cause of such interest in the field of
nanoplasmonics is its extremely broad spectrum of applications, starting from biosensors
and photovoltaics, to spectroscopy, microscopy and ultrafast dynamics.
The optical responses of metal nanoparticles arise from the plasmonic oscillations of their
conduction electrons. The resulting localized surface plasmon (LSP) resonances give rise
to strong electromagnetic fields near the metal-dielectric interface. The theoretical models
used to calculate the responses of metal nanostructures are well suited for spheroids and
ellipsoids 10 . However, analytic theories generally fail to fully explain the responses of samples with more complex geometries. Intense experimental studies to determine responses
of different geometries of nanoparticles have been conducted for over 20 years now. These
studies cover various geometries of metal particles, from the simplest spheres, ellipsoids
and nanorods 10,11 , to more advanced shapes, including nanorings 12 , nanoshells 13,14 , and
split-ring resonators 15,16 . These experimental studies bring rise to understanding of the
phenomena, and help to form new empiric models which consecutively can be used for
further optimization of plasmonic structures. It is possible thanks to the fact that plasmonic resonances depend sensitively on the particle size 17,18 and shape 19–22 as well as
their dielectric environment. The possibilities of modifying these resonances are indeed
extremely broad, and they allow for tailoring the plasmon resonance to fit specific applications. Determining the correlation between the plasmon resonance and aforementioned
structure parameters now bring benefit to the fields of biosensing 23,24 , imaging 25,26 , and
solar cells 27,28 .
The local-field enhancement is particularly important for nonlinear optical effects, which
scale with a high power of the electromagnetic field. The effective medium theories have
been successful in describing the enhancement of third-order effects in bulk-type metaldielectric nanocomposites 9,29 , with no particular constraints on symmetry. However, due
to the symmetry properties of the electric susceptibility tensor, second-order effects, such
as second harmonic generation (SHG), require non-centrosymmetric samples and their
observation has so far been limited to surface geometries. Enhancement of SHG by rough
metal surfaces was demonstrated early on 30 . More recently, lithographic arrays of non-
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centrosymmetric particles have been introduced as second-order metamaterials 2,31–33 but
such samples are difficult to fabricate. The nonlinear responses (both second- and thirdorder) of a macroscopic sample can be enhanced by tuning the incident laser close to the
plasmon resonance of the particles 34,35 or by increasing their density. Unfortunately, the
latter approach generally degrades the quality (shape and linewidth) of the resonances
either due to clustering of particles causing inhomogeneous broadening 36,37 , or because of
the near-field interactions between individual elements 38 .
In the Optics Laboratory of Tampere University of Technology, the research in the field of
metal nanostructures began already in 2001. Our laboratory was one of the first to address
systematically the nonlinear optical properties of such structures. The performed studies
helped us to understand the underlying physical phenomena in the nonlinear processes of
metal nanostructures. The structures investigated in our lab were non-centrosymmetric;
thus, the best tool for determining their properties was second-harmonic generation. Previously, the linear properties, like plasmon resonance central wavelength dependence on
particle size were investigated 39 . However, the most interest of our research goes to the
nonlinear properties of metal nanostructures. The effects like chiral symmetry breaking
reflect defects of the nanostructures, which can be explained by higher-multipolar interactions in the nonlinear processes 32,40,41 .

1.2

This Work

The main objective of the research was to create a valuable input in the field of nonlinear
nanoplasmonics. To gain the understanding in the fundamental processes governing the
interaction of light with various types of metal nanostructures. Even though we barely
scratch a surface of extremely broad field of nanoplasmonics, we were able to achieve very
interesting results, which are compiled in this thesis. In this work, we develop further the
concept of the Nonlinear Response Tensor already used in the analysis of nonlinear effects in
metal nanostructures 42 , to account for the higher multipolar effects at the second-harmonic
and fundamental frequencies. The nonlinear experiments performed in the framework of
this thesis reveal novel interesting aspects about the metal nanostructures, and give the
answer to the hypothesis formed in previous works that relates the quality of the sample
with the multipolar contributions to the total second-harmonic signal. We first investigate
the presence of the higher multipolar effects in second-harmonic signals generated by an
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array of L-shaped nanoparticles, with particular interest in magnetic-dipole and electricquadrupole contributions. We determine the conditions for the optimization of the array
of metal particles for the suppression of these effects. In the second part of the thesis, we
develop a new concept for the fabrication of nanocomposite structures, based on aerosol
techniques. The main advantages of this new method are relatively low fabrication costs
and relatively high speed of the fabrication process. For both kinds of samples we determine
the linear and nonlinear properties arising from the presence of metals in the nanoscale.
We show that the optical properties of the structures are determined by their smallest
details, and by controlling those, we are able to fabricate structures with better and better
properties.

1.3

Structure of the Thesis

This thesis summarizes the research results contained in four original publications. Chapter
2 contains the theoretical background of the field of nonlinear optics. Starting from
Maxwell’s equations, we derive the wave equation that accounts for the higher-order effects
(e.g., magnetic dipole, electric quadrupole) that act as sources for the second-harmonic
field. We also present the symmetry rules governing the second-order nonlinear phenomena,
and introduce the concept of the nonlinear response tensor, which is later used for the
analysis of the measurements made in the thesis.
Chapter 3 introduces the electromagnetic properties of metals. We briefly explain the
phenomenon of plasmon resonance, and present the theory of the effective medium, which
accounts for the effective parameters of the compound material containing a mixture of
metal nanoparticles and glass.
Chapter 4 covers the techniques used to fabricate the different samples as well as the
experimental setups used for their characterization. Chapter 4 also describes the theoretical
models used for the data analysis. The main experimental results and findings are discussed
in Chapter 5.
The thesis is concluded with Chapter 6, where the main results are summarized and
perspectives for future research are opened.

4

Chapter 2

Nonlinear Optics
A complete description of interaction between light and matter is provided by quantum
electrodynamics 43 . Although it produces excellent agreement between special relativity and quantum mechanics, allowing for accurate predictions of certain quantities (e.g.,
anomalous magnetic moment of the electron), it is rather tedious to apply for the description of nonlinear phenomena. Nonlinear light-matter interactions may be described
more simply within the framework of classical electrodynamics. In this chapter, starting
from the Maxwell’s equations of classical electrodynamics, we derive the wave equation
that governs the light propagation in a medium, including effects arising from the nonlinear interaction between light and the medium. The presented approach also accounts for
higher-order effects (magnetic dipole and electric quadrupole sources), and it explains the
role of symmetry in second-order nonlinear effects.

2.1

Maxwell’s Equations and Wave Equation

The interaction of electromagnetic (EM) waves and matter is well described by Maxwell’s
equations 44 . Maxwell’s equations connect together the magnetic and electric field and
are the foundation of classical electrodynamics. In the SI system of units the set of four
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equations is written in differential form as 45 :
e
e = − ∂B
∇×E
∂t ,

e = ρ,
∇·D
(2.1)

e =J
e+
∇×H

e
∂D
∂t , and

e = 0,
∇·B

e is the electric field, D
e is the electric displacement field, H
e is the magnetic field,
where E
e is the magnetic flux density. The last two quantities, the free current density J,
e and
and B
free charge density ρ, describe the interaction of the EM field with free electric charges
within the medium. The complete description of light-matter interaction is given by the
above expressions together with the constitutive relations, which describe the medium:
e = 0 E
e + P,
e
D
e = 1B
e − M.
f
H
µ0

(2.2a)
(2.2b)

e and M
f are the electric polarization and magnetization, respecIn the above expressions P
tively; 0 and µ0 represent the electric permittivity and magnetic permeability of the free
space, respectively. Equations 2.2 describe the material response to the external EM field.
e
For a dielectric, non-magnetic material, the free charge density ρ, free current density J,
f can be neglected. The work we present in this thesis describes the
and magnetization M
interaction between the EM field and materials consisting of metal nanoparticles, which are
both conductive and magnetic, and thus these quantities cannot be neglected. Combining
Eqs. (2.1), and (2.2), we obtain 46 :


e
e = −∇ × ∂ B .
(2.3)
∇× ∇×E
∂t




e and making use of the plane wave
e = ∇ ∇·E
e − ∇2 E,
Using the relation ∇ × ∇ × E
e ≡ 0, we get the final form of the wave equation:
approximation where ∇ · E
e−
∇2 E


2e
e
1 ∂2E
∂ e
f + µ0 ∂ P .
=
µ
J
+
∇
×
M
0
c2 ∂t2
∂t
∂t2

(2.4)

e
The above expression is an inhomogeneous wave equation, where the polarization P,
f
e
magnetization M, and the current density J are the source terms for the radiation of EM
field.
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2.1

Maxwell’s Equations and Wave Equation

Provided all the sources are accounted for, Eqs. (2.2), and (2.4) fully describe the interaction of a plane EM wave with the medium. In the general macroscopic case, the problem
is extremely difficult to solve. Nevertheless, it can be shown, that averaged macroscopic
contributions from collective material sources can be expressed with 47 :


e = 0 E
e+ P
e − ∇·Q
e + ... ,
D


e− M
e = 1B
f + ... ,
H
µ0

(2.5a)
(2.5b)

e Q,
e and M
f now stand for the macroscopically averaged elecwhere the quantities P,
tric dipole density, electric quadrupole density (quadrupolarization), and magnetic dipole
density (magnetization) of the considered medium in the presence of the applied field.
Neglecting the higher-order elements of the sums in Eq. (2.5), we can now rewrite Eq.
(2.4) as:
e−
∇2 E



2 
e
∂ 
1 ∂2E
e − ∇·Q
e .
f + µ0 ∂
=
µ
P
∇
×
M
0
c2 ∂t2
∂t
∂t2

(2.6)

Assuming a monochromatic field oscillating at frequency ω, and separating the temporal
and spatial parts by introducing the form:
e t) = E(r)e−iωt + E∗ (r)eiωt ,
E(r,

(2.7)



ω2
2 i
(∇ × M) + P − ∇ · Q .
∇ E + 2 E = −µ0 ω
c
ω

(2.8)

we rewrite Eq. (2.6) as:
2

It is convenient to separate the total contributions of the source terms into linear and nonlinear parts. In order to do that, the polarization P, quadrupolarization Q, and magnetization M are expanded into power series in terms of the applied field, where the higher-order
components of the series account for the nonlinear effects. With this expansion, the source
terms are given by: P = P(1) + PN L , Q = Q(1) + QN L , and M = M(1) + MN L . The
electric displacement field, and magnetic field then take the form:

D = D(1) + PN L − ∇ · QN L ,
(1)

H=H

NL

−M

.

(2.9a)
(2.9b)

We assume that the linear response is nearly isotropic, and in case of an isotropic materials,
the linear part of the quadrupolarization Q(1) vanishes due to symmetry properties 47 . The
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linear parts of D(1) , and H(1) are expressed with:
D(1) = 0 E + P(1) ≡ 0 (ω)E,
1
1
H(1) =
B − M(1) ≡
B,
µ0
µ0 µ(ω)

(2.10a)
(2.10b)

where (ω), and µ(ω) are complex and frequency-dependent dielectric constant and magnetic permeability. The above definitions yield the final form of the wave equation:
∇2 E + (ω)µ(ω)




ω2
ω2
i
NL
NL
NL
E
=
−
∇
×
M
+
P
−
∇
·
Q
.
c2
c2 ω0

(2.11)

We can now define the effective nonlinear polarization of the material, which takes into
account the nonlinear part of both the magnetization and quadrupolarization:
L
PN
ef f =

i
∇ × MN L + PN L − ∇ · QN L .
ω0

(2.12)

The above expression is the conventional multipolar expansion used in nonlinear optics 47–49 .
In this work we consider second-order nonlinear interactions between the applied EM field
and a given material. More specifically, we only consider second-harmonic generation
(SHG). In this case, the applied EM field E(ω) interacts with itself inside the nonlinear
medium, producing a nonlinear (NL) polarization which oscillates at the doubled frequency
2ω. The polarization to first order in the magnetic-dipole and electric-quadrupole interactions is expressed with 48–50 :
P(2ω) = χeee (2ω; ω, ω) : E(ω)E(ω)
+ χeem (2ω; ω, ω) : E(ω)B(ω)
+χ

eeQ

(2.13)

(2ω; ω, ω) : E(ω)∇E(ω),

where the superscripts e, m, and Q denotes whether the nature of the interaction is electric
dipolar, magnetic dipolar, or electric quadrupolar, respectively. E(ω) and B(ω) represent
the electric and magnetic fields at the fundamental frequency. The NL polarization acts
as a source term for the SHG field according to Eq. (2.11). The inddividual vectorial
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components of the nonlinear polarization given by Eq. (2.13) can be written as:
Pi (2ω) = χeee
ijk (2ω; ω, ω)Ej (ω)Ek (ω)
+ χeem
ijk (2ω; ω, ω)Ej (ω)Bk (ω)
+

(2.14)

χeeQ
ijkl (2ω; ω, ω)Ej (ω)∇k El (ω).

Similarly, the contributions from the nonlinear magnetization and nonlinear quadrupolarization can be included as:
M(2ω; ω, ω) = χmee : E(ω)E(ω),

(2.15a)

Q(2ω; ω, ω) = χQee : E(ω)E(ω).

(2.15b)

With the definitions introduced in this chapter, we next consider the symmetry rules
governing SHG generation in nonlinear media.

2.2

Role of Symmetry in Second-Order Nonlinear Phenomena

Symmetry plays a major role in second-order nonlinear processes 45,47 . We first consider the
electric dipole contribution to SHG radiation. In general, the nonlinear tensor describing
the second order interactions between the vector field and matter is a third rank tensor
with (3 × 3 × 3 = 27) elements. However, due to symmetry properties, the number of
non-vanishing, independent elements of the tensor can be significantly reduced.

Permutation Symmetry
Let us first consider the electric dipole tensor in the case of sum frequency generation,
where two photons with the frequencies ωn and ωm are annihilated and one photon with
sum frequency ωn +ωm is created. We can write the following sum describing the nonlinear
electric dipole polarization for each vectorial component:
(2)

Pi (ωm + ωn ) = 0

XX

χeee
ijk (ωm + ωn ; ωm , ωn )Ej (ωm )Ek (ωn ),

j,k m,n

9

(2.16)
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where i, j, and k correspond to the Cartesian coordinates x, y, and z, respectively. We
notice that the order of the fields in Eq. 2.16 is arbitrary, and as long as the Cartesian
and frequency components are permuted simultaneously, we can reduce the number of the
independent components by the relation:
eee
χeee
ijk (ωm + ωn ; ωm , ωn ) = χikj (ωn + ωm ; ωn , ωm ).

(2.17)

This symmetry is known as intrinsic permutation symmetry. Moreover, for the case of
lossless material we can apply more symmetry rules. The absence of losses implies real
components for the nonlinear tensor, which is expressed by:
eee∗
χeee
ijk (ωm + ωn ; ωm , ωn ) = χijk (ωm + ωn ; ωm , ωn ).

(2.18)

In such case, full permutation symmetry applies to the material, which means that all the
frequency components in χeee
ijk (ωm + ωn ; ωm , ωn ) may be permuted freely, provided that
the Cartesian coordinates are permuted simultaneously:
eee
χeee
ijk (ωm + ωn ; ωm , ωn ) = χkij (ωm ; ωm + ωn , −ωn ).

(2.19)

Finally, assuming that the dispersion of the tensor χeee is negligible in the material, we get
the Kleinman symmetry, which allows us to permute the Cartesian coordinates without
permuting the frequency components. In such a case, we get the result:
eee
eee
eee
eee
eee
χeee
ijk = χkij = χjki = χjik = χkji = χikj .

(2.20)

However, the Kleinman symmetry has very limited validity in practical nonlinear optical
materials 51 .

Centrosymmetric Medium
We next consider a centrosymmetric medium and its second order response. Owing to
the center of symmetry, such a medium is invariant under inversion with respect to a
geometrical point. More specifically, for every point (r) we find an indistinguishable point
(−r), where r is a vector originating from the point of symmetry. Let us take into
consideration the second-order electric-dipole susceptibility tensor χeee (2ω, ω, ω) for SHG.
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The nonlinear electric-dipole polarization is then:
P(2) (2ω) = 0 χeee E2 (ω)

(2.21)

For the case of an excitation field with opposite sign −E(ω), we have:
2

− P(2) (2ω) = 0 χeee (−E(ω)) = 0 χeee E2 (ω)

(2.22)

where the sign of the electric dipole polarization also changes due to inversion of the field.
The right sides of Eqs. 2.21 and 2.22 are equal, which can only hold if all the elements
of the electric dipole susceptibility tensor χeee vanish, implying that electric-dipole SHG
in centrosymmetric media is forbidden.

Transformation Properties of Multipoles

The multipolar contributions expressed by Eqs. (2.12-2.15b) are represented by different
types of tensors, that can allow for the generation of SH radiation, even inside centrosymmetric media, where the NL electric-dipole tensor χeee vanishes. The reason of such
behavior is that e.g. χmee and χeem are associated with two polar vectors (electric quantities) and an axial vector (magnetic quantity), whereas the electric dipole tensor χeee
connects three polar vectors. These tensors transform differently under improper rotation
operations (the combination of a rotation about an axis and a reflection in a plane) 52 .
In principle, the multipolar orders in SH radiation can be accounted for by their distinctive
radiation patterns in three-dimensional space. However, since we are describing SHG
radiation, which is a coherent process and produces strongly directional, laser-like emission,
we can distinguish only some of these differences in the radiation obtained in transmitted
and reflected directions.
Let us now consider two geometries of the generated SHG signals. We can define the
vector of EM field E observed in transmitted direction at a certain point rt in a given
instant of time. The SHG field generated in the reflected direction rr = −rt from the
sample, will possess different signs related to the nature of the source. For the electric
field produced by electric- Ep , magnetic-dipole Em , and electric quadrupole EQ sources
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detected at the same instant of time, we get the relations:
Ep (rr ) = Ep (rt ),

(2.23a)

Em (rr ) = −Em (rt ),

(2.23b)

EQ (rr ) = −EQ (rt ).

(2.23c)

In other words, the subtle changes in the radiation of the SHG source in the transmitted
and reflected directions allows us to separate the contributions to the total SHG signal
from the electric dipolar and higher multipolar nonlinear tensors 32 . However, magnetic
dipoles and electric quadrupoles cannot be distinguished from each other this way.

2.3

Surface Second Harmonic Generation

In the previous section, we showed that SHG is prohibited in centrosymmetric media. However, inversion symmetry is inherently broken at surfaces, which gives rise to an electric
dipole allowed second-order response. In that sense, SHG is sensitive probe for the properties and structure of surfaces and thin molecular films 53,53–56 . The nonlinear electric-dipole
polarization of a surface can be expressed by the effective surface polarization, similar to
Eq. (2.12) with no higher order effects included:
Psf (2ω) = χsf : e(ω)e(ω),

(2.24)

where χsf is the electric dipole-allowed surface nonlinear susceptibility tensor, and e(ω)
is the electric field at the fundamental frequency ω. The schematic representation of the
surface SHG is presented in Fig. 2.1. The fundamental beam is propagating at angle θ
with respect to the film normal. The refractive indices at the fundamental and secondharmonic wavelength are ni and Ni , respectively, where i represents the number of the
region (1, 2, or 3). The SHG field propagates at angle Θ and D is the thickness of the
thin film. The theory of surface SHG from thin films is, in general, a complex problem,
considering effects arising from chirality of the surface, and higher-order nonlinear effects
such as nonlinear magnetization 56 . For simplicity, we only consider the special case of an
isotropic, achiral surface. Such a surface is uniform in all directions along the surface, so
that all the rotations with respect to the surface normal and all mirror operations in planes
including the surface normal are symmetry operations. These kind of surfaces belong
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Figure 2.1 Surface second-harmonic generation. Region 3 is the thin film of material with the
thickness D, placed between two different materials, marked as region 1 and region 3.

to the symmetry group C∞ν . Within this symmetry group, and for the case of SHG,
the electric-dipole surface tensor has only three non-vanishing, independent components,
which are:
χsf
zzz ,
sf
χsf
zxx = χzyy ,

(2.25)

sf
sf
sf
and χsf
xxz = χxzx = χyyz = χyzy ,

where x, and y are the orthogonal in-plane vectors and z is the normal to the surface. Let
us now consider SHG from a thin film between two materials(see Fig. 2.1 for illustration).
The incoming field is a polarized laser beam at angle of incidence θ with respect to the
surface normal. The p-polarized and s-polarized components of the generated SHG field
can be expressed by 57 :
i4π ω̃
(f e2p + ge2s ),
N3 cos Θ3
i4π ω̃
Es =
hep es ,
N3 cos Θ3

Ep =

(2.26)

where ep , and es refer to the p-, and s-polarized components of the fundamental beam,
ω̃ = ω/c is the normalized angular frequency, and c is the speed of light in vacuum. In
general, the expansion coefficients f , g, and h are complex quantities that depend linearly
on the components of the surface susceptibility tensor χsf . Utilizing the simplified version
of Green’s function formalism 54,56 we can write the above expansion coefficients in terms
of the three independent surface susceptibility components (Eq. 2.25). Neglecting the
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absorption and multiple reflections between consecutive layers we have:
2
sf
2
sf
f = t2p13 Tp32 Tp21 [χsf
xxz cos Θ3 sin 2θ3 + χzxx cos θ3 sin Θ3 + χzzz sin θ3 sin Θ3 ], (2.27)

g = t2s13 Tp32 Tp21 χsf
zxx sin Θ3 ,

(2.28)

h = 2ts13 tp13 Ts32 Ts21 χsf
zxx sin θ3 ,

(2.29)

where the subscripts 1, 2, and 3 refer to the regions as indicated in Fig. 2.1. For convenience, the quantities at the fundamental frequency are denoted by lower-case letters
and the quantities at the SH frequency (2ω) are denoted with upper-case letters. With
this notation, ni (Ni ) is the refractive index of the ith region and θi (Θi ) is the angle
of the propagation in the ith region at the fundamental (SHG) frequency. The Fresnel
transmission coefficients tsij (Tsij ) and tpij (Tpij ) at the ij interfaces are given by:
2ni cos θi
,
ni cos θi + nj cos θj
2ni cos θi
=
.
ni cos θj + nj cos θi

tsij =

(2.30a)

tpij

(2.30b)

The above formulas describe the Fresnel transmission coefficients between region i and
region j and apply both for the case of the fundamental and SHG fields, simply replacing
lower-case by upper-case letters.
We now consider the p-polarized SHG field Ep , generated by the p-polarized component
of the fundamental beam ep . Taking into account the propagation effects in the region
3 and transmissions between the regions 1, 2 and 3, omitting absorption and multiple
reflections between interfaces, we can derive an expression for the amplitude of the SHG
field generated in the thin layer 56 , marked as region 3 in Fig. 2.1:
Ep (2ω) =

i4π ω̃
ep (ω)ep (ω)t2p12 Tp32 exp [i(2ω̃N3 cos Θ3 D)]
2N3 cos Θ3

sf
2
sf
2
× χsf
xxz sin 2θ3 cos Θ3 + sin Θ3 [χzxx (cos θ3 ) + χzzz (sin θ3 ) ] .
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2.4

2.4

Nonlinear Response Tensor

Nonlinear Response Tensor

The theory presented above allows to fully describe the interaction of the nonlinear medium
with an EM field. We need to remember, however, that the susceptibility formalism
presented here assumes that the nonlinear medium is homogeneous on a scale smaller
than wavelength, i.e. the variations in the material properties as well as in the local EM
field at the fundamental frequency, occur on scales much smaller than the wavelength
of the incident light. In the case of metal nanostructures, this is not always true, as
the particle sizes, electromagnetic field, and nonlinear sources can vary significantly over
the scale of a wavelength 58,59 . Thus, the full description of the nonlinear polarization in
metal nanostructures would require accounting for the variations in local fields, generated
nonlinear sources, including higher multipoles, coupling of the incoming and outgoing
fields to the local fields, etc. Direct integration of all these quantities to predict the
nonlinear responses is computationally challenging even for structures with a high degree
of symmetry, and nearly impossible for structures with more realistic features.
A scattering matrix-like formalism for the description of the second-order nonlinear responses was developed to perform analysis of the SHG measurements on a samples with
complex geometries. The nonlinear response tensor (NRT) formalism operates on the level
of input and output fields, treating the sample itself as a ”black box” 60 . It allows to link
a specific polarization component of the SH field polarization with components of the
fundamental field by a simple algebraic relation:
Ei (2ω) =

X

Aijk Ej (ω)Ek (ω),

(2.32)

jk

where Aijk is the ijk NRT component, Ei (2ω) is the ith component of the outgoing
SH field, and the j th and k th components of the incoming fundamental field are Ej (ω)
and Ek (ω), respectively. Unlike in the susceptibility formalism, a measurable SH field
appears instead of the nonlinear source on the left side of Eq. (2.32). Therefore, the
NRT appeares as a macroscopic parameter that implicitly includes the contributions of
all nonlinear sources. The main advantage of such formalism is its simplicity. However,
the values of the NRT tensor elements are related more to experimental geometry than
to the actual sample. Nevertheless it provides useful information about the macroscopic
response of the sample, and by comparing the determined values of the NTR under different
experimental conditions we can obtain more detailed information about the underlying
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physical processes 32 .
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Chapter 3

Metal Nanostructures
In this chapter, we provide a theoretical description of the optical properties of metals.
Introducing the Drude model of the relative permittivity of metals allows explaining the
mechanism of plasmon resonances. The theory of the effective medium helps to derive the
properties of compound materials, consisting of two-component mixtures of various types
of materials, including metals. Finally, we will present a short review of current research
into the field of nanoplasmonics.

3.1

Drude Model of Electric Permittivity

Dielectric materials are characterized by real-valued electric permittivities which do not
vary much over a broad range of wavelengths. In metals, we need to account for the
conduction electrons with elementary charge e which can move across the metal under
the influence of an external EM field. The optical properties of metals arise from these
movements and are well explained over a wide range of frequencies by the plasma model 21 .
This model describes mathematically the movement of free electron gas on a fixed background of positive ion cores. However, this model does not account for the band structure
and electron-electron interactions, which causes noticeable differences between the measurements and calculated values at short wavelengths (see Fig. 3.1). Certain aspects of
the band-structure can be accounted for using the so-called adjusted optical mass of the
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electrons m 21 . In metals, the imaginary part of the electric permittivity function Im()
is considerably large. More importantly, its real part Re() is negative, and can also be
very large. This negative value of the real part of the electric permittivity is essential to
the presence of plasmonic resonances in metal nanostructures. The electrons oscillate in
10
0

ε

−20
−40
−60
−80

Re(ε)
Re(ε) model
Im(ε)
Im(ε) model
400

800
Wavelength [nm]

1200

1600

Figure 3.1 Measured permittivity function of silver (circles), taken from Johnson and Christy 61
and lines fitted with the Drude model (Equation (3.1)).

response to the external EM field. The movement of these electrons is governed by a
simple equation of motion 21 , from which we can derive the complex electric permittivity:
(ω) = 1 −

ω2

ωp2
,
+ iγD ω

where ω is the angular frequency of the applied EM field, ωp =

(3.1)
p

ne2 /0 m is the plasma

frequency of the free electron gas and it depends on the density of electrons in metal n
and the damping rate γD caused by the collisions of the free electrons with the lattice
ions (relaxation time of the free electron gas which is typically on the order of 10-14 s at
room temperature). Typical values of the plasma frequencies of different metals vary in
the range of ultraviolet to visible parts of the EM spectrum. For the calculations for silver
with Eq. (3.1) presented in Fig. 3.1 as lines, we use ωp =1.4×10-16 s-1 , and the damping
rate γD =4.1×10-13 s-1 .
Equation (3.1) can be presented in a different form by separating the real and the imaginary
parts:
ωp2
ωp2 γD
+
i
2
2 ).
ω 2 + γD
ω(ω 2 + γD

(3.2)

With this form, we see that at low frequencies, such that ω <

q
2 , the real part
ωp2 − γD

(ω) = 1 −
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of  is negative, which explains high reflectivity in the visible and infrared. For very high
frequencies on the other hand, the permittivity function approaches unity, which implies
transparency for short wavelengths, like X-rays.

3.2

Plasmon Resonances

Plasmon resonances in metal nanostructures arise from the collective, resonant oscillations
of the conduction electrons. These resonances play an essential role in the optical properties
of systems of metal nanoparticles. Plasmon oscillations can be categorized into three
different modes, depending on the applicable boundary conditions: volume, surface, and
localized surface (or particle) plasmons, which are all schematically illustrated in Fig. 3.2.
Volume plasmons (see Fig. 3.2(a)) are collective oscillations of the conduction electron
a)
_
_
_

b)

+
+
+

_
_
_

+
+
+

c)

+

_
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+
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+

_

+

_

_

Figure 3.2 Different modes of plasmon resonances. a) Volume plasmon, b) surface plasmon, and
c) localized surface plasmon (particle plasmon).

gas in a bulk metal. These resonances are not confined, and cannot be directly excited
with an electromagnetic wave. The experimental studies of this type of resonances are
usually performed by electron loss spectroscopy 21,62 .
Surface plasmons (or surface plasmon polaritons) occur at dielectric-metal interfaces. In
essence, these resonances correspond to the oscillations of the longitudinal charge density
confined in one dimension. Considering the directional plasmon propagation along metal
surfaces, the wave equation yields two possible propagation modes, transverse magnetic
(TM), and transverse electric (TE). Due to the boundary conditions at the interface between metal and dielectric, only TM modes may excite surface plasmons. Moreover, the
only allowed TM modes must fulfill the dispersion relation:
s
kSP (ω) = k0 (ω)
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m (ω)d
,
m (ω) + d

(3.3)
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where kSP (ω) is the propagation constant of the surface plasmon, k0 is the propagation
constant of the applied fundamental field, m (ω) is the electric permittivity function of
the metal, and d is the dielectric constant of the surrounding dielectric material. The
direct consequence of the dispersion relation 3.3 is that surface plasmons can only exist
for opposite signs of the real parts of m (ω) and d . For the case of a metal surrounded
by dielectric material, this condition is always satisfied as the permittivity function of metals has negative real values in the visible and near-infrared spectral regions as shown in
the previous section (see Fig. 3.1), and dielectrics, e.g., glass, always possess a positive
dielectric constant. The above condition also implies that the electric waves decay exponentially perpendicular to the surface. Moreover, the dispersion relation also implies that
the surface plasmon and the excitation field have different wavevectors. Therefore, surface
plasmons cannot be excited by light propagating in free space, but special phase-matching
techniques, e.g., using a prism (Kretschmann or Otto configuration), or diffraction grating,
are needed to effectively couple light to surface plasmons 21 .
Metal nanoparticles are three-dimensional structures, whose sizes are of the order of the
wavelength of the excitation field or less. The oscillations of the conduction electrons inside
such structures are confined in all three dimensions, and are referred to as localized surface
plasmons (or particle plasmons). The interaction of the applied field with a collection of
metal nanoparticles can be described by an electromagnetic scattering problem. However,
existing analytical solutions are limited to spheres, spheroids, and ellipsoids 10,21,63 . The
approximated optical response of the collection of particles much smaller than the wavelength of the incidence field can be obtained with the quasi-static approximation 21 . In
such case, the sizes of individual particles and the distance between them is much smaller
than the wavelength of the incoming light, which means that the EM field can be treated
locally as a constant. Within this approximation, a spherical particle in a static EM field
is characterized with a polarizability α 21 :
α = 4πr3

m (ω) − d
,
m (ω) + 2d

(3.4)

where the particle radius is r, m (ω) is the electric permittivity of the metal (complex valued) and d is the dielectric constant of the surrounding dielectric material (real valued).
The permittivities have opposite signs such that when the real part of the metal particle
permittivity fulfills the condition Re[m (ω)] = −2d , the polarizability is maximum. This
is the so-called Fröhlich condition, which is associated with the small particle plasmon resonance. This approximation is valid only for particles with sizes smaller than approximately
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100 nm. The polarizability resonance described by Eq. (3.4) also yields the enhancement
in the local EM fields, which is limited by the imaginary part of the permittivity function
of metal (denominator is never equal to 0). The resonance frequency can be estimated
from the Drude model (Eq. 3.2), and it occurs at the frequency:
ω0 = √

ωp
,
1 + 2d

(3.5)

which implies that the resonance frequency depends on the dielectric medium surrounding
the metal nanoparticle. The resonance frequency will red-shift with an increasing refractive
index (increasing dielectric constant) of the surrounding medium.
Beyond the electrostatic approximation, for particle sizes larger than 100 nm, a more
rigorous electrodynamic model is required. The first explanation of the scattering and
absorption of EM fields on spherical metallic particles suspended in water, which sizes are
not limited, was formulated by Gustav Mie in 1908 8 . The proposed model utilizes the
solutions of the vector wave equations in a spherical coordinates, and whose describes the
local scattered field as a sum of the contributions from electric and magnetic multipoles.

3.3

Maxwell Garnett Model of the Effective Medium

The theory of the effective medium describes the electric permittivity function for a mixture
of two or more different constituents. One of the simplest effective medium theories
was developed by Maxwell Garnett for the nano-spherical inclusions embedded in a host
material 7 . The schematic illustration of such a composite medium is illustrated in Fig.
3.3. The spherical solid inclusions with sizes smaller than the wavelength of the incident

eh
ei
Figure 3.3 Schematic illustration of Maxwell Garnett effective medium, spherical inclusions with
electrical permittivity i inside a host medium with permittivity h .

light can be dielectrics, semiconductors, or metals. The particles embedded inside the
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host material are further assumed to have a random distribution. In the case where
the linear refractive index of the nanospheres is lower than that of the nonlinear host
material, enhancement of a nonlinear process is possible due to the local fields which
can be extremely strong inside the spherical particles 9 . The Maxwell Garnett theory of the
effective medium is the simplest one, but it is nevertheless the most successful in modelling
of effective media, with many modifications accounting for different types of materials and
nonlinear effects 9,10,29,64,65 . In this thesis, the inclusions embedded in the host material
are nanoparticles made of metal, whose approximate electric permittivity function can be
estimated with the Drude model (Eq. (3.1)), or measured experimentally 61 . With the
assumption that the volume fraction, or fill factor, fi is relatively small (i.e. fi  1), the
linear effective dielectric function ef f fulfills the relation 7 :
ef f (ω) − h (ω)
i (ω) − h (ω)
= fi
,
ef f (ω) + 2h (ω)
i (ω) + 2h (ω)

(3.6)

where i (ω) stands for the permittivity function of the inclusions (nanoshperes) and h (ω)
is the electric permittivity of the host material. Equation (3.6) can be rewritten in the
more convenient form:
ef f (ω) = h (ω)

1 + 2δ(ω)fi
,
1 − δ(ω)fi

(3.7)

where the factor δ(ω) is given by:
δ(ω) =

i (ω) − h (ω)
.
i (ω) + 2h (ω)

(3.8)

The above relations can be used to estimate the complex dielectric function of the metal
nanoparticles embedded in a dielectric host material. The effective permittivity function
can take complex values due to introduction of the metal into the host dielectric material.
However, Maxwell Garnett approximation does not account for the interactions between the
nanoparticles or for the scattering of the incident light. Furthermore, the model assumes
that the effective medium is highly homogeneous and that the random distribution of
nanospheres does not create agglomerates. The model is also independent of the particles
size and their spatial separation.
The Maxwell Garnet model has been extended to account for the nonlinear effects 9,29 .
According to these extensions, which take into account the nonlinearities of both host and
inclusion materials, the nonlinear properties of the composite material can differ significantly from those of its constituents, and moreover, under proper circumstances, they can
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exceed those of its constituent materials.

3.4

Review into Nanoplasmonics

The interest in the optical properties of nanoscale particles and structures utilizing various materials is increasing every year. Research in the field of nanoplasmonics focuses on
nanoscale structures made of metal. There are many challenges in this expanding field.
As the size of the nanoparticles approaches the skin-depth of metals (∼ 20-30 nm), the
classical approach of scaling down the bulk material properties is insufficient to provide a
complete description of the optical properties 66 . The optical responses (linear and nonlinear) of metal nanostructures are determined by their plasmon resonances, which are
strongly dependent on particle sizes, dielectric environment, as well as their mutual orientation. With the recent fabrication techniques, the characteristics of the nanostructures
can be controlled with high precision, and even though the analytical theories for the optical response of nanoparticle systems are limited to simple geometries, the experimental
investigations of more complex structures give valuable insight into the underlying physical
processes. In this section, we briefly discuss recent work in the field of nanoplasmonics.

Metamaterials
Meatameterials consist of artificial periodic structures at the nanoscale 67 . They are one of
the most promising structures in optical engineering with a broad range of very interesting
and exotic applications including lenses utilizing negative refraction, light confinement
below the diffraction limit 25 , optical cloaking devices manipulating the light in a way
that allows to render objects invisible 68,69 . Recent advancements in the modeling of such
structures allowed for a successful demonstration of a functional cloak in the micro-waves
regime 70 .
According to the above definition, all structures containing nanoscale elements are metamaterials, but some researchers use a stricter definition and relate metamaterials only to
those exhibiting magnetic resonances and a negative refractive index. In this case the real
parts of either the permittivity function  or magnetic permeability µ or both must be
negative. As already mentioned, most metals possess negative real part of the electric
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permittivity function over a broad range of optical frequencies, and if the real part of the
permeability µ is also negative, the index of refraction becomes negative. The optical characteristics of metamaterials can be tailored by changing the shape and size of individual
particles, however it might be further modified by changes in the mutual arrangement of
the particles in the structure 71 .
Similarly to the case of negative electric permittivity described in the previous section, a
negative real part of the magnetic permeability, leads to the presence of magnetic resonances. The excitation of those in the optical regime, however, still requires special
techniques and design, i.e., coupling via electric component of the incident light to a
split-ring resonator 72–74 . These types of resonances can affect the efficiency of SHG generation. For example it was reported that split-ring resonator structures can give rise to
SHG enhancement via the excitation of magnetic resonances 33,75 . Also, the combination
of magnetic and electric responses leads to nonlinear magnetization 48 and are useful in
explaining the effect of optical activity of materials 76 .
With a number of different designs for metamaterials, a very important part of research
is only concerned with the optimization of such structures to obtain negative refractive
indices for a broad spectrum of optical frequencies. In fact, different types of structures
possessing negative refractive index have already been reported. Negative refraction at 15
GHz was reported in a structure consisting of simple pairs of conductive wires 77 , as well
as in the near infrared (2 µm) in structures with fishnet geometry 78 , or at 1.5 µm in a
structure consisting of nanorod pairs 72 . The optimization of the design of metamaterials
and the recent progress in fabrication methods have allowed demonstrating materials with
negative index of refraction close to visible wavelengths 79–82 .

Surface-enhanced Effects
Inelastic Raman scattering in molecules, and a second-harmonic generation are typically
relatively weak processes. However, the effective cross-section of Raman scattering for
both absorption and emission is enhanced in the presence of strong local fields. Such
strong local-field enhancement can be provided by the presence of metal nanoparticles
on a surface, from which the signal can be anhanced up to several orders of magnitude.
This surface geometry is called surface-enhanced Raman scattering (SERS). The first
observation of the phenomenon was performed on roughened silver surfaces in 1974 83 .
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Apart from rough surfaces, the effect can be obtained by using metamaterials, which allow
optimization of the resonance conditions. Some of these methods utilize for example:
arrays of bridged nanocones 84 , gold-silica nanoshells in a solution 13 , silver particles in a
solution 85 , etc. The same applies for the case of second-harmonic generation, so that the
strong local fields confined in the nanopartiles can lead, under proper conditions, to the
enhancement of the nonlinear process 30,58 .

Nanoapertures
Complementary to the studies of metal particles in nanoscale, the nanoscale apertures in
a thin metal films have been also investigated. Elementary considerations might lead to
the conclusion, that the field cannot pass through an aperture with dimensions smaller
than the wavelength of the incidence field 86 . However, studies show that an arrays of
sub-wavelength apertures in metal films can lead to enhanced transmission 86–88 . The
peaks of the transmission in such an arrays occur at wavelengths much larger than the
diameter of the apertures. Moreover, the transmission normalized to the area of the
apertures can be larger than one. The original explanation to these results were the
plasmon resonances induced by the coupling effects between the incoming field and the
periodic structure 88 . Later, an alternative explanation was proposed according to which
the enhanced transmission would result from a wavegiude-mode resonance diffraction 89 .
Nanoapertures can provide the detection enhancement of single molecule fluorescence.
The enhancement factors of the fluorescence count rate per molecule up to 120 fold were
reported 90,91 . Moreover, the emission of the fluorescence was found to be directional into
a narrow angular cone in the direction normal to the sample plane. Such results are highly
relevant for the development of single molecule sensing, single-photon sources, and light
emitting devices, and they form an original tool to characterize and optimize the plasmonic
response of metal nanostructures.
We also find reports on the second-order nonlinear response of the nanoaperture arrays.
Similar to the case of nanoparticles, the second-harmonic response of the nanoapertures has
been found to depend on the symmetry and arrangement of the apertures 92 . It is most
interesting that the SHG signal levels measured for the traditional and complementary
split-ring resonators have been found to agree very well with each other 93 .
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Nanoantennas

The concept of nanoantennas is the equivalent of the radio-, or micro-wave antennas, capable of controlling coupling between the near- and far-fields 94 . They can also be interpreted
as the equivalent of a nanolens that focuses the electromagnetic energy beyond the diffraction limit. The key mechanism utilized in such structures is the local-field enhancement.
The most simplistic optical nanoantennas are dipolar nanorods 95 . Systems of nanodimers,
which are essentially pairs of nanoparticles in close proximity, can change their resonance
conditions due to interparticle coupling. These changes can be explained due to plasmon
hybridization effects 96 . One of the examples of such structures are bow-tie nano-dimer
antennas which focus light beyond the diffraction limit 97,98 . The same effect was predicted and experimentally demonstrated in self-similar chains of metal nanoparticles 99–101 .
Nanoshells, which posses well-distinguished multipolar radiation patterns depending on the
excitation wavelength, are also used as optical antennas 102 . Antennas with unidirectional
emission patterns have been reported 103 , as well as a row of nanorods, which act as an
optical Yagi-Uda antenna 104,105 . Coupling can be also done by utilizing the lightning-rod
effect, which relies on sharp features of nanostructures, like tips or nanogaps 106,107 .

Plasmon Sensors

Plasmon resonances of metal nanostructures depend on their shape, size, mutual arrangement, and, of course, the surrounding medium. This particular property of plasmon resonances is used for sensing applications. The shift in the plasmon resonance frequency,
which depends on the surrounding medium 23,24 , provides information on the presence of
different type of surrounding media, and the magnitude of the shift can deliver information on the change in the refractive index. Sensors based on surface plasmons can be
realized by analyzing the angular dependence on the excitation by scanning the outgoing
field 108 . Improvements in the sensitivity have been reported by using multi-wavelength excitation 109 . Also, similar as in nanoantennas, coupling effects in dimer systems or arrays of
particles can lead to stronger confinement of the fields, which then increases significantly
the sensitivity compared to the case of a single nanoparticle 110 .
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Nonlinear Optics

The most commonly used metals in nanoplasmonic research are silver and gold. These
metals posses a face-centered cubic crystal symmetry, and therefore a center of symmetry.
This implies that electric-dipolar SHG process is forbidden in the bulk of these metals. Since
the existing fabrication methods, especially the lithographic ones, are not capable of forming bulk monocrystals, the resulting random collection of nanocrystals effectively increases
symmetry even more. However, it is always broken at the interfaces between two different media, e.g., the metal-dielectric interface, allowing electric-dipolar second-harmonic
generation from metal surfaces or two dimensional arrays of metal nanoparticles 45 .
Nonlinear processes, which scale with a high power of the incidence field can be enhanced
by the presence of strong local fields which arise from plasmon resonances. The original
inspiration for SHG enhancement with strong local fields actually came from the discovery
of surface-enhanced effects in Raman scattering. Enhancements of the order of four
orders of magnitude were obtained on rough silver-air interfaces 30,111 . Such enhancements,
similar to the SERS effect, can be further optimized by the use of metal nanostructures
whose resonances can be tuned to the desired wavelength. SHG enhanement in systems of
metal nanoparticles was also reported 58,59,112,113 . Moreover, SHG from metal nanoparticles
with proper design can exceed up to several orders of magnitude the SHG from a thin metal
surface 63,114 . Remarkably strong field confinement occurs also for sharp features of metal
nanostructures (e.g., sharp tips or edges of metal structures), which also increases the
efficiency of the SHG process. Studies of SHG generation on sharp metal tips have shown
that the interactions between the tip and a surface in proximity significantly modify the
enhancements of the SHG signals 115 , such that e.g., the field near a sharp metal tip can
be strongly enhanced if irradiated with an optical field polarized along the tip axis. This
effect can be utilized to map the local field distributions at the surfaces 116 .
We have emphasized the dependence of the plasmon resonances on the features of the
metal nanostructures and the optimization of metal nanostructures for a specific application therefore depends on the dimension of a single particle and their mutual interactions.
All these parameters determine the resonances and coupling effect of the effective medium.
For SHG, it is essential to break the inversion symmetry, which forbids electric-dipole interactions, which are the dominating ones. That implies that both individual particles, as
well as the effective structure, must not have a center of inversion. The simplest example
of such structure is a regular array of L-shaped nanoparticles. In this thesis we address the
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effects arise from imperfections that can be present in nanostructures and arising during
fabrication. Such defects are found to significantly influence the nature of the generated
SHG field, and we connect them with multipolar contributions to the SHG signal. Analysis
performed by Stockman et al. on the basis of Green’s function theory show that the effect
of nano-scale roughness are localized SH fields (hot-spots) which are strongly incoherent 58 .
These unintentional defects also act as symmetry-breaking agents, leading to the presence
of symmetry forbidden signals in the generated radiation, which was presented in Publication 1. Experiments with such structures were performed in our lab in recent years,
raising interesting points with regard to the quality of the structure. In Particular, high
quality structures suppress the multipolar contributions to the SHG, which is one of the
topics presented in this thesis in Publication 2. Similar structures were also investigated
elsewhere, and it was demonstrated, that the decay time of plasma oscillations in silver
nanoparticles is larger than expected from the bulk metal dielectric function 117 . Recently,
a new concept for tailoring the second-order nonlinear response such arrays of L-shaped
metal nanostructures was proposed, by simply controlling the mutual orientations between
the particles 71 . It is also possible to modify the electromagnetic modes in such structures
by introducing passive elements which act like fundamental field coupling antennas, therefore increasing the efficiency of the SHG process 118 . Symmetry breaking is also possible
in multi-layer bulk-type materials, in which layers of centrosymmetric metal nanostructure
are separated by layers of pure dielectric material. SHG experiments in such a medium are
presented in this thesis, and were reported in Publication 3 with the detailed analysis of
the susceptibility tensor of the structures in Publication 4.
Another interesting structure is a metal nanoparticle with the shape of the letter T. The
nanodimers, in which perpendicular bars are separated from each other by a gap with
size of the order of tens of nanometers, cause asymmetrical field confinement for the
excitation along the axis of symmetry of the T-shaped particle, which in effect increases
SHG efficiency 119,120 . This field asymmetry was found to be of more importance for SHG
generation than the strong local fields themselves.
The local field enhancement in metal nanostructures can also be beneficial to other nonlinear processes such as four-wave mixing in a system of coupled gold nanoparticles 121 , where
it was shown that the efficiency of the process was enhanced by up to four orders of magnitude. The effect was attributed to the shift of the localized plasmon resonance towards
the infrared wavelengths for decreasing distance between the particles. The enhancement
occurs up to the point of physical contact, when the resonance of particles changes due
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to a contact, which creates effectively a single, larger particle. Surface plasmons can also
be excited nonlinearly with use of the four-wave mixing process 122 . The report states
that the surface third-order susceptibility dominated the process, rather than the bulk one.
There are also reports of third-harmonic generation (THG) from the metal structures and
gratings 75,123–125 . With the plasmon resonance excited in the structure, the THG signal
was found to be enhanced by several orders of magnitude. Yet again, the enhancement
of THG generation can be optimized by tailoring the driving resonances with the proper
nanostructure design.
The effective medium theory for small metal nanoparticles embedded in a host material
and which accounts for the third-order nonlinear effects was proposed by Boyd and Sipe 9 .
In this theoretical model the concept of Maxwell Garnett effective theory is extended to
account for the third-order nonlinear response. The nonlinear susceptibility of a composite optical material consisting of spherical inclusions embedded in a host material is
determined, and both constituents are allowed to respond nonlinearly and to exhibit linear
absorption. More to that, each constituent and the resulting composite is assumed to
be isotropic. Proposed model has shown that the third-order nonlinear susceptibility may
be altered significantly and in particular that the effective susceptibility of the composite
medium can exceed the nonlinearity of its constituents.
One of the most promising concepts for nonlinear optics in nanostructured, engineered
optical materials are optical zero-index materials where phase-matching is automatically
fulfilled 126,127 . Phase mismatch between distributed, microscopic sources in a nonlinear
material prevent them from combining constructively, which limits the growth of the nonlinear signal, and quasi phase-matching techniques are needed to compensate for this
effect. Experimentally demonstrated phase mismatch-free material simply cancels out this
problem, as the propagation in the optical zero-index material does not alternate the phase
of the incidence field, allowing efficient nonlinear generation in both forward and backward
directions 126 .
The progress in understanding the physical mechanisms governing the optical properties of
metal nanostructures together with the development of more sophisticated models allows
to develop new and more accurate methods for the fabrication of metamaterials. With
the possibility of manipulating single atoms, creating mono-layers of atomic materials,
building up complex structures in nanoscale, the fascinating prospects to manipulate and
control light on the nanoscale are becoming a reality. Combination of theoretical knowledge
with engineering know-how, will open the possibility for the composition of engineered,
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customized multi-component composite materials with remarkable, highly controlled properties.
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Chapter 4

Samples and Experiments
In this chapter we describe the samples investigated in this thesis, explain their methods
of fabrication and introduce the experimental setups used to characterize their linear and
nonlinear optical properties. We also describe the theory and models used for the analysis
of the measurement results.

4.1

Fabrication Methods

The samples investigated in this thesis were prepared with two different fabrication methods
and of two different metals. The first set of samples (Publications 1 & 2) are L-shaped
metal nanoparticles arranged in a planar, regular array. The L-shape shape is one of the
simplest structures with no centrosymmetry in two dimensions. The L-shaped samples were
made of gold because this metal is very well suited for the excitation of particle plasmons.
Moreover, gold does not oxidize when subject to normal laboratory conditions. The first
set of samples was prepared with electron-beam lithography (EBL) method. Although
this fabrication process is very complex, it allows fabricating nanostructures with nm-scale
precision.
The second set of samples was prepared by aerosol synthesis, a much simpler technique
but which also allows to collect nanoparticles with custom sizes at the nm-scale. In aerosol
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synthesis, spheroidal metallic particles are synthesized in a constant flow of nitrogen. The
technique allows for controlling the size of the particles and by adjusting the deposition
time one can also control concentration. More complex structures can be fabricated by
introducing intermediate processes, e.g. separating the layers of metal particles with a
layer of dielectric material.

Electron Beam Lithography
The L-shaped gold nanoparticle samples were fabricated at the University of Eastern Finland by our collaborators using electron-beam lithography (EBL) followed by lift-off process. The main advantages of this fabrication method are versatility and high precision.
The possible shapes and arrangements of nanoparticles in planar arrays are limited only by
achievable parameters and imagination. This method allows us to create patterns beyond
the diffraction limit of the feature size imposed by conventional optical lithography tools
used in the electronics industry. Achievable line widths with the EBL technique are of
the order of tens of nanometers: there are reports of a fabrication of 10 nm lines 128 , and
recently of a lines as fine as 5 nm 129 . The main drawback of the EBL fabrication method
is that the process is extremely slow; it can take even up to several hours to expose a
single 1×1 mm area. Moreover, the equipment is highly sensitive to calibration, which
may result in low repeatability of the fabrication process.
a)
Cu-layer
Resist

b)

e-beam

c)

Substrate
d)
Gold deposition

e)

f)

Figure 4.1 Sample fabrication with electron-beam lithography. a) Deposition of copper and resist
layers, b) electron-beam writing, c) development of the structure, d) deposition of gold layer, e)
lift-off process, and f) glass cover layer deposition.

The process itself consists of several steps, which are presented schematically in Fig 4.1.
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First, a layer of the electron-beam sensitive resist is applied on top of the substrate, together
with a thin (c.a. 20 nm) layer of copper, which prevents the sample from being electrically
charged during the electron-beam writing process. The pattern of the nanoparticle array
is recorded directly by e-beam. The irradiated parts of the resist layer together with the
discharging layer of copper are removed in the next stage. The resulting structure is next
covered with a thin adhesion layer of chromium and a 20 nm layer of gold. In the final
stages of the fabrication, the rest of the resist layer is removed in a lift-off process, leaving
only the gold nanoparticles patterns, which are finally covered with a 20 nm protective
layer of glass.

Aerosol Synthesis
The samples made by the aerosol techniques were prepared in cooperation with the Aerosol
Physics Laboratory of Tampere University of Technology. Aerosol techniques are much
cheaper than EBL fabrication; also, the fabrication process is considerably faster. The
main limitation of this method is the resulting shape of the created nanoparticles, which,
due to surface tension of the floating aerosol particles, can only be sphere-like. The main
advantage over similar fabrication methods such as ion implantation 130 , sputtering 36 ,
pulsed laser deposition 131 , and wet chemical techniques 132 , is that the achievable particles
size covers practically the whole nanoscale from a few nanometers to over 100 nm 37 ,
whereas with the aforementioned methods the size is limited to below ∼ 30 nm. The
particles are generated by an evaporation-condensation technique followed by size selection
and sintering. In the end of the process the synthesized particles are gathered on a glass
substrate as shown schematically in Fig. 4.2. The process allows controlling the average
a)

b)

c)

d)

Clustering!

Figure 4.2 Aerosol synthesis of metal nanoparticles. a) Evaporation of bulk silver, b) condensation
and size selection, c) sintering to form a particle, d) deposition on a glass substrate. Inset:
clustering of the metal nanoparticles.

size of the deposited particles as well as the size dispersion. However, the resulting structure
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can exhibit agglomerates of charged silver nanoparticles for large concentrations (see inset
on Fig. 4.2). It was reported that such clustering is responsible for the inhomogeneous
broadening of the plasmon resonance of the collection of particles, which is more apparent
in samples with high concentration of metal nanoparticles 37 . To overcome this problem,
the method was modified and it is this modified method that was used in the samples of this
work (Publications 3 & 4). Here we use additional dielectric carrier particles consisting
of silica glass with a size of the order of 50 nm. Nanodots made of silver are deposited
on top of the carrier particles via evaporation and condensation. The resulting structure is
then collected on top of a glass substrate with an electrostatic precipitator. The process is
shown in Fig. 4.3. This modified method allows for the deposition of a virtually unlimited

a)

b)

c)

d)

e)

Figure 4.3 Aerosol synthesis of silica nanoparticles decorated with silver. a) Prefabricated silica
particles in a constant flow of nitrogen, b) formation of silica clusters and size selection, c)
sintering to form a silica particle, d) evaporation and condensation of silver ”decoration,” and e)
deposition of the particles on top of a substrate.

amount of particles on a substrate while preventing clustering of the metal nanoparticles
and therefore canceling out the effect of the inhomogeneous broadening of the plasmon
resonance.
The metals used, gold and silver, have both good plasmonic properties. When considering
the interband transitions, silver is even better than gold. The interband transitions for
gold occur already in the visible region (620 nm), whereas for silver they occur below 330
nm. Another advantage of silver is its lower damping rate, which affects the plasmon
resonance 133,134 . However, silver is chemically active under normal laboratory conditions
and therefore oxidizes, which can alter the properties of a sample with time. Gold, on the
other hand, is chemically stable, allowing for samples with stable optical properties.
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Arrays of L-shaped Nanoparticles
The first sample investigated is presented in Fig. 4.4 and consists of a regular array of the
L-shaped nanoparticles. The particles have one axis of symmetry along the x-direction.
The lengths of both arms of a single L-particle is 200 nm, both arms are 100 nm wide,
and the thickness of the particles is 20 nm. The particles are arranged in a regular array
with a period of 400 nm and total area of 1×1 mm. The size of the particle was chosen
to yield a plasmonic resonance at the 1060 nm wavelength of the laser used for the
SHG experiments. It is clear from Fig. 4.4 that the sample quality is relatively low. As

a)

100 nm
y

b)
x

Figure 4.4 L-shaped nanoparticles with low quality. a) SEM image of the structure with the
coordinate system, b) schematic image of the fabricated structure.

mentioned in Chapter 3, defects brings to the overall SH response contributions from the
higher-order multipoles. The measurements that reveal the multipolar nature of the SHG
generated from such low-quality samples are reported in Publication 1. This particular
sample was fabricated several years ago, and there has been since significant improvement
in the fabrication method. This improvement was obtained with a new EBL system, which
possesses higher accuracy and stability. Improved line quality was achieved by a smaller
step size for the e-beam, and due to an increase in the speed of writing the structures, this
reduced step size did not increase the fabrication time of the structure. A similar sample
but with higher quality is presented in Fig. 4.5. This sample has an almost identical

a)

b)

100 nm
y

y
x

x

Figure 4.5 L-shaped nanoparticles with high quality. a) SEM image of the structure with the
coordinate system, b) schematic image of the fabricated structure.
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structure, but with slightly different dimensions. The width of the L-particle arm is 100
nm, the length is 250 nm, and the period of the regular array in the new sample is 500
nm. Comparison between the SHG signals from both low- and high-quality samples, is the
topic of the Publication 2

Nanocomposites Fabricated with Aerosol Techniques
In the second part of this thesis, we characterize samples fabricated by aerosol techniques
where we introduced a structure in the direction perpendicular to the substrate surface.
The size of each silica carrier particle is controlled to be 50 nm. On top of the carrier
particles, silver nanodots are deposited with sizes of up to 5 nm. The fabrication process of
all the investigated samples is shown schematically in Fig. 4.6. The starting point is a clean,
glass substrate, on top of which the nanoparticles are deposited (see Fig. 4.6(a)). The
amount of the deposited particles is determined by the deposition time. The nanoparticle
layers are covered with a layer of fused silica with the use of electron-beam dielectric coater
(see Fig. 4.6(b)). During this process, the beam of electrons evaporates silica from the
bulk, which is next deposited on top of the nanoparticles. The resulting structure is then
the staring point for the deposition of the next layer of aerosol-synthesized particles and so
forth. Samples with a desired number of deposited layers are created simply by repeating
Aerosol
deposition

Coating

a)

b)

Figure 4.6 Aerosol sample fabrication method. a) Deposition of the silver decorated silica nanoparticles, b) deposition of the fused silica layer with the electron beam dielectric coater. In order to
create multilayer structures, we repeat the procedure in cycles, as marked on a figure.

steps (a) and (b) shown in Fig. 4.6. For the purpose of the work presented in this thesis, we
prepared samples which are characterized by different numbers of almost identical layers,
as well as control samples which allow us to confirm the nonlinear effects observed in the
multilayer structures. The investigated set of samples is presented in Fig. 4.7. A single
layer of the nanocomposite deposited on top of a glass substrate is 800 nm thick and the
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1mm

a)

4 layers

b)

CS1

c)

CS2

d)

Substrate

Figure 4.7 Multilayer samples prepared with aerosol techniques . a) Sample with deposited four
layers (the number of layers in the experiments presented is from 1 to 4), b) control sample CS1
with the thickness equivalent to the sample with four layers deposited, c) control sample with
four layers, but no silver decoration, d) transmission electron microscope image of the resulting
structure.

subsequently deposited layer of glass is 200 nm, which gives a thickness of one full layer
to be 1 µm. Transmission electron microscope image of the fabricated structure is shown
in Fig. 4.7(d) where the different layers can be identified. Control samples CS1, which
contains the silver inclusions, but only one thick layer, and CS2, which posses four layers
of nanoparticles without the silver decoration, were prepared to validate the nature of the
nonlinear responses measured for the multilayer structures (see Fig. 4.6 for illustration).

4.3

Characterization of Linear Optical Properties

The linear properties of the samples are important, as they directly influence the nonlinear
response of the structures. The linear optical properties of the L-shaped nanoparticle
arrays and nanocomposite samples are determined with measurements of the extinction
spectra. The extinction spectra account for both absorption and scattering of the samples,
as they cannot be separated from each other in the setups used for the measurements.
The extinction measurements for the L-shaped nanoparticles were performed at normal
Spectrometer

Figure 4.8 Setup for the measurement of the extinction spectra of L-shaped particles.

incidence with a broadband tungsten halogen light source as shown in Fig 4.8. The
halogen lamp emits light in the spectral range from 350 nm to 1650 nm, and the spectrum
was measured with Avantes AvaSpec-2048 spectrometer covering the spectral range from
400 to 1700 nm. The light from the source was guided in multimode fiber and was
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collimated with a microscope objectives through a pinhole with 500 µm aperture. The
pinhole allows illuminating only the sample area whose size is 1×1 mm. A polarizer was
inserted before the pinhole to control the polarization state of the incident light. The
measurement was performed in two stages. First the spectrum is measured for a clean
substrate only (glass). In the second step, the extinction spectrum of a given sample with
nanoparticles is measured from which that of the clean substrate is subtracted.
The linear properties of the samples fabricated with aerosol techniques were measured with
a high-sensitivity, high-resolution, fully automated UV-Vis-IR Shimadzu UV-3600 spectrometer. Because the samples consists of a collection of spherical particles with random
arrangement creating an isotropic surface, there was no need to perform measurements
for different polarization states in this case.

4.4

Second Harmonic Generation Experiments

The characterization of the second-order nonlinear properties of the samples was performed by second-harmonic generation experiments. In the experiments with L-shaped
nanoparticles, we used as the excitation source a femtosecond Nd:glass laser (200 fs pulse
duration, 82 MHz repetition rate), operating at 1060 nm. The measurement setup used
for the nonlinear experiments with the L-shaped nanoparticles is illustrated in Fig. 4.9.
The average power of the fundamental beam before the sample was 80 mW. The beam

Photon counting
system

2w Analyzer
PMT 2

IR block

Photo
diode

w,
w

Polarizer

2w
w

fs-laser
Lens

QWP

w, 2w
IR
block

VIS
block

Analyzer

2w

PMT 1

Figure 4.9 Experimental setup for the measurement of second-harmonic generation from L-shaped
nanoparticles.

was weakly focused with a 300 mm focal length lens onto the sample, resulting in a spot
size of about 300 µm. Any SHG radiation that could be generated by optical components
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before the sample was removed by a filter (VIS-block) placed just before it. The state of
polarization of the fundamental beam was controlled with a polarizer which is transmits
the linear p-polarization (in the plane of incidence). During the measurements, the state
of polarization was modulated continuously with a quarter-wave plate (QWP) mounted
on a computer-controlled motorized rotation stage. In order to simultaneously measure
the transmitted and reflected SHG signals, the sample was slightly tilted off normal with
respect to the fundamental beam (around 1◦ ). Several tests were performed to verify that
such a small angle does not cause coupling of the fields with the sample normal direction
(z) 32,42 . In the measurements for the L-shaped nanoparticles, we can thus relate the sand p-polarization components with the x- and y-polarizations, respectively. The fundamental fields in the transmitted and reflected directions from the sample are cut out by the
infrared blocks (IR-block). The generated SHG light passes through an analyzer that only
transmits s-polarized light (normal to the plane of incidence). The s-polarized SH signal
is thus detected as a function of the fundamental beam polarization state controlled with
the QWP rotation angle. The SHG signal is detected with a sensitive photomultiplier tube
connected to a photon counting system, which is synchronized to the repetition rate of
the laser. In addition, a bandpass filter with a center wavelength at the second-harmonic
wavelength was used at the aperture of the photon multiplier detector to ensure no stray
light from the background. The setup described above is used for the measurements
reported in Publication 1 and Publication 2.
The measurement setup used for the characterization of the second-order nonlinear properties of the aerosol-synthesized samples is very similar to the one used for the L-shaped
particles except for the fundamental beam which was derived from a Nd:YAG laser producing 70 ps pulses at a 1 kHz repetition rate and with 1064 nm wavelength. The experimental
setup is presented in Fig. 4.10. The polarization state for the fundamental beam was con-
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Figure 4.10 Experimental setup for the measurement of second-harmonic generation and Makerfringes from multilayer samples fabricated with aerosol techniques.

trolled by calcite Glan polarizer and the half-wave plate (HWP) placed right after the
polarizer. The fundamental beam was weakly focused on the sample under test with a 25
cm focal-length lens, resulting in a spot size of around 20 µm at the sample plane. The
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average power of the beam just before the sample was 34 mW for all the measurements. As
for the L-shaped nanoparticles setup, the generated SHG light passes through an s-directed
analyzer, such that the s-polarized or p-polarized SH signals are detected as a function of
the fundamental beam polarization direction controlled with the HWP rotation angle. The
sample was mounted on a high-precision rotation stage to detect the p-polarized SHG as a
function of the angle of incidence, therefore recording the Maker-fringe pattern. The SHG
signal was found to be a highly directional beam for the aerosol samples, thus verifying
the coherent character of the process. SHG radiation was detected with a photomultiplier,
with an additional narrow-band interference filter (central wavelength 532 nm, bandwidth
4 nm) placed in front. The experimental setup presented in Fig. 4.10 was used for the
experiments presented in Publication 3, and Publication 4.

4.5

Tensor Analysis of the SHG Signals

In order to analyze the results of the SHG experiments of the L-shaped nanoparticles,
we use the nonlinear response tensor formalism described in Chapter 2. Local fields and
material properties such as susceptibilities, exhibit strong spatial variations in the scale
of a wavelength or less for metal nanostructures and the traditional model of nonlinear
response based on the electric-dipole approximation and nonlinear susceptibility is not
well suited to describe the responses of such structures. In an earlier implementation of
the NRT approach 42 , the second-order NRT structure was determined by electric-dipoletype symmetry rules for a given experimental geometry such that the NRT could be
considered equivalent to the nonlinear susceptibility tensor in the effective medium limit
of the sample. Here, we extended the NRT approach to account for dipole and highermultipole interactions. Up to lowest-order magnetic-dipole and electric-quadrupole effects,
the effective SH source polarization, magnetization, and quadrupolarization are expressed
with equations similar to Eqs. (2.13,2.15a,2.15b) in Chapter 2:
eeQ
eem
Pi 2ω = Aeee
ijk (2ω, ω, ω)Ej (ω)Ek (ω) + Aijk Ej (ω)Bk (ω) + Aijkl Ej (ω)∇k El (ω), (4.1a)

Mi (ω) = Amee
ijk (2ω, ω, ω)Ej (ω)Ek (ω),

(4.1b)

Qij (2ω) = AQee
ijkl (2ω, ω, ω)Ek (ω)El (ω),

(4.1c)

where indices i, j, and k refer to the Cartesian field components. The effective NRT has
eem
now components connected only to electric dipole Aeee
ijk , magnetic dipole Aijk , electric
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Qee
mee
quadrupole AeeQ
ijkl , nonlinear magnetization Aijk , and nonlinear quadrupolization Aijkl .

In addition, emission from the quadrupolarization involves a gradient of the source with
respect to the direction of emission ∇i Qij 47 . From the measurements of the coherent
signals, we are unable to separate magnetic-dipole and electric-quadrupole signals 50 . Given
the limitation to the spatial symmetry operations, we propose a model in which the electric
quadrupole effects are implicitly included in the magnetic tensors Aeem and Amee . With
this in mind, we now take AeeQ = AQee = 0 in Eqs. (4.1). With the effective medium
approximation made, the field components refer to the incident plane waves and not the
strongly varying local fields in the nanostructure. The array of nanoparticles in nearly at
normal incidence, which limits the fields components to x- and y-directions, and thereby
the i, j, and k indices in Eq. (4.1).
Based on the above assumptions, we construct a model for the case of a fundamental
plane wave, where the generated SHG field is expressed as:
Ex (2ω) = f Ex2 (ω) + gEy2 (ω) + hEx (ω)Ey (ω),

(4.2)

where Ex (2ω) is the x-polarized signal generated from the sample, and Ex (ω) and Ey (ω)
are the components of the fundamental field polarized along the x- and y-directions,
respectively. The expansion coefficients f , g, and h have generally complex values, and
they are defined by the formulas:
eem
mee
f = Aeee
xxx ± Axxy ± Ayxx ,

g=

Aeee
xyy

∓

Aeem
xyx

±

Amee
yyy ,

eem
eem
mee
h = Aeee
xxy ± (Axyy − Axxx ) ± Ayxy ,

(4.3a)
(4.3b)
(4.3c)

where the proper signs for each detected configurations (metal side incidence, transmission direction (M-T); metal side, reflection direction (M-R); substrate side, transmission
direction (S-T); and substrate side, reflection direction (S-R)) are indicated in Table 4.1.
The measurements were performed for two geometries as shown in Fig. 4.11. The subtle
differences in the measured SHG fields for the different experimental geometries, which
are caused by the interference between the electric-dipole and higher-order multipolar contributions, give us the information about the magnitude of the higher-order contributions
to the total SHG signal. This model is used for the data analysis in Publication 1 and
Publication 2.
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Table 4.1. NRT element signs with respect to measurement geometry (M-T, metal side, transmission; M-R, metal side, reflection; S-T, substrate side, transmission; S-R, substrate side, reflection).
0
eem
eem
Aeem
xyy = (Axyy − Axxx ).

Geometry

Aeee
xxx

Aeem
xxy

Amee
yxx

Aeee
xyy

Aeem
xyx

Amee
yyy

Aeee
xxy

Aeem
xyy

M-T
M-R
S-T
S-R

+
+
+
+

+
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+
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+
+
+
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Figure 4.11 The geometry of the conducted measurements: the fundamental beam is first incident
on the metal side of the sample, and after flipping over the sample, on the substrate side. The
angle of incidence is kept relatively small, which allows us to identify s- and p-polarizations with
x- and y-polarizations, respectively. After flipping the sample, the coordinate system connected
with the sample is transformed with respect to the laboratory coordinate system according to
relations: x = x0 ; y = −y 0 ; z = z 0 .
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To analyze the results of the measurements made for the nanocomposite samples, we have
developed a theoretical model based on surface SHG as described in Chapter 2, accounting
for the propagation effects in the deposited layers (see Fig. 4.12) and transmission of the
multiple interfaces. The f , g, and h parameters defined by Eqs.(2.27-2.29) take the form:

q

E1

Region 1

EN

...

EN

...

{

Region 3

hS

N

hn

D
Region 2

E2

Q
Figure 4.12 Schematic illustration of the nanocomposite samples. D is the thickness of the glass
substrate, N is the number of layers, and hn and hS represent the thickness of silver-decorated
nanoparticles and pure silica, respectively. The SHG sources with effective contribution from a
single layer Ekal are indicated.

(p)

f = t2p12 Tp21 ∆k

× [χAg/glass
sin 2θ3 cos Θ3 + χAg/glass
cos2 θ3 sin Θ3 + χAg/glass
sin2 θ3 sin Θ3 ],
xxz
zxx
zzz
(s)

g = t2s12 Tp21 ∆k χAg/glass
sin Θ3 ,
zxx
(ps) Ag/glass
χzxx

h = ts12 tp12 Ts21 ∆k
(p)

(s)

(ps)

where ∆k , ∆k and ∆k

sin θ3 ,

(4.4)
(4.5)
(4.6)

are the phase factors arising from the propagation of the fun-

damental, and second-harmonic fields inside the composite structure with a total number
of layers N , and are expressed with the sums:
(p)
∆k

=

N
X

(N −k)

t2k
p23 Tp23

(N −k+1)

Tp32

exp [2i(w2 khS + w3 (k − 1)hn )]

k=1

× exp [i(W2 (D + hS (N − k)) + W3 (N − k + 1)hn ].
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(s)

∆k =

N
X

(N −k)

t2k
s23 Tp23

(N −k+1)

Tp32

exp [2i(w2 khS + w3 (k − 1)hn )]

k=1

× exp [i(W2 (D + hS (N − k)) + W3 (N − k + 1)hn ].

(ps)

∆k

=

N
X

(N −k)

tks23 tkp23 Tp23

(N −k+1)

Tp32

(4.7b)

exp [2i(w2 khS + w3 (k − 1)hn )]

k=1

× exp [i(W2 (D + hS (N − k)) + W3 (N − k + 1)hn ].

(4.7c)

The subscripts 1, 2, and 3 refer to air, silica, and nanocomposite layers respectively (see
marked areas on the schematic image in Fig. 4.12), ω̃ = ω/c is the the reduced frequency,
hS denotes the thickness of the silica layer, hn is the thickness of the nanocomposite
active layers. For convenience, we use the notation defined in previous section, in which
the quantities written with lower-case letters will be connected with the fundamental field,
and the upper-case letters with the SHG field. Within this notation ni (Ni ) is the refractive
index of the ith region at the fundamental (SH) frequency, and θi (Θi ) is the angle of
propagation of the fundamental (SH) radiation with respect to the structure normal inside
the ith region, with the phase factors defined as: wi = ω̃ni cos θi (Wi = 2ω̃Ni cos Θi ).
The Fresnel transmission coefficients tpij and tsij (Tpij and Tsij ) are defined with Eqs.
2.30. We also introduce a model for the amplitude of the p-polarized SHG from aerosol
sample, which was measured as a function of the angle of incidence with the fundamental
laser beam. Because the different layers of the samples were prepared under identical
conditions, the equations are derived with the assumption that each interface is an identical
source of nonlinear radiation. The SH intensity generated from the multilayer structure is
then given by
ISHG = |E1 + E2 + E3 |

2

(4.8)

The SH fields E1 and E2 represent the contributions from the air-silica interface in region
1 and silica-air interface in region 2, respectively, and they are given by
E1 =

J 2
t (Tp23 Tp32 )N Tp21 exp [i (W2 (D + N hS ) + W3 N hn ) ]
W2 p12

glass
2
glass
2
× χglass
xxz sin 2θ2 cos Θ2 + sin Θ2 [χzxx (cos θ2 ) + χzzz (sin θ2 ) ] ,
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and
E2 = −

J 2
t (tp23 tp32 )2N t2p21 exp [i2 (w2 (D + N hS ) + w3 N hn ) ]
W2 p12

glass
2
glass
2
× χglass
xxz sin 2θ2 cos Θ2 + sin Θ2 [χzxx (cos θ2 ) + χzzz (sin θ2 ) ] ,

(4.10)

The total contribution E3 of the nanocomposite multi-layers (region 3 in Fig. 4.12) to the
SH field consists of multiple silica-nanoparticles interfaces which depends on the number
of deposited layers N as:
E3 =

N
X

Ekal ,

(4.11)

k=1

where the contribution Ekal of the k th layer to the total SHG signal is:
Ekal =

J 2 2k 2(k−1) (N −k) (N −k+1)
t t t
Tp23 Tp32
Tp21
W3 p12 p23 p32

× exp{i2[w2 khS + w3 (k − 1)hn ]} exp{i[W2 (D + (N − k)hS ) + W3 (N − k + 1)hn ]}
n
o
Ag/glass
2
Ag/glass
2
× χAg/glass
sin
2θ
cos
Θ
+
sin
Θ
[χ
(cos
θ
)
+
χ
(sin
θ
)
]
. (4.12)
3
3
3 zxx
3
3
xxz
zzz
With the introduced model we are able to reproduce the measured data with excellent
agreements. The analysis with the model presented here was used in Publication 4.
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Chapter 5

Results and Discussion
In this chapter, we summarize the main results presented in the Publications that are a
part of this Thesis. The results are presented in logical order, which is the same as the
chronological order of the published material. The chapter also includes the measurements
which are not included in publications, but are essential for a full understanding of the
thesis.

5.1

Multipolar Analysis

Linear Characterization
The arrays of L-shaped nanoparticles are classified into two categories based on their
quality. The high-quality sample (HQ) was prepared nearly eight years later than the lowquality (LQ) one, and improvements in the fabrication method clearly resulted in an overall
increase of the sample quality. This difference is clearly visible in Figs. 4.4 and 4.5.
For all the experiments and analysis, the in-plane symmetry axis of the L shape is along the
x-axis of the coordinate system, and y is the orthogonal in-plane direction. The extinction
spectra of both samples, measured with the setup shown in Fig. 4.8, are compared in
Fig. 5.1. The samples are strongly dichroic, with the main plasmon resonances at similar
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Figure 5.1 Comparison of the extinction spectra measured for low- and high-quality (LQ and HQ,
respectively) samples with regular arrays of L-shaped nanoparticles.

wavelengths. The x-polarized resonances occur at 1033 nm (HQ)x and 1060 nm (LQ)x and
the y-polarized resonances at 1554 nm (HQ)y and 1490 nm (LQ)y . Additional resonances
at 680 nm (HQ) and 710 nm (LQ) are related to the linewidth of the arms 22 . The
similar spectral locations of the plasmon resonances in both structures are crucial for the
comparison of their second-order nonlinear responses. The main difference between the
measured spectra is that, in the low-quality sample, the resulting plasmon resonances
are lower in magnitude and much broader. The effect can be easily explained by the
inhomogeneous broadening of the plasmon resonance, due to the imperfections of the single
particles. Indeed, although the amount of gold used for the fabrication of both samples is
comparable, variations in the spatial dimensions of the particles in the low-quality sample
induces shifts in the spectral locations of their plasmon resonances, effectively broadening
the overall width of the resonances. In the high-quality sample, the effect of inhomogeneous
broadening is much smaller, and therefore its resonances are stronger and narrower.

Multipolar analysis
Both samples posses a symmetry plane along the x-axis of the coordinate system, which
means that the allowed NRT tensor components for both samples are governed by the same
symmetry rules. The x-polarized plasmon resonance nearly matches the fundamental field
from the laser used in the SHG experiments in both cases. This ensures that the SHG
response is driven similarly by the local-field enhancement for both samples. The detailed
NRT tensor element analysis was first performed for the low-quality sample as reported
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in Publication 1. The results of the analysis were then used as a reference for the
measurements conducted with the high-quality sample and the results are presented in
Publication 2. Previous studies have shown that the samples with low quality can exhibit
substantial contributions from the tensor components which are otherwise forbidden by the
symmetry rules determined by the particle shape. These ”forbidden” sources of SHG were
even dominant in some low-quality samples 39–41 . It was postulated that contributions were
associated with the imperfections of the nanoparticle samples which give rise to higherorder multipolar nonlinear effects. Using the NRT formalism discussed in chapter 4 that
treats the array of particles as an effective medium with contributions from the magnetic
dipole and electric quadrupole effects allowed us to verify this hypothesis by comparing the
values of the tensor components determined for the low- and high-quality samples. The
results of the SHG measurements analysis are summarized in Table 5.1. The quantitative
Table 5.1. NRT elements determined for the low-quality and high-quality samples with arrays
of L-shaped nanoparticles. The table consolidates the results presented in Publication 1 and
0
eem
eem
Publication 2. Aeem
xyy = (Axyy − Axxx ).

Tensor
comp.
Aeee
xxx
Aeem
xxy
Amee
yxx
Aeee
xyy
Aeem
xyx
Amee
yyy
Aeee
xxy
0
Aeem
xyy
Amee
yxy

Allowed
yes
yes
yes
yes
yes
yes
no
no
no

Low-quality
Value
1
−0.239 + 0.408i
0.034 + 0.041i
0.794 + 0.063i
0.233 − 0.315i
0.012 − 0.033i
0.199 − 0.086i
0.438 + 0.137i
0.003 + 0.007i

Magn.
1
0.473
0.054
0.797
0.392
0.035
0.217
0.459
0.007

High-quality
Value
Magn.
1
1
−0.003
0.003
−0.002
0.002
0.313 − 0.114i
0.333
0.009 − 0.015i
0.018
−0.007 + 0.013i 0.015
0.008 − 0.002i
0.009
−0.035 + 0.003i 0.035
−0.001 + 0.004i 0.004

information about the various multipole effects is obtained by fitting the SHG measured
as a function of the QWP rotation angle with the model presented in chapter 4, by setting
the values of the coefficients f , g, and h of Eqs. (4.2-4.3) to be a free running, complex
parameters. The f , g, h parameters obtained for different experimental geometries are next
used to determine the components of the NRT by constructing a group of linear equations,
whose solution yields the relative complex values of the NRT components connected with
electric-dipole or higher-multipolar interactions (see Table 5.1). The values are normalized
to the electric-dipole component Aeee
xxx , which is dominant in both cases. This element
is allowed for the ideal structure and is resonant at the fundamental wavelength for both
samples. The signature of the interference of higher-multipolar contributions is observed in
the radiation patterns for the modulated polarization state of the fundamental field, which
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a)

b)

Figure 5.2 SHG measured for different geometries of the experiment reveal the higher-multipolar
contributions in the second-harmonic radiation from the L-shaped nanoparticle arrays. a) Lowquality sample with visible differences in SHG measured in different geometries, b) high-quality
sample with almost identical line-shapes obtained for measurements in different experimental
geometries.

is observed as the difference between the lineshapes measured in different experimental
geometries. The results are presented in Fig. 5.2.
The developed multipolar NRT formalism allowed us to determine the contributions from
the higher-multipolar effects. We also confirmed the origin of such effects in metal nanostructures. For the high-quality sample, we see that the symmetry rules for second-harmonic
generation are well fulfilled and the higher-multipole effects are almost completely suppressed. Moreover, after accounting for the different particle densities of the two samples,
the SHG response of the present sample was found to be higher by a factor of 10. This
enhancement arises from the narrower resonance and better resonance enhancement at
the fundamental wavelength.
For the case of low-quality sample, the higher-multipolar contributions lead to the symmetryforbidden SHG, whereas in the case of high-quality sample the response is dominated by
the symmetry-allowed electric-dipole tensor components. We have thus essentially reached
the dipole limit in SHG, implying that the response is dominated by the overall features
of the sample, not by random defects. This is a prerequisite for tailoring the nonlinear
response in a controllable way by the structural features of the sample.
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Linear Characterization
The extinction spectra measurements for the multilayer silver-decorated nanoparticles-silica
composites were performed with a high-sensitivity, high-resolution UV-Vis-NIR spectrophotometer (Shimadzu UV-3600). The results are illustrated in Fig. 5.3 where we can clearly
identify the typical plasmon resonance of silver particles centered at around 370 nm. The
fact that the resonance linewidth remains constant for a growing number of layers indicates
the absence of silver clusters that would otherwise significantly broaden the resonance. We
also observe that the magnitude of the extinction maximum grows linearly with the number
of layers (see inset in Fig. 5.3) and how the spectral location and width of the plasmon
resonance remain unchanged with the number of layers. That shows that the fabrication
process is controlled, and allows for the fabrication of structures with high repeatability.
The oscillations visible for wavelengths above 600 nm arise from weak Fabry-Perot effects
within the active layers. The linear properties of such structures depend only on the over0.6
0.6
0.4
0.2
0
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Figure 5.3 Measured extinction spectra for silver-glass nanocomposites samples with different
number of layers.

all thickness the nanocomposite, which was verified by the measurements performed for
two specially prepared control samples (see Fig. 4.7 (b) and (c)). The results of this
measurements shows that the plasmon resonance peak arises from the metal inclusions,
and that the layers structure of the sample does not influence its overall extinction (see
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Fig. 5.4). Moreover, the extinction spectra are independent of the polarization of incident
light, which is not surprizing as the fabricated samples are isotropic in the plane of the
sample. The above measurements indicate, that the linear properties of the composites
0.6
4 layers

Extinction

0.5

CS1
CS2

0.4
0.3
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0.1
0

300 400 500 600 700 800 900 1000
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Figure 5.4 Comparison of the extinction spectra of the 4-layer structure with the control samples
CS1 (one, thick layer with the thickness equivalent to the sample with four layers), and CS2 (four
layer structure with no silver inclusions).

are fully determined by the fabrication conditions that sets the particle size, resulting in
highly repeatable structures with almost identical linear properties. With the selected fabrication conditions the only free parameter is the thicknesses of the consecutive layers,
which in both cases (nanoparticle deposition, and dielectric coater) are determined by the
deposition time.

SHG Experiments
In the case of randomly distributed nanoparticles with a size close to a few nanometers,
the second-order nonlinear response can be very well described with an electric dipole type
of interaction. The sample isotropy in the plane of incidence is confirmed by the SHG
measurements with the HWP rotating the linear input polarization. The result of the
measurement, presented in Fig. 5.5, shows that the SHG signal for the p-s and s-s inputoutput polarization combinations is equal to zero, which implies an isotropic surface-type
sample. Characterization of the SHG signal from the control samples CS1 and CS2 allows
to identify the source of the nonlinear response. Specifically, the SHG results shown in
Fig. 5.6 for these samples show that both metal inclusions and a layered structure are
crucial to observe SHG. Indeed, the control sample CS1 that contains a single layer of

52

SHG intensity [a.u.]

5.2

Induced Symmetry Breaking in Bulk-like
Nanocomposite

1

p-polarized SHG

0.8

s-polarized SHG

0.6

p

0.4
0.2
0
0

15

30
45
60
75
HWP rotation angle [deg.]

90

Figure 5.5 Experimentally measured intensity at 532 nm for p- (black dots) and s-polarized (red
dots) SHG as a function of the HWP rotation angle modulating the polarization of the incident
beam at 1064 nm. The angle of incidence was fixed to 62◦ . The results are normalized with
respect to the p-polarized SHG intensity. Solid lines show the theoretical fit from Eqs. 4.4-4.7.

silver-silica nano-composite with total thickness and linear properties identical compared
to the four-layer sample produces a SH signal three-times larger than that from the clean
substrate, yet significantly less than measured from the composite with four active layers.
This shows that a multilayer arrangement increases the amplitude of the SH response as
compared to a single layer of equivalent thickness. On the other hand, sample CS2 which
is identical with respect to the four-layer structure (four-layers of nanoparticles separated
with silica glass) but does not contain the metal inclusions (and therefore does not exhibit
any plasmon resonance) gives a SH signal which is lower that the signal measured from
clean substrate. This result illustrates the importance of metal inclusion in observing SHG
in the nano-composites.
5
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Figure 5.6 Maker-fringes measured for the control samples CS1 and CS2.

With the model described by Eqs. (4.8-4.12) in Chapter 4, we can calculate the absolute
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values of the nonlinear surface tensor components in two steps. First, we estimate the
thicknesses of the samples from the measured Maker-fringes. Next, we use a least-square
algorithm to fit the Maker-fringes with the model. The fitting algorithm uses four freerunning parameters: the three independent tensor components, and one scaling factor
that accounts for the overall magnitude of the SHG intensity per single active layer. The
measurements are normalized with respect to the SHG response of a clean glass plate used
as a substrate for all the samples. With the known surface parameters of glass 135 , we are
able to determine the absolute values of the surface tensor components of the composite
material. The resulting fits for the multilayer structures are presented in Fig. 5.7. The
extracted tensor values are shown in Table 5.2. We further verified our results by evaluating
the f , g, and h values for the four-layer structure from the model presented in Chapter 4,
and superimposed the results to the experimental polarization SHG measurements. The
solid lines in Fig. 5.5 are the results of calculation with the model, and are in excellent
agreement with the data points.
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Figure 5.7 Maker-fringe measurements (black solid line) with fitted model (red solid line). The
results are normalized with respect to the p-polarized SHG intensity from the clean glass substrate.

The measurement results presented here for all the aerosol samples are the result of averaging of several measurements performed at different spatial locations on the sample. The
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Table 5.2. Calculated absolute values for the surface tensor components of a single nanocomposite
layer.

Surface
tensor
components
χxxz
χzxx
χzzz

Absolute
Ag/glass composite
(10−22 m2 /V)
23.48
15.28
40.86

Ag/glass
normalized
magnitude
1
0.65
1.74

drawback of the aerosol fabrication method is a high porosity and roughness of the sample.
The same effect is most likely responsible for the mechanism of the symmetry-breaking;
when the number of rough layers increases, the differences between SHG signals measured
in different spatial locations can be significant as shown in Fig. 5.8. The differences be0.03
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Figure 5.8 Maker-fringe measurements made for different spatial location of incidence beam.
a) The average (red line) and SHG measurements (gray lines) for 1-layer sample, b) the average
(red line) and SHG measurements for 4-layer sample.

tween measured SHG signals from 4-layer samples are of the order of 80% of the average
over all the measurements, which indicates that SHG is strongly dependent on the point of
incidence. For a one-layer sample, this effect is not visible, as the porosity of the structure
grows with the number of layers. The linear and nonlinear optical properties of samples
are reported in Publication 3. The results of the detailed tensor analysis are presented in
Publication 4.
Nevertheless, the aerosol method is still much cheaper and time efficient than the EBL
methods. In addition, the fabrication process has not been optimized yet at all. The
limitation on structure topology might be overcome by the use of prefabricated substrates
with an already imprinted structure, e.g., a diffraction grating. This kind of method
would allow for the fabrication of three-dimensional nanostructures resembling plasmonic
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photonic crystals, by stacking multiple layers on top of each other. The porosity of the
samples might be decreased by using a piezoelectric element which would vibrate the
substrate such that the electrostatically attracted particles would be packed tighter. These
concepts, however, have yet to be verified in practice.
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Concluding Remarks
The results presented in this thesis show that optical second-harmonic generation is a
very useful tool in determining the properties of metal nanostructures. With the help of
fairly simple measurement techniques combined with theoretical knowledge, we can obtain
information about the origin of the nonlinear response and its character. By applying simple
rules, determined by measurement results and consequent analysis, we can extrapolate
and fabricate structures with fine-tuned properties which are most suitable for specific
applications.
We did verify in this work, that indeed, the imperfections of the structures lead to the
presence of higher-multipolar effects in SHG radiation. This brings the conclusion that
careful design and optimization of the structure can lead to materials with the desired
properties, as long as the fabrication method is precise enough. In other words, it has to
be repeatable and very accurate, in order to avoid the effects arising from defects. In the
case of regular arrays of planar nanostructures, it would be most interesting to investigate
the responses of such structures in and out of plasmon resonance regime, in order to
determine the role of the multipole effects under resonant and non-resonant excitation.
The aerosol fabrication techniques helped us to develop interesting structure, which can
be further optimized for the nonlinear optics applications. Presented multi-layer nanocomposite is a result of a simple and cheap fabrication technique, and the studies with SHG
revealed that the material is interesting as the second-order nonlinear material. Keeping

57

Concluding Remarks

that in mind, we can now fabricate effectively thick, bulk-like multilayer structure, which
would have good second-order nonlinear properties. Since the strong local-field confinement present in plasmonic structures also drives the third-order nonlinearity, it would be
most interesting to fabricate structures optimized for both second- and third-order nonlinearity. This, however is a distant goal for now. At the closest range, it is possible to
verify the thickness effect of the active nanoparticle layer, which according to preliminary
calculations, should benefit the SHG response.
We were trying to achieve significant enhancement in third-order nonlinear response, by
introducing the metal inclusions into the dielectric media. Following the effective media
theories for the third-order nonlinear refractive index, we were expecting, that for proper
concentration of the metal inclusions, the interplay between the absorption and plasmon
resonance enhanced third-order effects we could achieve the broadening of the spectrum
of a short pulse, and later, after optimization of the structure, even the generation of
a supercontinuum. The closest we got were the nanoparticles synthesized with aerosol
techniques. However, since the first samples were fabricated as a collection of silver
nanoparticles with high concentrations on a glass substrate, as a free-standing structure
(not embedded in glass), the nonlinear properties and the durability of the structures were
not satisfactory.
To conclude, this is a great journey, in which many scientists all over the world are trying
to achieve new kinds of structures with remarkable properties. The application possibilities
in optics are virtually unlimited. Together with the developments in fabrication technology,
and theoretical models explaining the phenomena, comes understanding and knowledge.
With time, thanks to the experience, even more fascinating structures and functionalities
will be discovered. Contemporary research in the field of nanoplasmonics is bringing the
most exciting concepts to live. Some of these concepts are already becoming reality,
nanoplasmonics allows now for the resolving optical microscopy beyond the diffraction
limit, as well as manipulate light in truly remarkable ways.
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1. Introduction

The optical properties of metal nanostructures are dominated by the collective oscillations of
conduction electrons, giving rise to plasmon resonances [1]. These resonances depend on the
particle size and shape as well as their number and mutual ordering when they are organized
in arrays. The resonances can lead to strong enhancement of the local electromagnetic fields
within the structure [2]–[6]. Such strong local fields may enhance the optical responses of the
structure, especially the nonlinear ones, which scale with the high power of the local field.
The local material properties and electromagnetic fields in nanostructures thus
exhibit strong nanoscale variations. Such gradients may be favorable for higher-multipole
interactions [7], thereby making magnetic dipoles, electric quadrupoles, etc important in the
optical responses. The standard electric-dipole approximation may thus not be sufficient to
describe the optical responses of nanostructures. In fact, two different types of multipoles
should be taken into account [8]–[10]: those corresponding to microscopic multipole moments,
arising from the atomic-scale light–matter interaction Hamiltonian [11], and those related to Mie
scattering theory [1, 12], where the atomic-scale interaction may be of the electric-dipole origin,
and the multipole effects arise from field retardation effects over the nanostructure. However,
the radiation patterns of both types are similar in the far field. Moreover, there are particular
challenges regarding the understanding of the role of different multipolar interactions in the
nonlinear optical responses of various types of samples [13]–[16].
A number of works have addressed the role multipole effects in the optical responses of
various kinds of nanoparticles [17]–[20]. Krenn et al [21] provided experimental evidence of
multipolar plasmon resonances from elongated silver nanoparticles, where resonances depend
on the nanoparticle length. The magnetic resonances are thought to play an important role
in the properties of metamaterials [22]; however, the role of electric quadrupole effects
has also recently been emphasized [23]. The nonlinear properties of nanoparticles as well
as the multipolar contributions to the nonlinear properties are a subject of increasing
interest [8]–[10], [24]–[27]. Second-harmonic generation (SHG) from arrays of split-ring
resonators (SRRs) was studied by Klein et al [22]. They found that SHG was the most efficient
when the magnetic resonance of the structure was excited. In addition, Petschulat et al [28]
present a new analytical approach to the nonlinear properties of SRRs). They use a selfconsistent model that describes the linear response of meta-atom geometries by their intrinsic
plasmonic eigenmodes and includes multipolar effects. The simulated results were then used to
estimate the nonlinear interactions that include the expected enhanced SH signal due to both
electric and magnetic resonances. In addition, dipolar and quadrupolar effects have been shown
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to play an important role in incoherent second-harmonic (SH) scattering from nanoparticles,
both in ensemble [11, 27, 29] and single-particle measurements [8].
We have recently provided evidence of significant multipole interference in coherent SH
emission from arrays of gold nanoparticles. Our approach [30, 31] was based on the differences
between the fundamental radiative properties of electric dipoles as opposed to magnetic dipoles
and electric quadrupoles [32]. The higher multipoles were estimated to contribute up to 20%
of the total emitted SH field amplitude. Moreover, the tensor components forbidden for the
ideal symmetry of the particles were found to play an important role in the SH response of the
system [31]. This fact was explained by the chiral symmetry breaking of the particles, giving
rise to the dipolar and effective quadrupolar sources that would be forbidden for the case of ideal
particles. In this interpretation, the role of surface defects is particularly important, because they
can act as local sources of SHG with retardation between the sources giving rise to effective
quadrupoles. However, the measurement technique used is only able to provide evidence of
higher-multipole interactions at the SH frequency.
In this paper, we extend our experimental approach further by defining effective nonlinear
tensors for the nanostructure that include electric and magnetic effects at the fundamental and
SH frequencies. Our magnetic tensors also account for the electric quadrupoles, because on the
basis of present knowledge, the two types of effects cannot be separated from each other in the
measured coherent SHG signals [33]. By relying on the different transformation properties of
the nonlinear tensors as the experimental geometry is varied, we provide evidence of highermultipole interactions at both the fundamental and the SH frequency. In particular, we find that
for the structures investigated, the higher multipole effects are even stronger at the fundamental
frequency than at the SH frequency.
2. Theoretical basis

The traditional model of the nonlinear response based on the electric-dipole approximation and
the nonlinear susceptibility is not well suited to describing the nonlinear responses from metal
nanostructures. This is because the local fields and material properties, such as the susceptibility,
exhibit strong spatial variations in the scale of a wavelength or less. A full description of such
effects is computationally extremely demanding and has been done only for some simple model
cases [8, 9, 12, 34]. To avoid such nanoscale difficulties, we have introduced a macroscopic
nonlinear response tensor (NRT) approach, in which the sample is treated as a ‘black box’,
and the interesting quantities are the input and output radiation fields [35]. In our earlier
implementation of this approach, the structure of the NRT was determined by electric-dipoletype symmetry rules for a given experimental situation at a time. With this limitation in mind, the
NRT can also be considered as equivalent to the nonlinear susceptibility tensor in the effective
medium limit of the sample.
In this paper, we extend the NRT approach to account for dipole and higher-multipole
interactions. Up to lowest-order magnetic-dipole and electric-quadrupole effects, the effective
SH source polarization, magnetization and quadrupolarization are [33, 36]
eeQ
eem
Pi (2ω) = Aieee
jk (2ω, ω, ω)E j (ω)E k (ω) + Ai jk E j (ω)Bk (ω) + Ai jkl E j (ω)∇k E l (ω),

(1)

Mi (2ω) = Aimee
jk (2ω, ω, ω)E j (ω)E k (ω),

(2)

Q i j (2ω) = AiQee
jkl (2ω, ω, ω)E k (ω)E l (ω),

(3)
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Figure 1. The geometry of the measurements: the fundamental beam is first

incident on the metal side of the sample and after flipping the sample over
on the substrate side. The angle of incidence α is kept relatively small (<1◦ ),
which allows us to identify s- and p-polarizations with x- and y-polarizations,
respectively. After flipping the sample, the coordinate system connected with
the sample is transformed with respect to the laboratory coordinate system with
x = x 0 ; y = −y 0 ; z = z 0 .
respectively, and the indices i, j and k refer to Cartesian field components. In addition, emission
from the quadrupolarization involves a gradient of the source with respect to the direction of
emission ∇i Q i j [32].
The present understanding, however, is that magnetic-dipole and electric-quadrupole
effects cannot be separated from each other when coherent and directional signals are
detected [33]. At first sight, this may appear surprising, because electric and magnetic
interactions differ from each other with regard to time-reversal symmetry [32]. However, it is
an open question as to how time reversal should be applied to a nonlinear frequency conversion
process. This could be approached by considering the reciprocity of the experiment. To do this,
another experiment should be performed, where all frequency components, including the ones
generated by the sample, are sent back to the sample in reversed order and with proper phase,
amplitude and spatial mode, which is clearly beyond experimental capabilities. Just repeating
the SHG experiment with front- and back-side incidence is thus not sufficient.
We are thus experimentally limited to spatial symmetry operations. In the effective medium
limit, the gradients associated with the quadrupole tensors AeeQ and A Qee are related to
field propagation, whereas the field components can only involve transverse components. By
considering the available spatial symmetry operations, one finds that the quadrupole effects
cannot be separated from magnetic effects, as explained in more detail in [33]. From now
on, we thus take AeeQ = 0 and A Qee = 0 in equations (1)–(3), with the understanding that the
quadrupole effects are implicitly included in the magnetic tensors Aeem and Amee .
We next apply this formalism to the simplest possible geometry, where the incident laser
beam is a plane wave propagating along the positive z-direction and is applied at normal
incidence on the sample (figure 1).
It is important to note that under the effective-medium assumption, the field components
refer to the incident plane waves, not the strongly varying local fields in the nanostructure. The
fields thus only have the x- and y-components, also limiting the indices i, j and k in equations (1)
and (2) to these values.
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The incident plane wave at the fundamental frequency is thus described by
E(ω) = [x̂ E x (ω) + ŷ E y (ω)] exp[i(kω · r − ωt)],

(4)

where E x (ω) and E y (ω) are the two polarization components of the beam and the wave vector
kω = (ω/c)ẑ. From Maxwell’s equations, it follows that ikω × E(ω) = iωB(ω), so that the
magnetic and electric field components are related by




1 −E y (ω)
Bx (ω)
∼
.
(5)
B y (ω)
c E x (ω)
Once the nonlinear sources have been established, they radiate SHG light according to the
emission rules of the electric and magnetic dipole sources [29, 30]. For coherent signals emitted
along the sample normal to the reflected and transmitted directions, the SHG signals in the far
field are proportional to
E(2ω) ∼ P(2ω) + k2ω × M(2ω),

(6)

where k2ω is the direction of observation (k2ω = (2ω/c)ẑ for transmission or k2ω = −(2ω/c)ẑ
for reflection).
To understand how the various tensors contribute to possible measured signals, we
consider, as an example, the x-polarized SH signal arising from the x-polarized fundamental
beam. Within the electric-dipole approximation, the interaction is thus described by the tensor
component Aeee
x x x . We also take the basic geometry to have the fundamental beam incident on the
metal side of the sample, which is described by
2
E x (2ω) ∼ Aeee
x x x E x (ω) .

(7)

In the presence of magnetic contributions at the fundamental and SH frequencies, however,
mee
this signal is modified by the tensor components Aeem
x x y and A yx x , respectively. By taking these
interactions into account and using equations (5) and (6), we find that the transmitted and
reflected SH signals, respectively, are of the form
 2
eem
mee
E x (2ω) ∼ Aeee
(8)
x x x + A x x y + A yx x E x (ω),

eem
mee
2
E x (2ω) ∼ Aeee
(9)
x x x + A x x y − A yx x E x (ω).
Note that compared to the basic definitions of equations (1) and (2), all tensors have now been
renormalized in a way that all contributions refer to the electric fields at the fundamental and
SH frequencies.
The expressions given by equations (8) and (9), however, do not contain sufficient
information to determine all the components of the three tensors. Additional information can
be obtained by flipping the sample over from metal-side incidence of the fundamental beam
to substrate-side incidence. By rotating the sample by 180◦ about the x-axis (figure 1), and
by recalling that under rotations electric and magnetic quantities transform in the same way,
any tensor component with odd number of y indices changes sign. For the new geometry, the
transmitted and reflected SH signals are thus
 2
eem
mee
E x (2ω) ∼ Aeee
(10)
x x x − A x x y − A yx x E x (ω),

eem
mee
2
E x (2ω) ∼ Aeee
(11)
x x x − A x x y + A yx x E x (ω).
In our experiments, we modulate the polarization of the fundamental beam. We hence have
eee
eee
to consider in the same way the electric-dipole tensor components Aeee
x yy and A x x y = A x yx ,
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Table 1. NRT element signs with respect to measurement geometry (M-T, metal

side, transmission; M-R, metal side, reflection; S-T, substrate side, transmission;
S-R, substrate side, reflection).
Geometry
M-T
M-R
S-T
S-R

Aeee
xxx

Aeem
xxy

Amee
yx x

Aeee
x yy

Aeem
x yx

Amee
yyy

Aeee
xxy

eem
(Aeem
x yy − A x x x )

Amee
yx y

+
+
+
+

−
−
+
+

−
+
+
−

+
+
+
+

+
+
−
−

−
+
+
−

−
−
+
+

+
+
+
+

+
−
+
−

and the associated components of the magnetic tensors. The x-polarized signal for metal side
incidence and transmitted direction is then found to be
 2
 2
eem
mee
eee
eem
mee
E x (2ω) = Aeee
x x x + A x x y + A yx x E x (ω) + A x yy − A x yx + A yyy E y (ω)



eem
eem
mee
(12)
+ Aeee
x x y + A x yy − A x x x + A yx y E x (ω)E y (ω).
In addition, the signs of the various components for the various measured signals are given in
eem
table 1. Note that table 1 shows that the tensor components Aeem
x yy and A x x x cannot be separated
eem
eem
from each other but can only be measured as the combination A x yy − A x x x .
It is also important to note that absolute signal levels are extremely difficult to calibrate
during the measurements. We will therefore take advantage of the fact that the strengths of the
various interactions are likely to depend on the state of polarization of the fundamental beam.
Our technique is therefore based on manipulating the polarization of the fundamental field
continuously while the SH signals are recorded, which leads to varying interference between
the different tensor components. Furthermore, the experimentally measured quantities are the
irradiances of the SH field. Each measured signal can therefore be fitted to the functional
form
2

I2ω = f E x2 (ω) + gE y2 (ω) + hE x (ω)E y (ω) ,

(13)

where f, g and h are the fitting parameters expressing the contributions from different quadratic
combinations of the polarization components of the fundamental field. It is evident that, except
for trivial scaling constants, the parameters are of the form
eem
mee
f = Aeee
x x x ± A x x y ± A yx x ,
eem
mee
g = Aeee
x yy ∓ A x yx ± A yyy ,

(14)

eem
mee
h = Aeee
x x y ± A x yy − A x x x ± A yx y ,


eem

where the proper signs for each signal are given in table 1.
By measuring and analyzing all the four signals, we therefore obtain various combinations
of the tensor components. The results can thus be used to construct a group of linear equations,
where the unknowns are the tensor components and arbitrary scaling constants between the four
signals. In the present case, the measured results provide a sufficient number of independent
parameters that allow all of the unknowns to be uniquely determined.
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Figure 2. Scanning electron micrograph of the sample with the principal axes

marked.
3. Experimental methods

Our sample consisted of an array of L-shaped gold nanoparticles. The linewidth of the particle
arms is about 100 nm, the arm length is about 200 nm and the thickness of the metal layer is
about 20 nm. The particles are ordered in a square lattice with a 400 nm period. The sample is
covered with a 20 nm thick protective layer of silica. The active area of the sample is 1 mm ×
1 mm. A scanning electron micrograph of the sample is shown in figure 2. The nanoparticles
were deposited on a silica glass substrate using standard electron-beam lithography and the
lift-off process [37].
The symmetry of an ideal L-shaped particle with equal arm lengths dictates a natural
coordinate system for the sample. The principal axes denoted as x and y are rotated by 45◦
relative to the electron-beam lithography writing system. For the case of ideal, symmetric
particles, the x-axis is a mirror symmetry axis. Reflection with respect to this axis is the only
symmetry operation for the sample. However, in the case of a real structure, the symmetry is
broken due to shape distortions from the ideal and by the surface defects. The ideal geometrical
L outline in figure 2 emphasizes the deviation of the real sample from the ideal. The sample
exhibits strong dichroism [38], with x- and y-polarizations having well-defined plasmonic
resonances at the wavelengths of about 1050 and 1500 nm, respectively.
The experiments were performed using a femtosecond Nd:glass laser (200 fs pulse length,
82 MHz repetition rate and 320 mW average power) as the source of fundamental light
(figure 3). The x-polarization plasmonic resonance is thus close to the laser wavelength
of 1060 nm. In addition, for the x-polarized fundamental beam, the x-polarized SH signal,
described by the tensor component Aeee
x x x , is electric-dipole-allowed by the ideal structural
symmetry of the sample. Focusing the present study on the x-polarized SH signals is therefore
particularly relevant for demonstrating the capabilities of our new measurement technique in
addressing the interplay of plasmon resonances and various multipole effects in the nonlinear
response of the sample.
The laser light is weakly focused on the sample (spot size about 200 µm). The state
of polarization of the fundamental beam is controlled with a polarizer P1 (cf figure 3),
passing the linear p-polarization (in the plane of incidence). During the measurements, the
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Figure 3. Experimental setup (VISF, visible blocking filter; IRF, infrared

blocking filters; PMT 1, 2, photomultiplier tubes; P1, polarizer; A1, A2,
analyzers).
state of polarization is modulated continuously with a quarter-wave plate (QWP), mounted
in a computer-controlled, motorized rotation stage. Due to simultaneous measurements of the
transmitted and reflected SHG signals, the sample is slightly (around 1◦ ) tilted off normal with
respect to the fundamental beam. We have performed several tests to verify that this angle
is sufficiently small to make the coupling of the fields with the sample normal direction (z)
insignificant [30, 31]. The s- and p-polarization components can thus be equated with the x- and
y-polarizations, respectively.
The generated SHG light passes through an s-directed (normal to the plane of incidence)
analyzer. The s-polarized SH signal is thus detected as a function of the fundamental beam
polarization state controlled with the QWP rotation angle. The SHG signal is detected with a
sensitive photomultiplier tube connected to a photon counting system. To make sure that the
measured signal is SHG light and that it originates from the sample itself, visible and infrared
blocking filters were used before and after the sample, respectively. The measurements were
repeated for both orientations (metal and substrate side incidence) of the sample in the setup.
4. Results and discussion

The four measured signals as functions of the rotation angle of the QWP and their fits to
equation (13) are shown in figure 4. In order to address whether an electric-dipole-only model
could explain the data, the polarization lineshapes for the substrate-side incidence data have
been reflected with respect to zero angle of the wave plate. This is because the change in the
orientation of the sample reverses the sign of the y-coordinate of the sample, and hence this
must be taken into account in describing how the wave plate modulates the state of polarization
in the sample frame of reference (see also table 1). After this detail has been taken into account,
all measured lineshapes would have to be identical if only electric dipoles were present.
The results of figure 4 have several interesting features. First, the overall features of
all four lineshapes are very similar to each other, which would suggest that electric-dipole
effects dominate the response. However, the lineshapes do have significant differences with
regard to their details, both between the reflected and transmitted SHG signals and between
the SHG signals for the metal and substrate side incidence of the fundamental beam. These
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Figure 4. Comparison of data sets for different geometries of the measurement

and their fits to the model of equation (13). The labels refer to transmission
(T), reflection (R), metal incidence (M) and substrate incidence (S). Note that
the results for the metal incidence are plotted from 0◦ to −180◦ , instead of 0◦
to 180◦ , to account for the change in sign of the y-coordinate between the two
geometries.
Table 2. Results for the fits to equation (14). The error for all obtained values

was estimated to be smaller than 0.03 units for both the real and imaginary parts.
NRT element

Value

Magnitude

Aeee
xxx
Aeem
xxy
Amee
yx x
Aeee
x yy
Aeem
x yx
Amee
yyy
Aeee
xxy
eem
(Aeem
x yy − A x x x )
Amee
yx y

1
−0.239 + 0.408i
0.034 + 0.041i
0.794 + 0.063i
0.233 − 0.315i
0.012 − 0.033i
0.199 − 0.086i
0.438 + 0.137i
0.003 + 0.007i

1
0.473
0.054
0.797
0.392
0.035
0.217
0.459
0.007

differences already provide qualitative evidence of the importance of higher multipole effects at
the fundamental and SH frequencies.
In order to obtain more quantitative information about the importance of the higher
multipole effects, the fit parameters f, g and h for each measured signal were expressed in
terms of the components of the tensors to set up a group of linear equations with the tensor
components and scaling constants of the signals as unknowns. The solution is shown in table 2,
where the values have been normalized to the electric-dipole-allowed component Aeee
x x x . The
error for all obtained values was estimated to be smaller than 0.03 unit for both the real and the
imaginary parts. Note that this component is electric-dipole-allowed for the ideal structure and
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corresponds to the case where the fundamental wavelength is close to the plasmon resonance of
this polarization. This component is indeed found to dominate the response. However, the other
electric-dipole-allowed component Aeee
x yy is almost as large in magnitude, whereas the ideally
is
significantly
smaller.
forbidden component Aeee
xxy
The results also show that the higher multipole effects are much stronger in tensor Aieem
jk
than in tensor Aimee
jk . The higher multipole effects are thus significantly more important at
the fundamental frequency than at the SH frequency. This result is an important difference
compared to our earlier results [30, 31], where the multipole effects were explained in
terms of different radiative properties of the various multipoles, i.e. assuming that all
multipole effects occur at the SH frequency. This new result could only be obtained
by our new technique, where the sample is characterized in two different orientations
(metal and substrate side incidence). The importance of higher multipole effects at the
fundamental frequency is likely related to the fact that the particles support plasmonic
resonances and thus strong local fields only at the fundamental frequency but not at the SH
frequency. The field gradients favorable for the multipole effects are therefore stronger at the
fundamental frequency.
It is also interesting to compare the relative importance of the higher multipole effects to
the various measured signals. The electric-dipole-allowed resonant signal, which arises from
eem
mee
the tensor components Aeee
x x x , A x x y and A yx x , is clearly dominated by electric-dipole effects,
although higher multipoles also make a significant contribution. The same applies to the allowed
eem
mee
signal due to Aeee
x yy , A x yx and A yyy . However, the forbidden signal, due to the components
eee
eem
eem
mee
A x x y , A x yy − A x x x and A yx y , which can only arise from sample imperfections (such as shape
deviations from ideal and nanoscale defects), is dominated by the higher multipole components.
This is in agreement with the earlier interpretation that higher multipole effects are associated
with symmetry-breaking surface defects and field retardation [30, 31]. On the other hand, the
role of higher multipole effects in the allowed signals suggests that not all surface defects need
to break the symmetry and thus only contribute to retarded wavelets.
5. Conclusions

In conclusion, we have presented a new measurement technique that allows the role of the
electric-dipole and higher-multipole contributions to the SH response of metal nanostructures
to be addressed in detail. The technique is based on the effective medium approach where a
total of three effective nonlinear response tensors are introduced to account for the electricdipole interactions and the magnetic-dipole interactions to lowest-order at the fundamental
and SH frequencies. The technique is based on the different transformation properties of the
three tensors as the experimental geometry is manipulated. In particular, comparison of the SH
signals emitted in the reflected and transmitted directions provides evidence of higher-multipole
effects at the SH frequency [30, 31], whereas comparison of the signals for the fundamental
beam incident on the metal and substrate sides provides complementary information that can be
correlated with the presence of higher multiple effects at the fundamental frequency.
The present results show that the four measured signals have important differences in their
details. The results for the sample investigated suggest that the dipolar response dominates;
however, significant effects beyond electric dipoles are also present. Furthermore, the higher
multipole effects are significantly more important at the fundamental frequency than at the
SH frequency. In addition, the signal that is electric-dipole-forbidden for the ideal structure
New Journal of Physics 13 (2011) 023025 (http://www.njp.org/)

82

P1

11
is dominated by the higher multipole effects. This provides further support to the interpretation
that the higher multipole effects are closely related to the surface defects of the sample. In the
future, it will be interesting to investigate the role of the multipole effects under resonant and
non-resonant excitation and for samples with varying surface quality.
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Metamaterials are artificial nanostructures whose optical properties arise from the geometry
of their structural features [1]. Such materials often consist of arrays of metal nanoparticles
whose optical properties are dominated by the collective oscillations of the conduction
electrons in the particles. The oscillations give rise to plasmonic and magnetic resonances,
which depend on the size, shape, dielectric environment, and mutual ordering of the particles
[2,3]. The resonances can lead to strong electromagnetic fields near the particles and thus
enhance optical interactions. The linear optical responses tailored in such ways are utilized,
e.g., to achieve negative index of refraction [1] or cloaking [4,5].
The local-field enhancement is particularly important for nonlinear optical processes,
which scale with a high power of the field. For second-order effects, noncentrosymmetric
structures are needed, and the response is also otherwise very sensitive to symmetry. Such
structures have been characterized by second-harmonic generation (SHG) in order to
understand the role of the structural features [6,7] and resonance enhancement [8,9] in the
efficiency of SHG.
An important problem in these efforts has been that the selection rules between the
allowed and forbidden SHG signals, as derived from the ideal structural symmetry, have not
been fulfilled [10–13]. In some cases, forbidden signals have even dominated the response
[14]. This problem arises from symmetry-breaking nanoscale defects of the structures. The
defects can act as attractors for particularly strong local fields [15,16] and thus play a
disproportionate role in the second-order response. Even when the local response of the
defects is dipolar, they give rise to characteristic higher-multipole (magnetic-dipole and
electric-quadrupole) features in SHG when analyzed using effective-medium concepts
appropriate for metamaterials [14]. In the most detailed analysis to date, the tensor
components associated with higher-multipole effects were up to 50% in magnitude compared
to the dominant electric-dipole component [17]. Furthermore, the symmetry-forbidden signals
were dominated by higher-multipole effects, thus emphasizing their connection to defects. It
is evident that it is not acceptable to have random defects significantly influence the nonlinear
response if one aims to develop nonlinear metamaterials with the response tailored by the
structural features of the sample. Beyond results regarding multipole effects in coherent SHG,
their role has also been addressed in incoherent hyper-Rayleigh scattering [18,19], described
with different levels of detail from first-principles approaches [20] to effective quantities
[21,22].
In this study, we show that the dipole limit of SHG can be reached by using
nanostructured samples with significantly improved quality. We prepare an array of
noncentrosymmetric gold nanoparticles and analyze its response in terms of effective electricdipole and higher-multipole tensors. We show that the response is dominated by the
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Fig. 1. SEM images and geometry of arrays of L-shaped nanoparticles for present, high-quality
(a) and earlier, low-quality (b) samples. (c) x- and y-polarized extinction spectra of high- and
low-quality samples.

For comparison, a sample from an earlier generation is also shown (Fig. 1(b)), where
defects and higher multipole effects played a significant role in the SHG response [17]. The
other main difference is that the array period of the old sample is 400 nm. It is evident from
the SEM images of the quality of the present sample is significantly improved. The
improvement is possible due to a new electron-beam lithography system, which has better
accuracy and beam stability than the old system. The new system is also faster allowing
smaller beam step size and thus improved line quality. Due to the high accelerating voltage
(100 kV) of the new system, the forward scattering of electrons is smaller, which improves
the shape control of the patterns further. Beyond the present sample, several others have been
prepared with similar quality.
The samples are described using a coordinate system where x is the in-plane symmetry
axis of the L shape and y is the orthogonal in-plane direction. The extinction spectra of the
samples (Fig. 1(c)) were measured using fiber optic spectrometers at normal incidence. The
samples are strongly dichroic with main resonances at similar wavelengths. The x-polarized
resonances occur at 1033 nm (present sample) and 1060 nm (earlier sample) and the ypolarized resonances at 1554 nm (present) and 1490 nm (earlier). Additional resonances at
680 nm (present) and 710 nm (earlier) are related to the linewidth of the particles [23]. An
important observation is that the extinction peak of the present sample is greatly enhanced and
the linewidth narrowed. This is a direct consequence of the significantly improved sample
quality with much less inhomogeneous broadening.
The nonlinear response is usually described by the nonlinear susceptibility tensor of the
material. In nanostructures, however, the local fields and material properties exhibit nanoscale
variations, which complicates such an approach. In order to avoid such nanoscale difficulties,
we use the nonlinear response tensor (NRT) Aijk [24], which operates on the level of input and
output radiation fields

Ei (2 )

Aijk E j ( ) Ek ( ),
jk
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symmetry-allowed electric-dipole tensor components. The higher-multipole tensor
components are found to be at most a few percent of the dominant dipolar component and for
most cases well below this. In addition, the nonlinear response is enhanced by a factor of 10
compared to samples of earlier generation with lower quality. We have thus essentially
reached the dipole limit in SHG, implying that the response is dominated by the overall
features of the sample, not by random defects. This is a prerequisite for tailoring the nonlinear
response in a controllable way by the structural features of the sample.
Our sample consists of an array of L-shaped gold nanoparticles (Fig. 1(a)), prepared by
electron-beam lithography and lift-off. The particle dimensions were chosen to yield a
plasmonic resonance at the laser wavelength used for the SHG experiments (1060 nm). The
nominal linewidth is 100 nm and both arms have the equal length of 250 nm. The thickness of
the gold layer is 20 nm and there is a thin adhesion layer of chromium between the fused
silica substrate and the gold. In addition, the sample was covered by a 20-nm thick protective
layer of silica. The array period is 500 nm in both directions and the total sample area is 1 × 1
mm2.

where ijk refer to the polarization components of the respective fields. NRT is strictly specific
to a given experiment rather than the sample itself. Its benefit is that it includes all multipole
effects implicitly and it allows the signals to be analyzed using electric-dipole symmetry
rules. Within the effective medium approach, NRT is proportional to the effective
susceptibility of the nanostructure. Furthermore, the NRT approach can be extended to
account for effective electric-dipole and higher-multipole effects. Due to difficulties in
separating magnetic and quadrupole effects from each other in coherent signals [25], both are
included in effective magnetic tensors. This results in three effective tensors, which describe
electric-dipole interactions only Aijkeee , magnetic interactions at the fundamental frequency

Aijkeem , and magnetic interactions at the second-harmonic frequency Aijkmee [17].
The three tensors can be separated from each other by comparing SHG signals in the
transmitted (T) and reflected (R) directions and for metal (M) and substrate (S) side incidence
of the fundamental field [17]. When the fundamental beam is normally incident on the sample
along z direction, any SHG signal can always be expressed in the general form

Ei (2 )

fE x2 ( ) gE y2 ( ) hEx ( ) E y ( ),

(2)

where the expansion coefficients f, g, and h depend on the components of the three tensors
and are different for the various experimental geometries. For our present sample, which
exhibits a resonance for x-polarized fundamental field, the SHG signal is expected to be
dominated by its x-polarized component. The expansion coefficients for x-polarized detection
and the various experimental geometries are shown in Table 1. It is evident that if only
symmetry-allowed (f and g) and dipolar effects play a role, all four signals should behave in
the same way. On the other hand, symmetry-forbidden and higher-multipole effects contribute
with varying signs to different signals, making possible the determination of all tensor
components.
Table 1. The expansion coefficients expressed as function of NRT components for specific
configurations. The signs depend on measurement geometry (M-: metal side incidence,
S-: substrate side incidence, -T: transmission, -R: reflection). Note that f and g are
allowed for the ideal symmetry of the L shape, whereas h is forbidden.
Geometry

f

g

h

M-T

eee
Axxx

eem
Axxy

mee
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Our experimental setup for SHG is shown in Fig. 2. A Nd:glass laser (200 fs pulse length,
82 MHz repetition rate) provided the fundamental beam at 1060 nm and its average power
before the sample was 80 mW. The beam was weakly focused with 300 mm focal length lens
on the sample, resulting in spot siz
x or y
direction and then continuously modulated with a quarter-wave plate (QWP). Any possible

Fig. 2. Experimental setup. L – lens, P – polarizer, A1, A2 – analyzers, HWP – half-wave
plate, QWP – quarter wave plate, VISF – visible blocking filter, IRF1, IRF2 – infrared
blocking filters, PMT1, PMT2 – photomultiplier tubes.
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Fig. 3. Normalized transmitted (-T) and reflected (-R) SHG signals from an array of L-shaped
gold nanoparticles for metal incidence (M-) and substrate incidence (S-), and from the present
high-quality sample. Symbols represent the data from the measurements and solid lines are
theoretical fits. The starting and detected linear polarization was x.

For more quantitative information about the various multipole effects, the fitted values of
the coefficients f, g and h for the measured signals were compared to their expressions in
terms of the components of the tensors (Table 1). This results in a group of linear equations,
whose solution yields the relative complex values of the components (Table 2). The values are
eee
eee
normalized to the dominant component Axxx
, which has electric-dipole origin. Axxx
is allowed
for the ideal structure and has a plasmonic resonance at the fundamental wavelength.
eee
The response is clearly dominated by the allowed electric-dipole components Axxx
and
eee
eee
, whereas the forbidden dipolar component Axxy
is very weak. In addition, the
Axyy
magnitudes of the components of the two magnetic tensors remain below 2% of the dominant
eem
eem
component with the exception of the combination Axyy
Axxx
which is 3.5%. Interestingly,

this component is symmetry-forbidden, i.e., it arises from the residual imperfections of the
sample. Nevertheless the results are a significant improvement compared to those for the lowquality particles shown in Fig. 1(b), where the higher multipolar components had magnitudes
up to 50% of the dominant dipolar components [17].
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SHG light from the optical components preceding the sample was filtered with a visibleblocking filter. The SHG signals were detected by photomultiplier tubes and photon counting
by first filtering away the fundamental beam with infrared-blocking filters and using
analyzers to pass only x-polarized SHG light.
The sample was slightly tilted off-normal with respect to fundamental beam ( less than
2°) to allow detection of reflected SH radiation. The angle is sufficiently small that the fields
do not couple significantly to the normal direction (z) of the sample [14,26].
The above measurements allow the relative complex values of the expansion coefficients
to be determined for each signal separately. However, absolute calibration of the various
signals is essentially impossible. The signals were thus separately normalized and their
polarization lineshapes compared to obtain evidence of the presence or absence of higher
multipole effects.
The measured signals (M-T, M-R, S-T and S-R) as functions of the rotation angle of the
QWP and their fits to Eq. (2) are shown in Fig. 3. The lineshapes for S incidence have been
reflected with respect to the zero angle of QWP to counter the sign change of the y-axis (h
coefficient in Table 1) when the sample is flipped. All four signals should then show the same
dependence on the polarization if only electric dipoles play role, whereas higher multipoles
would lead to differences in the measured signals. All four measured lineshapes in Fig. 3 are
seen to overlap almost perfectly. This result suggests that the SHG response of the present
sample is strongly dominated by the electric-dipole interaction.

In order to exclude any other possibilities for higher-multipole effects, we also measured
the y-polarized SHG signals. They were always found to be weaker than the x-polarized
signals by an order of magnitude and also dominated by electric-dipole effects. These results
will thus not change the general conclusion presented above. Improvements in the sample
quality have thus allowed us to reach essentially the dipole limit in the SHG response.
Table 2. Determined values of NRT components
Tensor component

Allowed

Value

Magnitude

eee
Axxx

YES

1

1

eem
Axxy

YES

0.003

0.003

mee
yxx

YES

0.0017

0.0017

eee
xyy

YES

0.3126-0.114i

0.3327

eem
xyx

YES

0.0094-0.0153i

0.018

mee
yyy

YES

A
A

A
A

eee
xxy

A

eem
xyy

A

mee
yxy

A

0.0074 + 0.0133i

NO
eem
xxx

A

0.0084-0.002i

0.0153
0.0086

NO

0.0349 + 0.0033i

0.035

NO

0.0005 + 0.0038i

0.0039

We have also compared the maximum signal level from the present sample to that from
the lower-quality sample. After accounting for the different particle densities of the two
samples, the SHG response of the present sample was found to be a factor of 10 higher. This
enhancement arises from the narrower resonance and better resonance enhancement at the
fundamental wavelength.
In conclusion, we have shown that improvements in sample quality, obtained by state-ofthe-art nanofabrication, lead to significant advances in their effective nonlinear optical
properties. In particular, the symmetry rules for second-harmonic generation are well fulfilled
and the higher-multipole effects, which have been associated with defects, are almost
completely suppressed. Furthermore, the efficiency of second-harmonic radiation is enhanced
by a factor of 10 compared to similar samples of earlier generation. We have thus reached, to
a very good approximation, the desired dipole limit where the nonlinear response arises from
the overall structural features of the sample and is not significantly influenced by random
defects. This result is an essential prerequisite for designing nonlinear metamaterials with
engineered properties.
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We use aerosol synthesis to fabricate ordered metal-silica nanocomposites consisting of alternating
layers of pure silica and silica nanoparticles decorated with silver nanodots. These multilayer
structures preserve the narrow plasmon resonance of the nanodots even for high optical densities and
allow second-harmonic generation due to spontaneous symmetry breaking arising from the interfaces
between silica and nanoparticle layers. Our concept opens up perspectives for complex structures for
C 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4852795]
advanced optical applications. V
The optical responses of metal nanoparticles arise from
the plasmonic oscillations of their conduction electrons. The
resulting localized surface plasmon (LSP) resonances give
rise to strong electromagnetic fields near the metal-dielectric
interface. Such local-field enhancement has many attractive
applications in biosensing,1,2 imaging,3,4 and solar cells.5,6
In addition, the plasmon resonances depend sensitively on
the particle size,7,8 shape,9–12 as well as their dielectric environment, allowing broad tailorability of the resonances for a
given application.
The local-field enhancement is particularly important for
nonlinear optical effects, which scale with a high power of the
field. Indeed, enhancement of third-order effects, with no particular symmetry constraints, has been demonstrated in bulktype metal-dielectric nanocomposites.13,14 Second-order
effects, such as second harmonic generation (SHG), on the
other hand, require non-centrosymmetric samples, and their
observation has so far been limited to surface geometries.
Enhancement of SHG by rough metal surfaces was demonstrated early on in a traditional surface geometry where the
incident beam is applied on the sample at oblique angle.15
More recently, lithographic arrays of non-centrosymmetric
particles have been introduced as second-order metamaterials
whose response can be accessed at normal incidence,16–19 but
such samples are not easy to fabricate.
The nonlinear responses (both second and third-order)
of a macroscopic sample can be enhanced by tuning the incident laser close to the plasmon resonance of the particles20,21
or by increasing the density of the particles. Unfortunately,
the latter approach spoils the quality (shape and linewidth)
of the resonances either due to agglomeration of particles,
which gives rise to inhomogeneous broadening,22,23 or
because of near field coupling.24 An associated problem is
the difficulty of fabricating bulk-type composite materials
with the required non-centrosymmetry for second-order. For
other types of materials, the organic ones in particular, the
non-centrosymmetry can be induced afterwards by poling in
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an electric field25 or by using self-assembly, which in some
cases gives rise to a non-centrosymmetric structure.26 With
regard to metal nanostructures, the focus has been on the
plasmonic enhancement of the nonlinearity,27 but no methods have been demonstrated for fabricating thick noncentrosymmetric structures.
Nanoparticle synthesis by aerosol techniques is fairly
inexpensive, simple, highly versatile, and also scalable.28,29
Particles can be generated in a continuous process and deposited directly from the gas phase onto the desired substrate. Recently, aerosol techniques have been used to
produce plasmonic metal nanoparticles from different materials and with various morphologies.23,30,31 In addition, the
synthesized nanoparticles have been incorporated into multilayer polymer films in order to achieve for example magnetic
and plasmonic functionalities.32 However, even though aerosol synthesized nanoparticles have been studied extensively
using linear spectroscopy, their applicability in nonlinear optical materials remains to be explored.
In this Letter, we use aerosol techniques to fabricate
ordered multilayer metal-silica nanocomposites with controllable linear and nonlinear optical responses. Our nanocomposites consist of alternating layers of silver-decorated silica
particles and pure silica glass. The fabrication technique
allows for precise control of the synthesis and deposition of
the silver-decorated particles, thus preventing the formation
of silver clusters and resulting in samples with reproducible
optical properties. The shape of the plasmon resonance in the
extinction spectrum of the ordered composites is perfectly
maintained during the layer growth and its amplitude grows
linearly as the number of layers increases. Significantly,
we further show that symmetry is inherently broken due
to interfaces between pure silica and a layer of decorated
nanoparticles, resulting in spontaneous growth of a noncentrosymmetric structure and a SHG signal that increases
with the number of layers. The SHG is dramatically larger
than that observed from a single layer of decorated particles
with equivalent thickness.
Silver-decorated silica nanoparticles (Fig. 1(a)) were
synthesized in a continuous flow of nitrogen. The silica particles generated by chemical vapor synthesis from liquid tetraethyl orthosilicate (TEOS)33 were subsequently sintered in
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FIG. 1. (a) TEM image of a silver-decorated silica nanoparticle. (b) Size distribution of the silica particles (note the log scale in the horizontal axis). (c)
Schematic image of one layer, which consist of a particle layer covered by a pure silica layer. (d) Schematic image of two neighboring interfaces explaining
the symmetry breaking. (e) TEM image of the cross-section of a fabricated three-layer sample.

a tubular high-temperature furnace in order to obtain spherical carrier particles. Figure 1(b) shows the log-normal size
distribution of the sintered silica particles, measured with a
scanning mobility particle size (SMPS),34 with a geometric
mean diameter of 50 nm and a geometric standard deviation
of 1.4. The silver decoration on the silica carrier particles
was achieved by evaporation and subsequent condensation
of silver from a small piece of bulk material.31 This resulted
in the formation of silver nanodots with diameters of
1–2 nm. The synthesized silver-decorated silica particles
were then deposited from the gas phase onto glass substrates
(1 mm thick microscope glass slides) by electrostatic collection.35 The circular particle collection area on the substrate
had a diameter of 2 cm.
The thickness of the particle layer on the substrate
depends on collection time. Here, the collection time was set
to 30 min, corresponding to particle layer thickness of
approximately 1lm with an estimated porosity of over 90%.
This rough evaluation is based on the aerosol measurements
(particle size and number concentration), particle collection
parameters (gas flow rate, collection area and time) and realized layer thickness. Moreover, our estimation is consistent
with previous reports of high porosity values for dry deposition of nanoparticles.36 The layer of decorated nanoparticles
was subsequently covered with a layer of pure silica using an
electron-beam dielectric coater and with thickness, here
approximately 200 nm, also determined by the deposition
time (Fig. 1(c)). Repeating the particle deposition and coating processes multiple times and with identical deposition
times allowed us to fabricate ordered multilayer nanocomposites whose linear and nonlinear optical properties can be
controlled via the number of layers. Because the layer of
silver-decorated particles is very porous, the silica coating
penetrates it. However, the silica coating diffuses much less
towards the bottom of the particle layer, and hence the overall symmetry of each layer is broken between the bottom and
top interfaces (1 and 2, respectively, in Fig. 1(d)). Because
each individual layer exhibits the same type of asymmetry
the SHG response can grow significantly with the number of
layers. In what follows, we use the term layer to refer to the
combination of a single layer of decorated particles coated
with a silica layer. Figure 1(e) shows a transmission electron
microscope (TEM) image of the cross-section of a fabricated
nanocomposite with three layers where the alternating layers
of decorated nanoparticles and silica can be identified.

We first examined the linear optical properties of the
fabricated samples. For this purpose, we measured their
extinction spectra as a function of the number of layers with
a high-sensitivity, high-resolution UV-Vis-NIR spectrophotometer (Shimadzu UV-3600). First, we clearly identify in
each case the typical plasmon resonance of silver particles
centered at around 370 nm (Fig. 2(a)) indicating the absence
of silver clusters that would significantly broaden the resonance. Significantly, we also see how the magnitude of the
extinction maximum grows linearly with the number of
layers (see inset in Fig. 2(a)) and how the spectral location
and width of the plasmon resonance remain unchanged with
the number of layers. Oscillations visible for the wavelength

FIG. 2. (a) Extinction spectra of the multilayer nanocomposites. The inset
shows the maximum extinction as a function of the number of layers. (b)
Second-harmonic signal generated as a function of the angle of incidence.
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TABLE I. Normalized SHG signals for different input-output polarization
configurations.
pin–pout
1

sin–pout
2

8.9  10

pin–sout
3

4.4  10

sin–sout
0.7  103

FIG. 3. (a) Schematic images of the multilayer nanocomposites and control samples. (b) Comparison of the extinction spectra between the four-layer sample
and the control samples: CS1 with equivalent amount of metal and silica and CS2 with layers organized identically with four-layer structure, but without silver
inclusions. (c) Comparison of the SH signal for the four-layer sample and the control samples CS1 and CS2.
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above 600 nm arise from weak Fabry-Perot effects within the
active layers.
We then proceeded to investigate the second-order nonlinear response of the multilayer composites. The nonlinear
response was characterized by measuring the SHG response
as a function of the incidence angle in a Maker-fringe
setup.37,38 The fundamental beam was derived from a
Nd:YAG laser producing 70 ps pulses at 1 kHz repetition
rate and with 1064 nm wavelength. A 25 cm focal-length
lens was used to weakly focus the beam into a spot size of
around 20 lm at the sample plane, leading to the generation
of SHG radiation at the 532 nm wavelength. Any potential
SHG from the laser itself was removed with a long-pass IR
filter inserted before the sample. The fundamental beam was
blocked after the sample with a combination of a short-pass
filter and an interference filter (central wavelength 532 nm,
bandwidth 10 nm). The transmitted SHG signal was detected
by a photomultiplier tube and the polarization states of the
fundamental and SHG beams were controlled with calcite
Glan polarizers. The sample was mounted on a high precision rotation stage to detect the SHG as a function of the
angle of incidence. The SHG signal was found to be a highly
directional beam, thus verifying the coherent character of
the process.
The measurements were performed for samples consisting of 1 to 4 layers, for various polarization configurations
and the maximum SHG was observed for the input and output polarizations parallel to the plane of incidence (pin–pout
configuration, Table I). Very weak SHG signals for the
pin–sout and sin–sout combinations suggest that the sample is
isotropic in the plane of the sample as expected due to the
fabrication process. In order to eliminate the possible influence of inhomogeneity in the sample plane, a series of measurements were conducted at ten different spatial locations on
the samples. The SHG intensity was then averaged over all
ten measurements. The results (Fig. 2(b)) show that the maximum of the SHG signal occurs for an incidence angle of

approximately 60 . Most importantly, the strength of the
SHG signal increases with the number of layers in the sample. The Maker-fringes are also clearly observed and result
from interference between the SHG signals arising from the
back side of the 1 mm thick glass substrate. The thickness of
any composite itself is much smaller than that of the substrate and their effect on the Maker-fringes cannot be
resolved. The shift of the SHG signal maximum originates
from the fact that that the values of the susceptibility components for the active layers and the bottom surface of the substrate are different. As the active layer becomes thicker, its
response becomes more important giving rise to changes in
the fringe structure.
In order to evaluate the origin of the second-order
response of the structures, we fabricated two additional control samples (see Fig. 3(a) for a schematic illustration). The
first (CS1) consists of a single layer of silver-decorated particles coated with one layer of silica on top. Both layers were
deposited so as to match the effective thicknesses of the respective layers in the four-layer sample. The other control
sample (CS2), was prepared by depositing four layers of
silica particles with no silver decoration. The collection time
for the silica particles and the thickness of the deposited silica
were identical to those of the four-layer sample with the silver decoration. The purpose of these two samples is two-fold:
CS1 allows us to investigate the effect of structuring the samples into multiple layers whilst CS2 allows verifying the role
of the silver particles in the nonlinear response.
We first compare in Fig. 3(b) the extinction spectra of
the control samples and the four-layer sample. The linear
response of the samples is seen to be essentially independent
of the exact layer structure and only depends on the total silver and silica content. This can be understood from the fact
that the only parameter that determines the overall extinction
is the total amount of silver dots and silica and not the particular arrangement within the sample. This is an important
result as it implies that any differences in the nonlinear
response can be ascribed to the structuring of the samples
into multiple layers. On the other hand, in the linear response
of CS2 with no silver inclusions, we note, as expected, the
absence of the plasmon resonance with an increase in the
extinction for decreasing wavelengths consistent with typical
silica absorption. These results clearly show that the extinction of the samples with silver-decorated particles is
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dominated by the plasmon resonance as determined by the
silver particle size and their total amount.
We subsequently performed the Maker-fringe experiments for the control samples under conditions identical to
that of the multilayer composites. The results are presented in
Fig. 3(c) along with the SHG intensity obtained from the
four-layer structure and from the sole substrate. We first note
that CS2 containing no decorated particles produces negligible SHG. In fact, the SHG signal from CS2 is even weaker
than that from the substrate itself. On the other hand, CS1,
which contains decorated particles, shows an increase in
SHG compared to CS2 or the substrate, showing evidence of
the importance of the silver nanoparticles in the SHG process.
But most importantly, the SHG signal is more than order of
magnitude weaker than that generated from the four-layer
sample with the same quantity of silver. This is a truly remarkable result illustrating that (i) the multilayer structure
plays a central role in enhancing SHG and (ii) SHG arises
from the multiple coherent second-harmonic contributions
induced by the symmetry-breaking arising from the differences between the top and bottom interfaces of each layer.
The SHG response from the multilayer samples can
be modeled by assuming that each individual layer of
silver-decorated nanoparticles covered with a silica layer is
equivalent to a thin film source of SHG signal. Within this
approximation and because the thickness of each layer is
identical, the amplitude of the elementary SHG field generated from each layer is the same. With this model, we can
express the total SHG field as ESHG ¼ C(1 þ Nb), where
ESHG represents the total SHG field generated within a nanocomposite with N active layers. Here, C is the normalization
constant representing the SHG contribution from the back
side of the substrate39,40 and b is the contribution from one
nanocomposite layer normalized to the response of the substrate. Note that to account for the possible phase differences
in the elementary metal-dielectric sources, we allow b to be
complex. The corresponding total intensity is given by
ISHG ¼ C2 j1 þ Nbj2 and the measured SHG intensity averaged over all angles of incidence was fitted with this model
as a function of the number of layers. The result (Fig. 4)
shows excellent agreement with the experiment. The contribution from the thin film source manifested by parameter b

exceeds that from the substrate which is normalized to 1,
consistent with the observations of Fig. 3(c). Corresponding
value of the conversion efficiency of the second-order process was estimated to be of the order of 1012 for the 4-layer
sample, based on the experimental data. We also remark that
the imaginary part of b is extremely small (1.1  105),
which is consistent with the fact that the SHG wavelength of
532 nm is significantly detuned from the plasmon resonance
(see Fig. 3(b)). In principle and according to our model, the
strength of the SHG signal could be boosted even more by
depositing more active layers in the structure. In fact, with
our thickest four-layer sample, we already observe 43-fold
stronger SHG signal than the one measured for the substrate
(see Fig. 4). In addition, the structures prepared for the present experiments are non-optimized. Therefore we expect that
further development and optimization process allows the
second-order response to be increased even more.
In conclusion, we have introduced a concept for the fabrication of silica-metal nanocomposites with controllable linear and nonlinear optical properties. Aerosol synthesis
techniques were used to fabricate nanoparticle structures
with enhanced nonlinear optical properties. The fabrication
process allows creating ordered multilayer structures that
preserve the shape of the plasmon resonance independently
of the number of layers. We have further shown that separating multiple layers of decorated nanoparticles by silica
results in an overall non-centrosymmetry that leads to
second-harmonic generation that scales with the number of
layers. Due to the flexibility of the used aerosol synthesis
techniques, the material as well as the size of the carrier particles and the decorative nanodots can be varied to obtain
nanocomposites with different optical responses (linear and
nonlinear).
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We perform a detailed characterisation of the second-order nonlinear optical response of nanocomposites
consisting of alternating layers of silver-decorated silica glass nanoparticles and pure silica glass. The
samples are fabricated using aerosol techniques and electron-beam dielectric coating, resulting in a bulk-like
material with symmetry-breaking induced by the porosity of the alternating layers. The second-order
nonlinear response increases with the number of layers. Further, by determining the components of the
second-order susceptibility tensor of the samples, we show that the structural properties of the samples are
well maintained as the sample thickness is increased. Our results form an important baseline for any further
optimization of these types of structures, which can be fabricated using very straightforward methods.
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etal nanostructures and composite nanomaterials play a significant role in linear and nonlinear optics.
The optical responses of metal nanoparticles arise from the collective oscillations of their conduction
electrons, and the characteristics of the resulting localized surface plasmon resonances strongly depend
on several parameters, such as the nanoparticle shape1–4, size5–7, orientation and dielectric environment. In the
past decade, significant progress in various fabrication techniques has allowed to explore a large variety of shapes
and structures, as well as the effect of the mutual arrangement of the particles. This has led to remarkable
improvements in controlling the optical properties of nanostructures, allowing their responses to be tailored
for specific applications ranging from imaging8,9 and biosensing10,11 to solar cells12,13.
The efforts on optical nanomaterials have followed two distinct lines. The first focuses on optimizing and
understanding the enhanced optical responses of individual particles through particle shape (traditional spherical
particles or ellipsoidal nanorice) or composition (solid vs. core-shell structures)2. The second line assembles
collections of individual particles into nanocomposites with effective properties (metamaterials) enhanced compared to the constituent materials. The first effective-medium model for such composite materials was introduced
more than a century ago by Maxwell-Garnett14.
The effective medium approach is particularly important from the viewpoint of new types of nonlinear
materials, where the macroscopic properties of the sample can play a crucial role in determining whether a
significant response can be obtained or not. The model of Maxwell-Garnett has been extended to include nonlinear effects, and it has been shown that the third-order nonlinear susceptibility of a metal-dielectric bulk-type
composite material can exceed that of either of its constituents and possess tensorial nonlinear properties very
different from those of the host material15–17.
The requirements for second-order materials are even more demanding, because second-order effects, such as
second-harmonic generation, are only possible in noncentrosymmetric media. The observation of second-order
effects in metals has thus been mainly limited to surface geometries where symmetry is broken at the metaldielectric interfaces. For example, it is well-known that SHG can be enhanced by rough metal surfaces18. More
recently, SHG has been demonstrated in lithographic arrays of non-centrosymmetric particles19–22. In our previous work, we have shown that bulk-type multilayer composites made of alternating layers of silver-decorated
silica glass nanoparticles and fused silica intrinsically give rise to symmetry-breaking at each interface between the
pure silica glass and layers of decorated particles, resulting in a spontaneous growth of an overall non-centrosymmetric structure23. However, these results based on a single SHG signal do not provide information on how well
the order of the structure is maintained as its thickness is increased.
SCIENTIFIC REPORTS | 4 : 5745 | DOI: 10.1038/srep05745
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Figure 1 | (a) Schematic illustration of the nanocomposite samples. D is the thickness of the glass substrate, N is the number of layers, and hn and hS
represent the thickness of silver-decorated nanoparticles and pure silica glass, respectively. The SHG sources with the effective contribution from a single
layer Ekal are indicated. (b) Transmission electron microscope image of the nanocomposite structure.

In this paper, we present a detailed experimental investigation of
the second-order response for such a bulk-type second-order nanocomposite material. We determine the second-order susceptibility
tensors of the samples of different thickness. By comparing the relative values of the various tensor components, we show that the structural properties of the samples are well maintained as the sample
thickness is increased. The samples are shown to have the expected
isotropy in the sample plane, and the independent components of the
Ag=glass
~3:31 f m=V,
effective bulk susceptibility are found to be xxxz
Ag=glass
xAg=glass
~1:55
f
m=V,
x
~4:07
f
m=V
(where
z
is
the direction
zxx
zzz
of the layer normal). Our results provide a convenient reference for
further optimisation of these types of structures, which can be fabricated using very straightforward techniques.

Sample Fabrication and Measurements
The nanocomposite samples consist of alternating layers of silverdecorated silica glass nanoparticles and pure silica glass deposited on
top of a 1 mm thick silica glass substrate (microscope glass slide).
The layers are prepared using a combination of aerosol and dielectric
coating techniques as described in detail in23. Samples with different
numbers of layers were prepared with an effective area of about
3 cm2. A schematic illustration of the nanocomposites together with
an electron microscope image are shown in Fig. 1. The thickness of
the layer consisting of metal nanoparticles is hn5800 nm, and the
deposited layer of silica glass has a thickness of hS5200 nm.
Our previous results showed that the characteristics of the linear
optical response of this type of nanocomposite are preserved during
the multilayer growth and, in particular, the width and spectral position of the plasmon resonance remain independent of the amount of
silver decorated particles and number of layers23. The measurement
of the second-order nonlinear response further revealed that the
intensity of the SHG signal grows with the number of layers with
approximately the expected dependence23.
To fully characterize the second-order nonlinear response of the
composite samples, we perform SHG measurements using a neodynium YAG laser (1064 nm wavelength, 72 ps pulse length, 34 mJ
pulse energy). Polarization dependent measurements allow us to
verify the symmetry group of the samples. Subsequent Maker-fringe
measurements allows us to verify, that the SHG signal grows with the
sample thickness as expected. Finally, by comparing both sets of
measurements, we verify that all results can be described by a unique
set of tensor components.
First we make the measurements for different combinations of the
fundamental and SHG polarizations. The polarization of the fundamental laser beam is modulated with a half-wave plate (HWP)
and the intensities of the p- and s-polarized SHG signals are recorded
as a function of the HWP rotation angle. The results show that the spolarized SHG signal vanishes for both p- and s-polarized funSCIENTIFIC REPORTS | 4 : 5745 | DOI: 10.1038/srep05745

damental beams implying in full agreement with the expected
in-plane isotropy (C‘n symmetry group) of the sample and electricdipole origin of the effective response. The non-vanishing secondorder susceptibility tensor components are then limited to xxxz 5 xzxz
5 xyyz 5 xyzy, xzxx 5 xzyy and xzzz, where z is the normal to the surface
of the sample, and x and y represent orthogonal in-plane directions.
Next, we perform Maker-fringe charaterization24,25 for four different samples with increasing number of nanoparticle-silica glass
layers (1, 2, 3 and 4 layer samples) in the pin-pout polarization configuration. Measurements are also conducted for the glass substrate
which is then used as the reference. A series of ten distinct measurements at different spatial positions on the sample surface is conducted to eliminate any effects from possible inhomogeneity, and
the results are averaged over all ten measurements. The results for
samples of different thickness are fitted to a unique set of tensor
components and their compatibility with the polarization measurements is finally confirmed.

Modelling
In general, the p- and s-polarized SHG field components generated in
an achiral thin film with in-plane isotropy can be expressed as
Ep ~fe2p zge2s , and Es 5 hepes26, where ep and es represent the pand s-polarized components of the fundamental beam, respectively,
and f, g, and h are expansion coefficients that depend linearly on the
susceptibility tensor components, angle of incidence, and linear
optical properties of the material. Within the framework of a simplified Green’s function formalism27,28, where the multiple reflections
within the thin nanocomposite layers and absorption are neglected,
these expansion coefficients take the form
ð pÞ

2
Ag=glass
f ~tp12
Tp21 Dk ½xxxz
sin 2h3 cos H3 z

xAg=glass
cos2 h3 sin H3 zxAg=glass
sin2 h3 sin H3 ,
zxx
zzz
ðsÞ

2
Tp21 Dk xAg=glass
sin H3 ,
g~ts12
zxx
ðpsÞ

sin h3 ,
h~ts12 tp12 Ts21 Dk xAg=glass
xxz
ð pÞ

ðsÞ

ð1Þ

ð2Þ
ð3Þ

ðpsÞ

where Dk , Dk and Dk are the phase factors arising from the
propagation of the fundamental, and second-harmonic fields inside
of the structure with the total number of layers N, and are expressed
with the sums:
ð pÞ

Dk ~

N
X

ðN{kÞ

2k
tp23
Tp23

ðN{kz1Þ

Tp32
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:
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The refractive indices of the silver-decorated nanoparticle layers
were calculated using an effective medium approach16. Taking into
account the high porosity of the nanocomposite, we estimated
nAg/glass and NAg/glass to be 1.102 and 1.122 at the fundamental and
SH wavelengths, respectively29. Equations 1–8 can then be used to
validate the results of the fitting of the three independent tensor
components xAg=glass
, xAg=glass
and xAg=glass
of a single active layer
xxz
zxx
zzz
(decorated particles 1 silica glass) of the nanocomposite for the
performed Maker-fringe fittings.
In order to evaluate the absolute values of the active layer tensor
components and separate the contribution from the glass substrate,
we calculate the SHG fields generated from each interface and the
resulting total SHG amplitude. Because the different layers of the
samples were prepared under identical conditions, we assume that
each interface is an identical source of nonlinear radiation and contributes equally to the total SHG signal such that the total SHG
amplitude simply corresponds to the sum of the interfering SHG
fields generated at each interface. The SH intensity generated from
the multilayer structure is then given by

E3 ~

N
X

Ekal ,

ð12Þ

k~1

where the contribution Ekal of the kth layer to the total SHG signal is:
Ekal ~

J 2 2k 2ðk{1Þ ðN{kÞ ðN{kz1Þ
t t t
Tp23 Tp32
Tp21
W3 p12 p23 p32

| expfi2½w2 khS zw3 ðk{1Þhn g

ð13Þ
ð13Þ
expfi½W2 ðDzðN{kÞhS ÞzW3 ðN{kz1Þhn g



sin 2h3 cos H3 z sin H3 xAg=glass
ðcos h3 Þ2 zxAg=glass
ðsin h3 Þ2 :
| xAg=glass
xxz
zxx
zzz

We are now in the position to determine the absolute values of the
tensor components of a single active layer of the nanocomposite by
fitting Eqs. 9–13 to the Maker-fringe patterns, and Eqs. 1–8 to the
HWP polarizaration measurements.

Results
The results of the HWP measurements for different input/output
polarization combinations at a 62u angle of incidence corresponding
to maximum SHG signal are shown as squares and triangles in Fig. 2.
They allow us to determine that the investigated samples posses inplane isotropy, which limits the surface tensor components to the
three independent elements as discussed above. The measurement
for the 4-layer sample is presented in Fig. 2. The Maker-fringe measurement of a clean glass substrate alone (i.e. for the case of N 5 0 in
the model described with Eqs. 9–13) is illustrated in Fig. 3. The total

ð9Þ

The SH fields E1 and E2 represent the contributions from the
air-silica interface in region 1 and silica-air interface in region 2,
respectively, and E3 corresponds to the total contribution from the
nanocomposite layers. For p-polarized fundamental and SHG light, as
used in the Maker-fringe measurements, they can be expressed as27,28
N
J 2 
E1 ~
t Tp23 Tp32 Tp21 exp½i ðW2 ðDzNhS ÞzW3 Nhn Þ
W2 p12
ð10Þ

 glass
2
2 
glass
| xglass
,
xxz sin 2h2 cos H2 z sin H2 xzxx ðcos h2 Þ zxzzz ðsin h2 Þ
and


{22
2
glass
Here, the constants xglass
xxz ~7:89|10  m V, xzxx ~3:78|
glass
{22
2
{22
2
30
m =V and xzzz ~58:60|10
m V represent the inde10
pendent tensor components of the second-order surface response of
the air-silica interface which are defined in terms of the fields inside
~ 2 e2p , on the other hand, is a constant, where ep is
the material. J~i8pv
the amplitude of the incident p-polarized beam and hn, hS and D
denote the thickness of the silver-decorated nanoparticle layer, fused
silica layer and glass substrate, respectively.
The total contribution E3 of the nanocomposite multilayers
(region 3 in Fig. 1) to the SH field consists of multiple silica-nanoparticles interfaces which depends on the number of deposited layers
N as

Figure 2 | Experimentally measured intensity at 532 nm for p- (black
triangles) and s-polarized (red squares) SHG as a function of the HWP
rotation angle modulating the polarization of the incident beam at
1064 nm. The angle of incidence was fixed to 62u. The results are
normalized with respect to the p-polarized SHG intensity. Solid lines show
the theoretical fits from Eqs. 1–8. The black arrows indicate the
polarization of the incident fundamental field.
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The subscripts 1, 2 and 3 refer to air, silica glass, and nanocomposite
layers, respectively (see marked areas on the schematic image in
~ ~w=c is the reduced frequency (c is the speed of
Fig. 1(a)), and w
light in vacuum), hS denotes the thickness of the silica layer and hn
the thickness of the nanocomposite active layers. In Eqs. 1–3, we have
used lowercase and uppercase notation to define quantities at the
fundamental and SHG frequencies, respectively. With this notation
ni (Ni) is the refractive index of the ith region at the fundamental (SH)
frequency, and hi (Hi) the angle of propagation of the fundamental
(SH) radiation with respect to the structure normal inside the ith
region. Also: wi ~~
wni cos hi ðWi ~2~
wNi cos Hi Þ. The coefficients tpij
and tsij (Tpij and Tsij) account for the partial transmission of the s- and
p- fundamental (SHG) field components at the interface between
regions i and j, respectively, and they can be calculated from28

ISHG ~jE1 zE2 zE3 j2 :

2N 2
J 2 
t tp23 tp32 tp21
exp½i2ðw2 ðDzNhS Þzw3 Nhn Þ
W2 p12
ð11Þ
 glass

2
2 
glass
| xxxz sin 2h2 cos H2 z sin H2 xglass
:
zxx ðcos h2 Þ zxzzz ðsin h2 Þ

E2 ~{
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Figure 3 | Comparison between the theoretical model of Eqs. 9–11
(red solid line) and experimentally measured SHG intensity (black solid
line) vs. angle of incidence for the glass substrate.

different number of layers. In particular, the overall increase in the
SH intensity as a function of the number of layers is correctly reproduced, as well as the modulation depth and period of the fringes. The
corresponding absolute values of the nonlinear tensor components
of the nanoparticle-silica interface obtained from the fit are summarized in Table I.
The values of the tensor components of the nanoparticle-silica
, xAg=glass
and xAg=glass
are finally validated by the
interface xAg=glass
xxz
zxx
zzz
polarization measurements. Using Eqs. 1–3, we are now able to calculate the complex parameters f, g, and h. The calculated parameters
are next used to draw the expected line shape for the HWP measurements. The fit is presented in Fig. 2 as solid lines. The results of the
measurements are normalized with respect to the p-polarized data, as
well as the calculated line shape. The measured data points and
determined line are in excellent agreement, therefore validating the
values of the tensor components.

SH intensity reduces to contributions from the air-glass and glass-air
interfaces only (see Eqs. 10 and 11) and we see very good agreement
between the theoretical model and the experimentally measured data
for refractive indices nglass 5 1.45 and Nglass 5 1.46 at the fundamental and SHG wavelengths, respectively29. The thickness of
the substrate was estimated to be D 5 1061.2 mm in order to match
the period of the Maker fringes between the theory and measurement. The Maker-fringe measurements for the nanocomposite are
plotted in Fig. 4 as black solid lines and show a clear increase in the
SH signal for a growing number of layers with a maximum signal at
around 62u incidence. In order to fit these data with the model
described by Eqs. 9–13, we first make coarse estimates of the thicknesses for all the samples, to match the fringe pattern with the experimental one. Next, we set the absolute values of the tensor
components as free running parameters, and perform a robust fit
using the least-square method. In the fitting procedure we account
for all data points measured for all samples at the same time.
The results of the fits shown in Fig. 4 as red solid lines are in
excellent agreement with the measured data for all the samples with

Discussion
The dominant component of the nanocomposite layer interface is
xzzz, however its value is lower than the same component of the glass
surface. Note also, that the components xzxx and xxxz are also relatively large and unequal. These results allow us to make some conclusion about the character and possible origin of the nonlinear
response of the nanocomposite. The components xzxx and xxxz must
be equal when Kleinman symmetry is valid (i.e., far from any material resonances) or when the macroscopic nonlinearity arises from the
orientational average of microscopic constituents whose nonlinearity is dominated by a single diagonal component of the hyperpolarizability tensor (which is the case for, e. g., rod-like push-pull
molecules31). In the present case, our SHG wavelength is already at
the wing of the plasmonic extinction band of the silver particles,
whose presence is essential for the nonlinear response. The
Kleinman symmetry is therefore not operative. In addition, if the
silver nanoparticles are considered as the microscopic consitituents,
their nonlinear response cannot be reduced to a single tensor component. Instead, more components need to be considered even on the
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Figure 4 | Maker-fringe measurements (black solid line) with fitted model (red solid line). The averaged thicknesses of the silica glass and
nanoparticles layers estimated from the microscope image (see Fig. 1(b)) are hS 5 200 nm and hn 5 800 nm, respectively. Number of layers: a) 1 layer
sample, b) 2 layers sample, c) 3 layers sample, d) 4 layers sample.
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Table I | Calculated absolute values for the surface tensor components of a single nanocomposite layer, as well as the effective bulk
response obtained from these values
Surface
tensor
components
xxxz
xzxx
xzzz

Absolute Absolute Ag/glass Ag/glass
composite
normalized
glass
magnitude
(10222 m2/V) (10222 m2/V)
7.89
3.78
58.60

26.51
12.37
32.54

Effective
bulk
(fm/V)

1
0.47
1.23

3.31
1.55
4.07

Conclusions
In conclusion, we have performed a detailed characterization of the
second-order nonlinear response of multilayer silver nanoparticlesilica nanocomposites. Using a simplified Green’s function formalism, which allows to describe mathematically the sources at the
interfaces between the two materials, and fitting the Maker-fringe
patterns of the multiple samples, we have determined all the independent tensor components of the nanocomposite samples. The fact
that samples of different thickness can be described by a single set of
nonlinear parameters shows that the level of ordering of the samples
can be maintained for increasing sample thickness. The relative
values of the tensor components allowed us to make some conclusions about the mechanism underlying the nonlinear response. The
effective bulk nonlinearity of the investigated samples is relatively
low but can likely be increased by reducing the sample thickness. It
will also be interesting to investigate how much the nonlinear response can be boosted by increasing the amount of metal in the
structure and by operating closer to the plasmon resonance. In any
case, the present results provide a well-defined baseline for further
optimization of these types of nanocomposite materials for secondorder nonlinear effects.
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microscopic level, which will significantly complicate analyzing the
connection between the microscopic and macroscopic responses. In
addition, the fact that one of the off-diagonal components xxxz is
almost as large as the diagonal component xzzz suggests that the
orientational distribution of the microscopic constituents is relatively broad. This agrees well with the fact that the silver particles
are randomly distributed on the surface of the silica particles. Hence,
the properties of the silver particles are only modified by the porosity
of the silica glass layer that leads to a varying dielectric environment
around the silver particles at different vertical positions of a given
silica particle. This suggests that the tensorial properties of the macroscopic nonlinearity could be tuned by controlling the porosity of
the structure. Nevertheless, it is fair to say that it will be a significant
challenge to build a detailed model that connects the microscopic
origin of the nonlinearity to the macroscopic response.
We also note that the values of the bulk nonlinearity reported in
Table I are relatively weak. This arises from the fact that the effective
bulk response has been obtained by dividing the measured effective
surface response by the layer thickness. For the present samples, the
layer thickness is unnecessarily large and could easily be reduced by
at least one order of magnitude, resulting in a more respectable bulktype response. Further enhancement is expected from the optimization of the size and surface coverage of the silver decorated
nanoparticles.
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