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Abstract
In this work metallic nanostructures are studied using optical spectroscopy and microscopy. The most striking feature of the
optical properties of metallic nanostructures is their capability to support plasmons, coupled oscillations of the conduction
electrons and the electromagnetic field. When a plasmon is excited, the optical field can be locally enhanced by orders of
magnitude. Also scattering and absorption cross sections increase significantly. These properties open up many interesting
applications as well as give information about light-matter interactions on the nanoscale.
Optical microscopy is the natural tool to study the optical properties of nanostructures. The spatial resolution of
conventional microscopy is limited to approximately half the wavelength of light. However, by a suitable choice of contrast
mechanism, e.g., polarization, wavelength, or degree of polarization, a wealth of information can often be extracted about
the nanometer scale details of a structure although they cannot be directly resolved.
In this thesis, optical spectroscopy is combined with microscopy to investigate two types of metallic structures:
nanoparticles and slits in metallic thin films. A new method of optical microscopy is developed to make it possible to detect
and spectroscopically study individual gold nanoparticles smaller than 10 nm in diameter. The plasmon resonances of such
particles are researched using the developed technique. The light transmission properties of narrow slits fabricated in gold
thin films are also investigated using methods of optical microscopy. It is shown that the transmission spectrum exhibits
resonances whose properties sensitively depend on the dimensions of the structure. Furthermore, the influence of an external
disturbance on the transmittance spectrum is studied, an important question for applications in sensing and optical
switching. Results of numerical calculations are compared with the experimental data and a good agreement is found.
The central element of any microscopy system is the focusing optic. In this thesis the focusing of partially polarized light is
studied theoretically. It is observed that, strikingly, light may become locally fully polarized even when the incident optical
field is unpolarized. This counter intuitive effect is confirmed by experiments.
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1

Introduction

Nano optics is the field of science that deals with the manipulation and study
of optical fields on the nanometer scale as well as with the interaction of light
with nanostructures [1–6]. Although it can be justly argued that phenomena
classified as nano optical were observed and understood already quite some
time ago, the science of nano optics really took off with the development of the
near-field optical microscope in 1984 [7,8]. This new tool allowed scientists to
perform optical microscopy with a resolution significantly higher than before,
opening up a new domain for optical science. This was in itself an important
development but more importantly, it has led to a change in our mindset —
although the wavelength of visible light is on the order of 500 nm, there is a
wealth of optical phenomena occurring at length scales substantially shorter
than this.
Among the earliest observations of phenomena firmly belonging to the
field of nano optics are the brilliant colours displayed by light scattering
from nanometer-sized metal particles as evidenced by the Lycurgus cup from
ancient Rome [9]. The scattering is due to the excitation of a resonant
oscillation of the conduction electrons of the particles known as a surface
plasmon [10]. The study of the optical properties of metallic nanoparticles
has drawn considerable interest both theoretically and experimentally. The
famous theory of Gustav Mie on light scattering from spherical particles is
one of the landmarks of the theoretical work [11]. From an experimental
point of view, metallic nanoparticles have attracted much attention both in
fundamental studies as well as in applied science [10]. The strong interaction
between the electromagnetic field and the particle makes the nanoparticle a
convenient system to study light-matter interactions on the nanoscale. At
the plasmon resonance, the optical field can be enhanced significantly in the
vicinity of the particle. The field enhancement can, e.g., be used to amplify
weak processes such as Raman scattering to reach single-molecule sensitivity [12]. The surface plasmon resonance is sensitive to the environment surrounding the particle. This property can be used in sensing applications [13].
In addition to localized plasmons, propagating waves can be excited at
metal-dielectric interfaces. Such plasmon polaritons, like their localized counterparts, have attracted great interest over the last decades [14]. The wave
propagates along the interface as a combination of charge density oscillation and electromagnetic wave. The plasmon polaritons share many similar
properties with localized plasmons. For example, the electromagnetic field
is significantly enhanced close to the surface and the resonance is sensitive
to changes in the media close to the interface. Furthermore, because the
plasmon polariton is localized to the surface but propagates along it, many
1

additional possibilities for optics using such excitations open up [15–17]. One
of the goals of this research has been to develop integrated plasmonic circuits
where information is processed by first coupling the input signal to the plasmon polariton, then letting the wave propagate through the device, and
finally coupling it out. Basic components such as mirrors and couplers for
such devices have already been demonstrated [15–17].
The basic research tool in nano optics is most commonly an optical microscope. The history of microscopy is long and rich and the modern device
is not very different from its historical predecessors. It is therefore surprising
that optical microscopy has still seen many significant developments in the
last decades. The near-field microscope is an important tool in itself but its
invention has also spurred the race to develop other novel methods to extend
the capability of the optical microscope. Optical microscopy can now, in
principle, be performed with arbitrarily good resolution [18]. By combining
microscopy with optical spectroscopy, the information obtained is also increased significantly. While a nanostructure might not be directly resolved
with a far-field microscope, its spectral response can give important information about the nanometer scale details of the object. Also, the polarization
properties are often highly sensitive to the details of the nanostructure.
Most treatments of optical microscopy approximate the electromagnetic
field in some way. Commonly, the vectorial nature of light is omitted and
the field is taken to be scalar, or, a fully polarized coherent wave is assumed.
When these assumptions are abandoned, new interesting phenomena can be
expected to be discovered. The field at the focus of a microscope objective
displays a complicated three-dimensional (3D) structure where the polarization can change significantly on a scale of tens of nanometers. The coherence
and polarization properties of tightly focused light are therefore highly topical questions both for fundamental science as well as for applications. Like
the wavelength and polarization, the coherence properties of electromagnetic
waves are quantities that characterize optical fields in a fundamental way
and can be used to obtain information about the light source or the sample
from which the field scatters. Optical coherence is thus a central issue in
nano optics.
In this thesis several topics of nano optics are studied. A new method to
detect and spectroscopically characterize plasmon resonant metallic nanoparticles is developed. A related nanostructure, a nanoslit in a metal film, is
investigated both theoretically and experimentally. Finally, the tight focusing
of partially polarized light is treated theoretically as well as experimentally.
The compendium to the thesis is organized as follows: In Sec. 2 some
theoretical background to the work is reviewed. The angular spectrum representation of wavefields derived in this section is a powerful tool useful in
2

treating propagation and focusing of light. Also methods and concepts of
second-order electromagnetic coherence theory relevant for this work are reviewed.
Sections 3 and 4 form the core of the work. In Sec. 3 the basic optical properties of metallic nanostructures are briefly discussed. The optics
of metallic nanoparticles are then introduced in detail by reviewing the Mie
theory. The experimental detection and spectroscopy of gold nanoparticles
using supercontinuum light is also presented [Paper I]. The section is concluded by a discussion of the light transmission properties of narrow slits in
metal films [Papers II and III].
The focusing of light is the subject of Sec. 4. First the history of microscopy and focusing is briefly reviewed. Then, the theory of focusing partially polarized light is presented in detail [Paper IV]. The focusing of fully
polarized waves follows from the general theory as a special case. Finally, a
method to study the polarization statistics of optical fields with high spatial
resolution is developed and applied to the case of tightly focused light. It
is observed that light can become locally polarized in the focal region even
when the incident field is unpolarized [Paper V].

3

2

Theoretical background

The electric current and charge distributions that occur in nature are never
fully deterministic but fluctuate randomly to some extent. Furthermore,
the electromagnetic fields radiated by these sources can interact with media
whose optical properties vary randomly. As a consequence, optical fields also
exhibit random fluctuations. In order to analyze the properties of such wavefields, optical coherence theory is employed. In this section the basic concepts
of second-order electromagnetic coherence theory pertaining to partial polarization will be introduced [19–22]. Also basic electromagnetic theory relevant
for this work is briefly reviewed [23–25].

2.1

Maxwell’s equations

A fluctuating electromagnetic field can be represented by an ensemble of realizations of the field. Throughout the analysis the random quantities are
assumed to be stationary with zero mean. When analyzing deterministic
fields, each realization can be taken to be the same. A realization of the randomly fluctuating electromagnetic field satisfies the macroscopic Maxwell’s
equations which in SI units read
∇ · D(r, t) = ρ(r, t),
∇ · B(r, t) = 0,
∂B(r, t)
∇ × E(r, t) = −
,
∂t
∂D(r, t)
,
∇ × H(r, t) = j(r, t) +
∂t

(1)
(2)
(3)
(4)

where E(r, t) and H(r, t) are the electric and magnetic fields, respectively,
and D(r, t) is the electric displacement and B(r, t) is the magnetic induction.
The sources of the electromagnetic field are the free charge density ρ(r, t) and
the free current density j(r, t). These are related by the equation of continuity
∂ρ(r, t)
+ ∇ · j(r, t) = 0.
∂t

(5)

The response of matter to the electromagnetic field can be described by the
electric polarization P(r, t) and the magnetization M(r, t). The polarization
and magnetization relate the fields to the electric displacement and magnetic
induction according to the relations [24]
D(r, t) = ²0 E(r, t) + P(r, t),
B(r, t) = µ0 [H(r, t) + M(r, t)] ,
5

(6)
(7)

where the constants ²0 and µ0 are the vacuum permittivity and permeability,
respectively. In this work we consider the electromagnetic field only in linear,
homogeneous, and isotropic media in which case the electric polarization and
magnetization are related to the electric and magnetic fields by the following
constitutive relations
Zt
χ(t − t0 )E(r, t0 ) dt0 ,
(8)
P(r, t) = ²0
−∞

Zt
η(t − t0 )H(r, t0 ) dt0 ,

M(r, t) =

(9)

−∞

where χ(t) and η(t) are known as the electric and magnetic susceptibility,
respectively. The fact that the polarization and magnetization at time t
depend only on the value of the fields at earlier times is simply a statement
of causality.

2.2

Angular-spectrum representation

The angular-spectrum representation for the electric field is a useful tool in
analyzing wave propagation, scattering, and focusing problems [21, 25]. We
consider a monochromatic realization of the electric field oscillating at frequency ω in a source-free region, i.e., j(r, t) = 0 and ρ(r, t) = 0. Furthermore,
we assume that the response of the material to the electric field can be described by Eq. (8) and that the magnetic susceptibility η is small enough to
allow disregarding the magnetization. The latter is usually a good approximation at optical frequencies [24]. With these assumptions we obtain from
Maxwell’s equations, Eqs. (1)–(4), the Helmholtz equation for the realization
of the electric field in frequency space
(∇2 + k 2 )E(r, ω) = 0,

(10)

where the wave-number of light is defined as k = n(ω)ω/c, and where n(ω)
is the index of refraction of the medium, and c = (²0 µ0 )−1/2 is the speed of
light in vacuum.
We assume further that the wavefield is propagating into the half-space
z ≥ 0 so that the sources of the field are located in the half-space z < 0. We
also assume that in any plane z = constant the electromagnetic field can be
represented as a Fourier integral, i.e., we write for the electric field
Z Z∞
E(r, ω) =
Ê(kx , ky , z, ω)ei(kx x+ky y) dkx dky .
(11)
−∞

6

Inserting this representation into Eq. (10) we obtain a differential equation
for Ê(kx , ky , z, ω) which is readily solved to yield the following representation
for E(r, ω),
Z Z∞
e(kx , ky , ω)ei(kx x+ky y+kz z) dkx dky ,

E(r, ω) =

(12)

−∞

where

½ p 2
2
2
2
2
2
pk 2 − kx2 − ky2, kx2 + ky2 ≤ k2 ,
kz =
i kx + ky − k , kx + ky > k .

(13)

Equation (12) is known as the angular spectrum representation of the field
and e(kx , ky , ω) is the angular spectrum in the plane z = 0 [21, 25]. Physically, the angular spectrum representation is an expansion of the wavefield in
modes. Modes for which kz is real are simply plane waves traveling in directions specified by the vector [kx ky kz ]. The modes for which kz is imaginary
decay exponentially with distance from z = 0 and are known as evanescent
waves. Here the angular spectrum representation was written for the electric
field. The magnetic field can be expressed similarly.
The existence of two types of modes in the angular spectrum representation has physical significance. The propagating plane waves carry the low
spatial-frequency information (kx2 + ky2 ≤ k 2 ) whereas the high-frequency information is represented by the evanescent waves. This information is thus
lost when the field propagates.

2.3

Review of basic coherence theory

Consider a realization of the fluctuating electromagnetic field E(r, t) at point
r and at time t. The polarization properties of the field at a single space-time
point are determined by the correlations that exist between the orthogonal
field components and are characterized by the equal-time coherence matrix
J(r) whose elements are given by
Jjk (r) = hEj∗ (r, t)Ek (r, t)i,

(14)

where the angle brackets denote averaging over the ensemble of realizations,
the asterisk stands for complex conjugation, and (j, k) = (x, y, z) label the
Cartesian components of E(r, t) [21]. The coherence matrix does not depend
on time t as the fluctuating wavefield was assumed to be stationary. If we
furthermore assume that the field is ergodic the ensemble average is equal to
the time average [21]. Since fields observed in nature appear to be ergodic,
7

the polarization properties can experimentally be determined by measuring
time averages of the relevant quantities over a long enough period.
The generalization of the equal-time coherence matrix J(r) is the electric
coherence matrix [21] with elements
Ejk (r1 , r2 , τ ) = hEj∗ (r1 , t)Ek (r2 , t + τ )i,

(15)

which characterizes the correlations that exist between the electric field components at two space-time points (r1 , t1 ) and (r2 , t2 ). Due to stationarity the
electric coherence matrix depends on time only through the time difference
τ = t2 − t1 . Similar tensors can be defined to characterize the correlations of
the magnetic field components and the correlations between the components
of the electric and magnetic fields [21].
It is often more convenient to analyze the electromagnetic field in the
space-frequency domain than in the space-time domain. In particular, lightmatter interactions are often more simply dealt with in the space-frequency
domain as can be seen from the constitutive relations, Eqs. (8)–(9), which
are convolutions in the space-time domain. In the space-frequency domain
these are multiplications making the analysis simpler. The space-frequency
domain analogue to the electric coherence matrix, the cross-spectral density
tensor W(e) (r1 , r2 , ω), is obtained by Fourier transforming Eq. (15) to yield
(e)
Wjk (r1 , r2 , ω)

1
=
2π

Z∞
Ejk (r1 , r2 , τ )eiωτ dτ.

(16)

−∞

It can be shown that the cross-spectral density tensor W(e) (r1 , r2 , ω) can be
represented as an average over an ensemble of monochromatic realizations
{E(r, ω) exp(−iωt)} oscillating at frequency ω [26]. The elements of the
cross-spectral density tensor are in this case given by
(e)

Wjk (r1 , r2 , ω) = hEj∗ (r1 , ω)Ek (r2 , ω)i.

(17)

The polarization properties of the field at a single space-frequency point are
determined by the correlations between the field components at that point.
By setting r1 = r2 = r in Eq. (17) we obtain the spectral coherence matrix
Φ(r, ω) with elements
(e)

φjk (r, ω) = Wjk (r, r, ω).

(18)

The spectral coherence matrix is the space-frequency analogue to the equaltime coherence matrix J(r).
8

It is to be noted here that so far the electromagnetic field has been assumed to be three-dimensional (3D). In many cases of practical importance
the field is beam like so that only two Cartesian vector components are significant. The 2 × 2 coherence matrix describing the field is in these cases
constructed similarly to the full 3 × 3 coherence matrix from the two nonzero vector components.

2.4

Transmission of a partially polarized beam through
linear, non-image-forming devices

The elements of the coherence matrix can for uniformly partially polarized
two-dimensional (2D) fields be determined by measuring the intensity of the
light after it has been passed through a combination of a retarder and a
polarizer oriented in four different orientations [21]. We will now look at
how the coherence matrix is transformed when light passes through linear,
non-image-forming devices such as a polarizer. It is useful to represent a
realization of the fluctuating electric field as a column vector E(ω)
¸
·
Ex (ω)
,
(19)
E(ω) =
Ey (ω)
where Ex (ω) and Ey (ω) are the Cartesian components of the realization.
The realization is assumed to be uniform at least over the dimensions of
the detector so that no position dependence has been included in Eq. (19).
After passing through a linear non-image-forming device the realization is
transformed to
E0 (ω) = T(ω)E(ω),
(20)
where T(ω) is the 2 × 2 transmission matrix of the device. The coherence
matrix of the light transmitted through the device can now be written as
Φ0 (ω) = hE0∗ (ω)E0T (ω)i = T∗ (ω)Φ(ω)TT (ω),

(21)

where the superscript T denotes the transpose of a matrix and Φ(ω) is the
coherence matrix of the light before the device. The transmission matrices for
common optical components can readily be written down from the definition
of the transmission matrix. For example, a device that has the complex
transmission coefficients tx (ω) and ty (ω) for the x and y components of the
field has the transmission matrix
·
¸
tx (ω)
0
T(ω) =
.
(22)
0
ty (ω)
9

The intensity of the field, or more precisely, the spectral density, is given
by the trace of the coherence matrix. From Eq. (21) it is seen that the
spectral density Itot (ω) after the light has been transmitted through a device
can be expressed in the form
X
Itot (ω) =
Rij (ω)φij (ω),
(23)
ij

where the coefficients Rij (ω) (i, j) = (x, y) are functions of the elements
of the transmission matrix with Rxx (ω) and Ryy (ω) being real valued, and
Ryx (ω) = [Rxy (ω)]∗ . The elements of the coherence matrix can thus be
measured by passing the light through suitably chosen optical components
and measuring the intensity of the transmitted light to yield four values for
Itot (ω). The elements of the coherence matrix can then be solved for the
set of known coefficients Rij (ω). Most often the intensities of three linearly
polarized and one circularly polarized component are measured [21]. The
procedure described here is equivalent to measuring the Stokes parameters
of the beam.

2.5

The degree of polarization

The degree of polarization is a quantity that reflects the correlations between
the electric-field components of the fluctuating electromagnetic wave at a
single point. The traditional formulation of this quantity is valid only for
beam-like fields, for which the information on the state of partial polarization
may be expressed by the 2 × 2 coherence matrix [21, 22]. Recently, the
concept of the degree of polarization was extended to also deal with general
3D electromagnetic wavefields [27] (see also [28]).
The traditional formulation of the degree of polarization is based on
uniquely decomposing the 2 × 2 spectral coherence matrix Φ2 (r, ω) into a
sum of two matrices of which one represents unpolarized light and the other
one fully polarized light. A natural measure for the degree of polarization
is then the ratio of the intensity of the polarized component to the total
intensity. The resulting expression for the degree of polarization of a twodimensional field P2 (r, ω) is [21, 22]
½
¾
4 det[Φ2 (r, ω)]
tr[Φ22 (r, ω)]
1
2
=2
−
P2 (r, ω) = 1 −
,
(24)
tr2 [Φ2 (r, ω)]
tr2 [Φ2 (r, ω)] 2
where det and tr denote the determinant and trace of a matrix, respectively.
The degree of polarization is bounded between 0 and 1, which correspond to
unpolarized and fully polarized fields, respectively. Since the degree of polarization depends only on the trace and determinant of the spectral coherence
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matrix, it is invariant under unitary transformations such as rotations of the
coordinate system about the beam’s propagation direction.
For 3D fields the decomposition of the 3×3 coherence matrix Φ3 (r, ω) into
unpolarized and polarized parts is not possible [27]. In this case the concept
of the degree of polarization can be formulated in terms of the 3D Stokes
parameters [27]. The resulting expression for the 3D degree of polarization,
P3 (r, ω), is
½
¾
1
3 tr[Φ23 (r, ω)]
2
.
(25)
−
P3 (r, ω) =
2 tr2 [Φ3 (r, ω)] 3
The 3D degree of polarization is, as its 2D counterpart, independent of the
orientation of the coordinate system and bounded between 0 and 1, which
correspond to unpolarized and fully polarized 3D fields, respectively.
The degree of polarization, in both 2D and 3D, is a measure of the average
correlation between the field components. This can be seen by expressing it
explicitly in terms of the complex correlation coefficients µij (r, ω) defined as
µij (r, ω) ≡

φij (r, ω)
[φii (r, ω)φjj (r, ω)]1/2

.

(26)

The magnitude of the correlation coefficients, i.e., the degree of correlation,
is bounded to the interval 0 ≤ |µij (r, ω)| ≤ 1 with the lower limit indicating
uncorrelated field components and the upper limit corresponding to complete
correlation between the components. Unlike the degree of polarization, the
correlation coefficients depend on the orientation of the Cartesian coordinate
system. In terms of the degrees of correlation, we can write the 3D degree of
polarization as [27]
P
3[1 − |µij (r, ω)|2 ]φii (r, ω)φjj (r, ω)
ij
P32 (r, ω) = 1 −
,
(27)
[φxx (r, ω) + φyy (r, ω) + φzz (r, ω)]2
where the summation is carried out over index pairs (ij) = (xy, xz, yz). A
similar expression can also be obtained for P2 (r, ω). We see from Eq. (27)
that if the coordinate system is rotated so that the diagonal elements of the
spectral coherence matrix are all equal, which can always be done, the degree
of polarization is simply the average of the squared degrees of correlation
|µij (r, ω)|2 . A more comprehensive discussion of the 2D and 3D degrees of
polarization is given in [27, 28].
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3

Optical spectroscopy of plasmon resonant
nanostructures

The interest in nanoscience and nanotechnology has fuelled the development
of advanced fabrication techniques as well as methods to characterize nanostructures. Optical techniques to observe nanometer sized objects are particularly attractive as the need for sample preparation is often minimal and
observations can be made nondestructively. The diffraction limit of optical
imaging, however, limits the amount of information that can be obtained by
intensity measurements. Near-field techniques such as scanning near-field optical microscopy (SNOM) surpass the resolution limit but are often cumbersome and are restricted to the surface of the sample. Optical spectroscopy,
on the other hand, can be used to yield information about subwavelength
structures using far-field optics. The spectrum often depends sensitively on
the nanometer scale details of the sample. In this chapter we discuss some
methods to study two types of nanostructures: gold nanoparticles and nanostructured gold films.

3.1

Plasmon resonant nanostructures

The optical properties of metals are dominantly due to the response of the
free conduction electrons to light. The conduction electrons of the metal
can be viewed as an electron gas of density n superposed on the positively
charged lattice. A simple way to describe the response of the electron gas to
an applied electromagnetic field is the Drude model [6]. In the Drude model
the electrons are assumed to be displaced from their equilibrium position by
r due to the applied electric field E. The motion of the electrons is also
influenced by scattering processes which are described by a damping force
written as −Γmṙ, where m is the effective mass of the electron and Γ is the
damping constant. The equation of motion for the electrons then becomes
mr̈ = −Γmṙ + eE,

(28)

where e is the electron charge. For a time-harmonic electromagnetic field of
angular frequency ω, Eq. (28) can be solved to obtain the following expression
for the induced polarization P(ω)
P(ω) = −

ne2 /m
E(ω).
ω 2 + iωΓ

(29)

Using Eq. (29) we obtain an expression for the electric susceptibility χ(ω) in
the frequency domain [see Eq. (8)], so that the relative permittivity ²(ω) =
13

1 + χ(ω) of the electron gas can be written as
²(ω) = ²0 (ω) + i²00 (ω) = 1 −

ωp2
ωp2 Γ
+
i
,
ω 2 + Γ2
ω(ω 2 + Γ2 )

(30)

p
where the frequency ωp = ne2 /m²0 is called the plasma frequency of the
metal, and ²0 (ω) and ²00 (ω) are the real and imaginary parts of the permittivity, respectively. From Eq. (30) we see that the real part of the permittivity
²0 (ω) may be negative. For example, for gold ωp = 13.8 × 1015 s−1 and
Γ = 1.1 × 1014 s−1 so that ²0 (ω) < 0 for visible wavelengths [2]. It is to
be noted that the Drude model ignores the influence of the bound electrons
which can be signficant. Nevertheless, the model is quite accurate for some
metals, particularly in the infrared spectral region, and thus widely used in
optics.
From Eq. (30) we observe that for low frequencies the permittivity is
dominated by the imaginary part, which is related to dissipation of energy
[24], so that light does not penetrate significantly into the medium. For
frequencies higher than the plasma frequency ²0 (ω) > 0. If the imaginary
part of the permittivity is small, the metal is transparent and light can
propagate significant distances in it [29]. An incident field oscillating at the
plasma frequency, on the other hand, may induce a charge-density oscillation
known as a volume plasmon in the medium [29]. Since the volume plasmon
is longitudinal it cannot be excited directly with propagating light.
The possibility to excite plasmons is one of the most fascinating features
of the optical properties of metals. In addition to the volume plasmons
introduced above, plasmons localized in one or more dimensions can also be
excited. The condition for this is that the real part of the permittivity is
negative and the imaginary part is small [10, 14]. This will be seen explicitly
for the case of spherical metal particles in Sec. 3.2. From Eq. (30) we see that
in the Drude model the requirement of negative real part of the permittivity is
satisfied for frequencies below the plasma frequency. In the visible part of the
spectrum silver and gold have both a small imaginary part of the permittivity
and a negative real part making them good choices for fabricating structures
capable of supporting plasmons. The localized plasmons can be classified into
two categories, surface plasmon polaritons (SPPs) which propagate along a
metal-dielectric interface and localized surface plasmons (LSPs) confined to
nanostructures [6]. Research in the field of optics making use of plasmons
has progressed rapidly in recent years and developed into a field of its own
known as plasmonics [2, 15–17] in analogue to electronics and photonics.
Plasmons have many attractive properties for both fundamental scientific
inquiry as well as for applied research [2,14–17]. The properties of plasmons,
14

e.g., the wavelength or propagation length, depend sensitively on the properties of the materials involved. Thus plasmons offer a means to perform
materials research. Furthermore, electromagnetic fields can be significantly
enhanced close to the metal surface which can be used to amplify weak processes. This has significant implications for both fundamental research and
applications. The fact that plasmons can be localized opens the way for many
interesting applications. Surface plasmon polaritons are bound to the surface
of the metal, a property that has made them an attractive candidate for realizing integrated photonics components. Plasmons excited in metal particles,
on the other hand, make the particles appear very bright in scattering experiments which can be utilized in labeling and tracking applications. Finally,
the sensitivity of plasmon excitations on the properties of the surrounding
media naturally leads to applications in sensing.
One of the challenges in plasmonics research has been to develop methods
to optically study isolated metal particles [30]. Achieving this goal is important because it would improve existing or open up new applications as well
as making it possible to study fundamental problems such as quantum size
effects [10]. Gold nanoparticles can be detected optically either by observing
the light scattered by the particle or by detecting light absorption. Recently,
also the luminescence from metallic nanoparticles has been observed [31–34].
The detection of the scattered light is hampered by the fact that the Rayleigh
scattered light cannot be spectrally separated from the incident field. For
gold nanoparticles larger than 40–50 nm in diameter, individual particles
can be observed with dark-field or total internal reflection (TIR) microscopy
which provides very low background light [35–37]. Also SNOM has been used
to detect and study gold nanoparticles. In this case the nanoparticle acts as
a scatterer radiating the evanescent light emanating from the SNOM probe
tip [38, 39].
As the scattering cross section of a nanoparticle is proportional to the
sixth power of the particle radius, the power of the scattered light quickly
decreases below the detection limit as the radius is decreased. To increase the
amount of scattered light one can make use of very bright light sources such
as supercontinuum light generated in a photonic crystal fibre (PCF) [Paper
I]. Furthermore, by detecting the scattered light interferometrically the signal
is greatly increased [Paper I, 40–44].The strength of the field is proportional
to the cube of the diameter of the particle. Interferometric methods can also
be used to obtain information about both the real and imaginary parts of
the refractive index of the particles [40–43].
In order to reduce the background that hampers the direct detection
of the light scattered by a gold nanoparticle, nonlinear techniques can be
applied. Both second and third harmonic generation has been observed from
15

metallic nanoparticles [32, 45, 46]. Second harmonic generation, however, is
not possible from spherically symmetric particles which restricts the usability
of this method.
The direct observation of absorption of light in metallic nanoparticles
is difficult due to the small amount of energy that is absorbed from the
illuminating field. On the other hand, absorption dominates scattering for
very small particles as the absorption cross section scales as the cube of the
radius of the particle. Furthermore, absorbing particles can be distinguished
from dielectric scatterers which is particularly important in biological labeling
applications. Individual gold and silver nanoparticles have been detected
indirectly by a photothermal method in which the thermal lens created by
an absorbing particle is observed [47–49]. Recently light absorption in gold
nanoparticles has also been observed directly [50].
Smooth and structured metal films have attracted considerable interest
in particular for applications in developing integrated devices making use of
plasmons [15–17]. Basic components such as switches and reflectors have
already been demonstrated [15–17]. One of the most spectacular results of
this research is the observation of extraordinary optical transmission (EOT)
by Ebbesen et al. [51]. In EOT a noble metal film perforated by a periodic array of holes of subwavelength diameter transmits, for certain resonant
wavelengths, more light than impinges on the holes.
The extraordinary optical transmission can be understood to be a consequence of light coupling to the plasmon propagating along the patterned
incident surface. A similar plasmon can be excited on the other interface.
The plasmons are coupled via the holes in the film resulting in the observed
enhanced transmission [17]. In addition to increasing the coupling strength
between the plasmons propagating on the two interfaces, the periodic pattern
of holes provides the necessary momentum to couple the incident propagating
light to the plasmon. For smooth surfaces the wavenumber, or momentum,
of the plasmon is always greater than that of light and hence propagating
electromagnetic fields do not couple to SPPs directly [14].
The basic features of the extraordinary optical transmission effect have
after its discovery been intensively researched in the optical and also other
wavelength regions both theoretically and experimentally [17, 52–73]. The
influence of an array as well as of a single aperture in a metal film on the
fluorescence of molecules has been studied [74–77]. By patterning the metal
surface around a single aperture it has been shown that the transmission
spectrum can be tuned and that the radiation emerging from the aperture
can be collimated in the form of a beam [78, 79]. Furthermore, the ability to
tune the transmission resonance wavelength has been used to demonstrate
switches, including all-optical devices [80–82]. Other applications based on
16
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Figure 1: Geometry of scattering of light by a spherical particle. The permittivity of
the medium of the particle is ²(ω) and that of the surrounding region is ²m (ω). The
polarization of the incident wave Ei is along the x-axis and the wavevector is along the
z-axis. The scattered field is denoted by Es .

the EOT effect that have been investigated include photodetectors [83, 84],
laser [85], wavelength de-multiplexer [86], organic light-emitting diode [87],
and sensors [88, 89]. The possibility to use a perforated metal film for imaging and lithography has been studied both experimentally [90] and theoretically [91]. The fact that at the resonance frequency the electromagnetic field
can be considerably enhanced in the structure has been applied in non-linear
optics [92] as well as in surface enhanced spectroscopy [93, 94].
In the next two sections we discuss the optical properties of metallic
nanoparticles and discuss the detection and spectroscopy of gold nanoparticles using supercontinuum confocal microscopy [Paper I]. Spectroscopy of
nanostructured gold films is discussed in Sec. 3.4 [Papers II and III].

3.2

Optical properties of metallic nanoparticles

In this section we review the main results from the Mie theory of light scattering from spherical particles [11]. The notation and conventions follow the
book of Bohren and Huffman [95]. All the media are assumed to be linear, isotropic and homogenous. We furthermore assume that the magnetic
susceptibility of the materials is small enough to be disregarded. The scattering geometry is shown in Fig. 1. A monochromatic electromagnetic plane
wave, Ei , oscillating at frequency ω incident along the positive z-axis scatters
from a spherical particle of radius a and permittivity ²(ω). To simplify the
notation we only show explicitly the frequency dependency of the material
parameters. The coordinate system is defined by the orthogonal axes OX,
OY, OZ, and the origin O which is at the center of the particle. Spherical
17

polar coordinates (r, θ, ϕ) are introduced with the polar axis along the z-axis
and the azimuth ϕ measured from the OX direction. The basis vectors of
the coordinate system are denoted by er , eθ , and eϕ . The permittivity of the
medium surrounding the particle is ²m (ω) and the scattered field at point r
is denoted by Es (r). We furthermore assume that the surrounding medium
is nonabsorbing. The polarization of the incident field is taken to be along
the x-axis and the amplitude of the field is E0 .
The electromagnetic field must satisfy the Helmholtz equation, Eq. (10),
both inside and outside the particle. The field scattered by the spherical
particle can be determined by expressing the incident and scattered fields as
well as the field inside the particle in terms of a suitable set of basis functions
that are solutions to the vector Helmholtz equation. Applying the continuity conditions for the optical field at the surface of the particle yields the
expansion coefficients and thus the solution. In the spherical geometry the
problem is best solved in terms of vector spherical harmonic functions [95].
The field scattered by the particle can after some algebra be written as
Es (r) =

∞
X

En [ian Ne1n (r) − bn Mo1n (r)],

(31)

n=1

where En = in E0 (2n+1)/n(n+1) and the vector spherical harmonics Mo1n (r)
and Ne1n (r) can be written as
(1)
Mo1n (r) = cos ϕπn (cos θ)h(1)
n (ρ)eθ − sin ϕτn (cos θ)hn (ρ)eϕ ,

Ne1n (r) = cos ϕn(n + 1) sin θπn (cos θ)

(1)
hn (ρ)

ρ

(32)

er
(1)

[ρhn (ρ)]0
+[cos ϕτn (cos θ)eθ − sin ϕπn (cos θ)eϕ ]
,
ρ

(33)

where
Pn1 (cos θ)
,
sin θ
dPn1 (cos θ)
τn (cos θ) =
,
dθ

πn (cos θ) =

(34)
(35)

p
and ρ = kr with k = ²m (ω)ω/c being the wavenumber of the light in the
(1)
medium outside the particle. In Eqs. (32) and (33) hn (ρ) is the spherical
Hankel function of the first kind and order n and the prime denotes differentiation with respect to the argument of the function. In the definition of
the functions πn and τn , the function Pn1 is the associated Legendre function
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of the first kind of degree n and order 1 [95]. The expansion coefficients an
and bn in the expression of the field, Eq. (31), can be written in terms of
Riccati-Bessel functions ψn (x) and ξn (x) in the form [95]
mψn (mx)ψn0 (x) − ψn (x)ψn0 (mx)
,
mψn (mx)ξn0 (x) − ξn (x)ψn0 (mx)
ψn (mx)ψn0 (x) − mψn (x)ψn0 (mx)
,
=
ψn (mx)ξn0 (x) − mξn (x)ψn0 (mx)

an =

(36)

bn

(37)

where
ψn (y) = yjn (y),
ξn (y) = yh(1)
n (y),

(38)
(39)

and jn (y) is the spherical Bessel function of the first kind and order n. In
Eqs. (36)–(37) the size parameter x and the relative refractive index m are
defined as
x = ka,
(40)
n(ω)
,
(41)
m =
nm (ω)
p
p
where n(ω) = ²(ω) and nm (ω) = ²m (ω) are the refractive indices of the
particle material and the medium around the particle, respectively.
Using the expression for the scattered field, formulae for the extinction,
scattering, and absorption cross sections can be derived. The scattering
(absorption) cross section Csca (Cabs ) is defined as the ratio of the scattered
(absorbed) power to the intensity of the incident field. The extinction cross
section Cext is the sum of the scattering and absorption cross sections and
describes the overall disturbance in the incident field caused by the particle.
Making use of Eq. (31) the following expressions can be derived for the cross
sections [95]
Csca =
Cext

∞
2π X
(2n + 1)(|an |2 + |bn |2 ),
k 2 n=1

∞
2π X
(2n + 1)Re(an + bn ),
=
k 2 n=1

(42)
(43)

where Re denotes the real part.
The coefficients an and bn in Eq. (31) correspond to the different modes
excited in the particle by the incident wave. For very small particles only the
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lowest order dipole mode is significant [95]. By expanding the expressions for
the coefficients an and bn in a Maclaurin series, it is found that if |m|x ¿ 1
the dominant term is a1 for which we find the formula [95]
i2x3 m2 − 1
a1 = −
+ O(x5 ).
2
3 m +2

(44)

Inserting the lowest order term of a1 into the formula for the scattered field,
Eq. (31), and using the asymptotic expression of the Hankel function for
large values of the argument, we obtain the following formula for the far-field
of the light scattered by a small particle (x ¿ 1)
Es (r) = −E0 i

eikr 3a1
er × er × ex .
kr 2

(45)

This is exactly the expression of the far field of a radiating dipole if we
identify p = ²m (ω)α(ω)E0 ex as the dipole moment induced by the incident
field with α(ω) denoting the polarizability of the particle
α(ω) = 4πa3

²(ω) − ²m (ω)
.
²(ω) + 2²m (ω)

(46)

We have here used the exact Mie theory to obtain the dipole approximation
for the scattering of light by small particles. The assumptions |m|x ¿ 1 and
x ¿ 1 physically mean that the electric field is constant over the dimensions
of the particle and that any changes in the electric field propagate across the
particle in a time much shorter than the oscillation period of the electromagnetic field. The problem can thus be viewed as static and one can obtain the
expression for the scattered field using an electrostatic approach [95]. The
advantage of the electrostatic approach is that it can be used to calculate
the field scattered by non-spherical particles. This will be discussed briefly
later on.
From Eq. (46) we clearly see that a resonance (surface plasmon resonance)
occurs when ²(ω) + 2²m (ω) = 0. The material of the particle embedded in
the non-absorbing host thus has to have a negative permittivity for plasmon
oscillation. Since ²m (ω) is a real number, the imaginary part of the permittivity of the particle will result in a damped resonance. At the plasmon
resonance the polarizability increases and, consequently, the strength of the
electric field around the particle can be significantly enhanced from that of
the incident field. The scattering cross section of different sized gold particles
are shown as a function of wavelength in Fig. 2. The cross sections in Fig. 2
have been calculated with the full Mie theory. For the permittivity of gold
we have used the data of Ref. [96]. We can see the plasmon resonance at approximately 550 nm wavelength. As the particle size is increased the plasmon
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Figure 2: Scattering cross section of a gold nanoparticle as a function of wavelength for
four different values of the particle radius a. The external medium is vacuum, nm = 1.
The spectra have been normalized by their value at the resonance peak. Ten lowest order
modes were included in the calculation.

peak shifts to red as phase-retardation effects become important [10]. There
is little difference in the peak position between the 30 nm and 10 nm radius
particles. The size of these particles is so small that the interaction between
light and the particle can be treated in the electrostatic approximation.
As seen from Eq. (46), a nanoparticle can be used to sense the local refractive index of the material surrounding the particle. Figure 3 shows the
scattering spectrum of a 20 nm diameter gold nanoparticle in different dielectric media with constant refractive indices 1, 1.33, and 1.52. As the refractive
index of the medium surrounding the particle increases, the plasmon peak
shifts to red and also the quality factor of the resonance increases. A layer
only a few nanometers thick is enough to produce a significant shift in the
resonance wavelength [97]. The shift in the plasmon peak opens up the possibility of constructing microscopic sensors [13, 98, 99]. Biologically interesting
molecules have already been detected with such devices [98]. By making use
of a single particle, high spatial resolution as well as high sensitivity can be
obtained. This approach can also be parallelized with arrays of particles.
The electrostatic approximation can be used to treat also non-spherical
particles. One of the simplest non-spherical particles is an ellipsoid. An ellipsoid is also a good model system for more general non-spherical shapes.
The electrostatic problem is that of finding the electric field around an ellipsoid with semiaxes a, b, and c placed in a homogeneous static electric field.
Similarly to the case of the sphere, we find that in the far zone the particle
can be represented as a dipole but now with a diagonal polarizability tensor
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Figure 3: Scattering cross section of a 20 nm diameter gold nanoparticle in different
dielectric media with refractive index nm . The spectra have been normalized by their
value at the resonance peak. Ten lowest order modes were included in the calculation.

with the diagonal elements [95]
αi = 4πabc

²(ω) − ²m (ω)
,
3²m (ω) + 3Li [²(ω) − ²m (ω)]

i = 1, 2, 3.

(47)

In Eq. (47), the Li are geometrical factors describing the shape of the particle [95]. The sum of the factors is equal to 1. This model is particularly
useful as it can be used to extract information about the shape of individual particles based on measured scattering or absorption data. This was
recently experimentally demonstrated in Ref. [100]. From Eq. (47) we also
observe that the resonances for different polarizations of the incident field
occur at different frequencies. The plasmon resonance for incident light polarized along the short axis of the particle is called transverse plasmon while
the plasmon excited when the incident field is polarized along the long axis
of the particle is called longitudinal plasmon.
Throughout the previous discussion we have assumed that the incident
electromagnetic field is a plane wave. In most applications and in particular
in microscopy, however, the optical field is strongly focused. Morita et al.
studied theoretically the difference between having a plane wave and a focused wave scatter from a particle and concluded that as long as the diameter
of the focused spot is larger than 5 times the diameter of the particle the
incident field can be taken as a plane wave [101].
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3.3

Detection and spectroscopy of single gold nanoparticles with supercontinuum confocal microscopy

In order to avoid ensemble averaging over different sizes and shapes of particles when studying metallic nanoparticles, it is necessary to be able to detect
and study individual objects. Furthermore, many applications such as labeling, sensing, or plasmonic devices that make use of the properties of single
metal particles benefit from using as small particles as possible. There has
thus been a great interest to push the limits of detection toward ever smaller
sizes.
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Sample
Short-pass
Polarizer
filter

L
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Figure 4: Setup for performing supercontinuum white-light confocal microscopy on gold
nanoparticles. Supercontinuum light is generated when an infrared light pulse from a
mode-locked titanium:sapphire laser (Ti:S) is passed through a photonic-crystal fibre
(PCF). The supercontinuum is collimated using a lens (L), polarized and passed through
a polarization rotator and directed into an inverted microscope. Part of the incident light
is directed into a spectrometer using a beam splitter (BS). The sample is raster scanned
in the microscope using a three-axis piezo-electric positioning system (3D piezo). The
backscattered light from the sample is directed from the microscope through a pinhole to
either a photomultiplier tube (PMT) or a spectrometer.

Figure 4 shows the confocal microscopy setup used to study light scattering by single gold nanoparticles smaller than 10 nm in diameter [Paper I].
Femtosecond or picosecond near-infrared light pulses from a mode-locked titanium:sapphire laser (Ti:S) are coupled into a single-mode photonic crystal
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Figure 5: The visible region spectrum of the supercontinuum light when the central
wavelength of the incident pulse is 750 nm.

fibre (PCF). The dispersion properties of the fibre have been engineered so
that the zero-dispersion wavelength falls within the tuning range of the laser.
The low dispersion thus achieved combined with a very small mode volume
in the fibre result in strongly nonlinear propagation of the light pulse. As a
consequence, the initial narrowband infrared laser pulse is spectrally broadened over the whole visible spectrum and further into the infrared [102]. This
supercontinuum light emerging from the fibre is collimated, polarized and directed into an inverted microscope. Part of the incident light is separated
and focused into a spectrometer in order to measure the spectrum of the
incoming light. This spectrum can be used to normalize the measurements
as the supercontinuum light is not spectrally white and also to monitor the
performance of the light source. The visible region spectrum of the supercontinuum light is shown in Fig. 5 when the central wavelength of the incident
pulse is 750 nm. It is to be noted that the spectrum of the supercontinuum
is highly sensitive to the central wavelength of the incident light pulse and
to the power coupled into the fibre. In the microscope the light is tightly
focused on the sample using a plan apochromatic oil-immersion objective
with a numerical aperture of 1.4. The backscattered light is collected and
collimated with the same objective and then focused through a pinhole to
reduce the background light and directed either onto a photomultiplier tube
(PMT) or into a spectrometer equipped with a charge-coupled device (CCD)
array.
The samples for the supercontinuum confocal microscopy measurements
are made by spin coating a drop of gold nanoparticle solution onto a micro24
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Figure 6: Confocal microscope image of a sample of 60 nm gold nanoparticles. The cross
section below the image is along the white line.

scope cover glass. The particles are then covered with immersion oil in order
to provide a homogeneous dielectric environment. Figure 6 displays a confocal microscope image of 60 nm gold nanoparticles. A cross section through
one of the particles illustrates the excellent focusability of the supercontinuum light. The full-width at half maximum is 270 nm. The particles show
similar signal strengths indicating that they are single particles. In addition,
scanning electron micrographs of the samples show mainly single particles
with only a few aggregates.
To study the spectral properties of the nanoparticles, the scattered light is
directed to the spectrometer. Figure 7 shows a typical spectrum obtained for
60 nm gold nanoparticles. The figure displays two spectra corresponding to
different particles. The solid line in Fig. 7 corresponds to the Mie spectrum
calculated for a spherical gold particle of 60 nm diameter in a medium of
refractive index 1.52 using Eq. (42). The theoretically calculated curve was
25
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Figure 7: Scattering spectrum of 60 nm gold nanoparticles in immersion oil. The open
symbols correspond to two different particles and the solid line is the spectrum calculated
with Mie theory using Eq. (42).

scaled to fit the peak height to the measurement data. The agreement between the measured and calculated spectra is quite good. More importantly,
the spectra of the two particles are somewhat different. This would not be
observable in an ensemble averaged measurement. Small differences in the
shape and size of the particles lead to differences in the scattering properties
which can be observed in the spectra of individual particles.
As the diameter of the particles decreases, the signal rapidly diminishes.
Surprisingly, for small particles the contrast in the confocal images is suddenly reversed as shown in Fig. 8 for 10 nm gold particles. The contrast
reversal can be understood with the help of a simple theoretical model [Paper I]. The incident electric field at frequency ω at the focus of the microscope objective is denoted by Ei (ω). Part of the incident field is reflected
at the glass-oil interface. The reflected light is collimated by the focusing
objective and impinges onto the detector. Denoting the reflectivity of the
glass-oil interface with r, the amplitude of the reflected field at the detector
is Er (ω) = rEi (ω) exp(−iπ/2), where Ei (ω) is the amplitude of the incident
field. The phase shift of π/2 is the Guoy phase shift accumulated by the beam
as it propagates from the focus to the far field [24]. The field scattered by
the particle is collimated with the objective and propagates to the detector.
We assume that the dipole approximation is valid so that the dipole moment
induced by the incident field is p(ω) = [px (ω) py (ω) pz (ω)]T = α(ω)Ei (ω).
The geometry is schematically shown in Fig. 9. The far-field radiated by the
dipole is given by [see Eq. (45)]
Esca (r, ω) = A

eikr
er × er × p(ω),
kr

(48)

where A is a constant amplitude factor. The objective collimates the scat26
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Figure 8: Confocal microscope image of a sample of 10 nm gold nanoparticles. The cross
section below the image is along the black line.

tered light into a beam propagating in the direction k = ez along the optical axis. Here ez is a unit vector along the positive z-axis. At the objective lens the component of the scattered electric field in the direction of
s1 = er × (er × k) is rotated by refraction to the direction s2 = k × (er × k)
while the s3 = er × k component remains unchanged. The collimated field
at the lens is thus [103]
Ecoll (r, ω) = [ŝ1 · Esca (r, ω)]ŝ2 + [ŝ3 · Esca (r, ω)]ŝ3


px (ω)
= BA(ϕ, θ)  py (ω)  ,
pz (ω)
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(49)
(50)

r
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p
O
ϕ

Figure 9: Schematic illustration of the collimation of the light scattered by a dipole p
located at the focus of a microscope objective. The scattered field denoted by Esca is
collimated with a lens resulting in the field Ecoll with wavevector k that propagates in the
direction of the optical axis.

where the matrix A(ϕ, θ) is [103]
h 1
[1 + cos θ − (1 − cos θ) cos 2ϕ]
A(ϕ, θ) = 2 − 1 (1 − cos θ) sin 2ϕ

− 21 (1 − cos θ) sin 2ϕ
1
[1 + cos θ + (1 − cos θ) cos 2ϕ]
2

− sin θ cos ϕ
− sin θ sin ϕ

i

,
(51)
and B is a constant and the vectors ŝi are unit vectors in the directions of si
with i = 1, 2, 3.
In the experiment, the illumination is linearly polarized so that in the
centre of the focal spot the light is linearly polarized in the same direction
(see Sec. 4.2). The collimated scattered light is then approximately polarized
in the same direction when the particle is in the centre of the focal spot.
This can be seen by comparing the total power of the x and y components
of the collimated electric field for, e.g., incident light polarized along the
x-axis. Even for large numerical apertures the component parallel to the
polarization of the incident field dominates. We approximate the collimated
scattered field at the detector as a plane-wave with amplitude Ecoll (ω) which
is directly proportional to the polarizability of the particle. The amplitude
can thus be written as Ecoll (ω) = ηα(ω)Ei (ω) with η being the constant of
proportionality. At the detector the scattered and reflected fields interfere
and the measured intensity can be written as
2

Im (ω) = |Ecoll (ω) + Er (ω)|2 = |Ei (ω)|2 {r2 + |ηα(ω)|2 − 2rIm[ηα(ω)]}, (52)
where Im denotes the imaginary part.
From Eq. (52) we see that the measured signal is composed of three components. The reflected light component, Ir (ω) = |rEi (ω)|2 , is present also
without a particle and produces a constant background. The light scattered
by the particle is represented by the second term, Isca (ω) = |ηα(ω)Ei (ω)|2 .
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This intensity is proportional to |α(ω)|2 and therefore to a6 . The last term
is the interference between the reflected and scattered fields and is proportional to the imaginary part of α(ω). It therefore scales as a3 . Thus, for
large particles the scattering term dominates and the particles are seen as
bright. As the diameter of the particle decreases the interference term becomes dominant and the particles appear as dark against the background
Ir . The a3 dependence of the signal in the experiment makes it possible to
detect particles smaller than 10 nm in diameter [Paper I]. Furthermore, the
spectroscopic data depends on the polarizability, α(ω), and thus provides
information about the shape, size, and material of the particle.

3.4

Enhanced transmittance of apertures in metal films

According to the theory of Bethe on light transmission through a subwavelength hole, the transmittance T of a hole of radius a in a perfectly conducting
screen normalized to the aperture area is [104]
T =

64
(ka)4 .
27π 2

(53)

In deriving Eq. (53) the hole radius a is assumed to be much smaller than the
wavelength. According to Bethe’s theory the transmittance is predicted to be
attenuated monotonously as λ−4 . The observed enhanced transmittance for
perforated noble metal films contradicts this prediction and lead to a flurry
of both experimental and theoretical research in the properties of such structures [52–73]. It should, however, be remembered that the original theory of
Bethe was derived for applications in the microwave spectral region for which
many metals are almost perfect conductors. In the optical domain, however,
this assumption is not satisfied [96]. Furthermore, the discovery of EOT was
made using periodically patterned surfaces on which propagating light fields
can excite SPPs [14]. It is therefore not surprising that the transmittance
was observed to be much higher than the value predicted by Eq. (53).
The research into resonant transmission of light through patterned metal
films has focused on four different types of structures which are schematically depicted in Fig. 10. For the two-dimensional array of subwavelength
apertures, Fig. 10a), the dominant mechanism of light transmission is via
excitation of SPPs propagating on the film surface [17, 52, 55, 56, 61, 62, 69].
The experimental research has concentrated on the properties of the structures in the visible and near-infrared spectral regions although the transmission of terahertz waves through hole arrays in doped silicon has also been
studied [69]. The importance of SPPs in the transmission process has been
demonstrated by measuring the dispersion of the transmission peaks [52] as
29
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Figure 10: Schematic picture of different types of structures exhibiting resonant optical
transmission: a) two-dimensional array of subwavelength apertures, b) grating of narrow
slits, c) an isolated subwavelength aperture, and d) an isolated slit.

well as by studying the effect of the properties of the metal surface to the
transmittance [55]. Both the dispersion of the transmission peaks and the
dependence of the transmittance on the ability to excite a SPP on the surface are in agreement with the model based on the claim that for hole arrays
the enhanced transmittance is due to coupling of the two SPP waves on the
different sides of the metal film. This view has been confirmed in theoretical
studies [61, 62].
The wavelength for which the transmittance is enhanced in a hole array
depends on the parameters of the lattice and can thus be tuned [17]. This
picture is complicated if the apertures can support propagating modes. This
is the case of, e.g., slits or annular apertures [54,105]. The propagating mode
of the structure then provides an additional transmission channel. The grating shown in Fig. 10b) is an example of such a structure where light can excite
both SPPs and couple to the mode propagating in the narrow slits. In the
microwave region of the electromagnetic spectrum subwavelength gratings
can easily be fabricated. In such structures transmittance values of approximately 70 % have been experimentally observed [59]. This experimental observation could be explained by considering just the propagating mode in each
slit of the grating. The mode propagates in the slit and is reflected at the film
surfaces. This results in Fabry-Pérot type resonances in the transmittance of
the structure. The transmission properties of gratings or arrays of structures
supporting a propagating mode have in the visible and near-infrared region
been intensively investigated theoretically [53, 54, 56–58, 60, 65, 66]. Initially
the enhanced transmission was attributed to SPPs being excited on the sur30

face of the grating. Subsequent research identified two mechanisms to be
responsible for the light transmission: coupled SPPs on the surfaces of the
film and the mode propagating in the slit [54, 56–58, 60]. Later Cao et al.
have pointed out that for gratings the SPP can actually have a negative impact on the transmittance because the plasmon in effect flies over the slits so
that very little light is coupled through the film when a SPP is excited [65].
For individual apertures there is no grating to match the wavevectors of
the incident light and the plasmon in order to couple the incident light to
SPPs. However, the structure can still support localized plasmons, e.g., a
plasmon can be excited at the rim of a cylindrical aperture which can couple
to a plasmon on the other side of the film as illustrated in Fig. 10c) [72, 73,
106–108]. The film can also be periodically structured around the aperture
so that a SPP can be excited [63]. If the exit surface of the film has such
a pattern around the aperture, the light emerging from the aperture can be
coupled back to propagating light in the form of a collimated beam [78]. If the
isolated aperture supports propagating modes, the incident electromagnetic
field may couple to the mode and be transmitted through the film. One of
the simplest of such structures is a narrow slit shown in Fig. 10d). For an
isolated slit similar Fabry-Pérot type of transmission resonances exist as for
gratings [64]. This has been observed first in the microwave region [68] and
later in the visible and near-infrared domain [70]. For a slit surrounded by
a periodic pattern the transmission is also enhanced when a SPP along the
surface is excited on the input side [70].
The measured transmission spectrum of a 26 nm wide and 25 µm long
slit in a 193 nm thick gold film is shown in Fig. 11. The slit was fabricated
by focused ion beam (FIB) milling of a thermally evaporated gold film. We
observe a clear resonance centered at approximately 800 nm wavelength.
To make a quantitatively accurate model of the light transmission process,
numerical calculations are required [Paper II]. In the particular case of a slit in
a metal film, the geometry is invariant in one direction. Maxwell’s equations
can then be separated into two independent sets of equations [24]. The
solutions of these equations are called transverse electric (TE) and transverse
magnetic (TM) waves. For TE polarized light the electric field has only one
non-zero component whereas for TM waves the same applies for the magnetic
field. The general case can be analyzed by decomposing the field into TE and
TM polarized waves, significantly reducing the complexity of the problem.
For TE(TM) polarization the complete electromagnetic field is specified
by the non-zero electric(magnetic)-field component. The analysis of the light
transmission properties of a slit is thus reduced to calculating this scalar
field in the structure. A powerful numerical technique to rigorously solve the
problem is the boundary-element method (BEM) [109–111]. Starting from
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Figure 11: Transmittance of a 26 nm wide and 25 µm long slit milled in a 193 nm thick
gold film. The transmittance has not been calibrated absolutely and is thus shown in
arbitrary units.

Maxwell’s equations an integral equation can be derived for the unknown
scalar field. The BEM consists of discretizing the boundaries of regions of
homogeneous media in the structure and then solving numerically the scalar
field and its derivative normal to the boundary at the discretization points.
The homogeneous regions are connected to each other via the boundary conditions of Maxwell’s equations. The electromagnetic field in the structure can
then be calculated from the boundary values. The BEM leads to a considerable reduction in the resources required for numerical calculations as only
the boundaries of the structure need to be discretized. A comprehensive discussion of the boundary integral equation and its numerical implementation
is given in Refs. [109–111].
The essential physics involved in light transmission through a subwavelength slit in a metal film can be understood by analyzing the properties of
the mode propagating in the slit. For very narrow slits the structure resembles the slab waveguide depicted in Fig. 12. The structure consists of a core of
dielectric medium with permittivity ²m (ω) surrounded by the metal cladding
of permittivity ²(ω). The coordinate system is shown in Fig. 12. We look
for solutions of Maxwell’s equations in the form of waves propagating in the
direction of the positive z-axis and oscillating at angular frequency ω. The z
and time dependence of the field is in this case of the form exp[i(kz z − ωt)]
with kz being the propagation constant of the wave. For TE polarization the
non-zero components of the electromagnetic field are Ey , Hx , and Hz . For
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Figure 12: Metal clad waveguide. The thickness of the core with permittivity ²m (ω) is
d. The permittivity of the metal cladding is ²(ω).

this polarization the waveguide has a cut-off frequency and the imaginary
part of kz grows quickly as the waveguide is made narrower [112]. Consequently, the transmittance of the slit is very low for this polarization [Paper
III]. For TM polarization the non-zero field components are Hy , Ex , and Ez .
The lowest order TM0 mode has the special property that it has no cut-off
but remains propagating for all values of d. Using Maxwell’s equations the
following Eigenvalue equation can be derived for B = (kz /k)2 of the TM0
mode [112]
s
#
"
2
B − ²(ω)
²m (ω)
p
− kd = 0.
(54)
arctan
²(ω)
²m (ω) − B
²m (ω) − B
Equation (54) can be solved numerically to yield kz . A physical solution must
have both positive real and imaginary part of the propagation constant. The
real part of kz determines the phase change of the mode as it propagates in
the waveguide.
The slit structure, Fig. 10d), can be viewed as a section of the slab waveguide where the mode is reflected at the discontinuity at the surfaces of the
metal film. The structure then resembles a Fabry-Pérot resonator of length
t corresponding to the thickness of the metal film. This model was first
analyzed in detail by Takakura [64]. The condition for a resonance can be
written as [113]
1
(55)
kneff t + (φ1 + φ2 ) = mπ,
2
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where the effective index of the mode is defined as neff = Re(kz /k), φ1,2 are
the phase changes at the reflections from the ends of the waveguide, and
m is an integer. The wavelength of the transmission resonance depends on
the effective index of the mode as well as on the phase changes φ1,2 . Both
quantities depend on the width d of the slit [112,113]. The real and imaginary
parts of the normalized propagation constant kz /k are shown in Fig. 13a) as
a function of wavelength and the waveguide width for a gold-clad waveguide
with core permittivity ²m (ω) = 1. The imaginary part of the propagation
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Re[kz/k]
Im[kz/k]
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Figure 13: Properties of the TM0 mode in a gold-clad waveguide: a) the real (upper
sheet) and imaginary (lower sheet) part of the normalized propagation constant as a
function of wavelength and waveguide width, and b) the real part of the magnetic field in
a 26 nm wide waveguide at 800 nm wavelength. In b) the dashed line shows the position
of the edges of the core.

constant is seen to be small for near-infrared (NIR) wavelengths and the red
part of the visible spectrum, but increasing for shorter wavelengths. This
leads to the observed lower transmittance in the visible spectral region than
in the NIR [Paper III]. The effective index increases when the waveguide
becomes narrower, in particular for visible wavelengths. This results in a
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shift of the resonant wavelength [see Eq. (55)]. However, as the phase shift
at reflection also depends on the width [113], the evolution of the position of
the resonance is not easy to predict quantitatively. A qualitative analysis can
be made by using for the phase shifts φ1,2 values calculated using the theory
of Ref. [113], and, for the effective index numerically calculated solutions
of Eq. (54). For a 193 nm thick gold film the trend for the position of the
resonance estimated in this way is to first shift to the blue as the slit becomes
narrower. For even narrower slits the resonance then starts to shift toward
red. This is in agreement with the experimental data [Paper III]. The higher
effective index results in a larger contrast between the waveguide and free
space resulting in a higher reflectance for the propagating mode. The FabryPérot resonance should therefore become sharper when d decreases. This
has been confirmed by numerical calculations and experiments [Paper II and
Paper III].
The real part of the magnetic field of the TM0 mode of the gold clad
waveguide of width 26 nm is shown in Fig. 13b) at the wavelength of 800 nm.
The mode is seen to be of surface wave type with field maxima at the interfaces. The mode can be interpreted to be a symmetric superposition of
two surface plasmons propagating on the core-cladding interfaces [112]. It is
to be noted that the simple waveguide picture for the slit transmittance is
only approximative. When the slit becomes wider and the aspect ratio (t/d)
lower this model is unlikely to be accurate.
A single slit serves as model system in the analysis of extraordinary optical
transmission. By analyzing the dependence of the transmission spectrum as
the parameters of the structure are varied, the transmission mechanism can
be resolved. Numerically calculated spectra show that the transmittance is
similar for different metals indicating that the resonance is a geometrical
effect independent of the material parameters [Paper II]. Furthermore, the
dependence of the transmission resonance on the dimensions of the structure
as well as the input polarization clearly indicate that for individual slits light
is transmitted via the propagating mode of the structure [Paper II and Paper
III] in agreement with earlier theoretical work [64].
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4

Nano microscopy

The word microscopy stems from the Greek words “mikros”, meaning “small”,
and “skopeo” meaning “to view”. Microscopy, literally, is the science, and
art, of viewing the small. In the previous section spectroscopic methods to
gain information about the nanometer scale details of materials and structures were discussed. In this section aspects of optical microscopy pertaining
to other properties of light and controlling and studying it on the nanoscale
are discussed.

4.1

Introduction

The first usable compound microscopes were probably created by Hans and
Zacharias Jansen in Holland around 1590 [114]. The early microscopes were
often cumbersome and difficult to use. Anthony Leeuwenhoek was one of
the early pioneers who advanced microscopy by making detailed observations of biological samples using his self-made microscopes. Leewenhoek’s
microscopes were not very different from a powerful magnification glass. The
simple early microscopes were improved over the years by advances in optical
and mechanical design and fabrication, leading to improved spatial resolution. The next significant development in the history of microscopy was the
introduction of achromatic optics to reduce chromatic aberration and the
invention of immersion optics by G. B. Amici in 1840 [115].
Until the mid 19th century microscopes were manufactured based on the
practical experience of the technicians. The theory of microscope image formation that was developed by Ernst Abbe in 1872 [116,117] put this activity
on an exact mathematical basis and considerably influenced the development
of better microscopes. Abbe’s theory also showed the limits of resolution in
conventional optical microscopy that still remain valid. A similar mathematical theory was developed also by Lord Rayleigh [118]. Later developments
in wide-field microscopy have focused on novel contrast mechanisms such as
phase contrast [119], dark field [120], differential interference contrast [121],
and fluorescence microscopy [122, 123], and, more recently, on novel techniques like photo-activated localization microscopy (PALM) [124], stochastic
optical reconstruction microscopy (STORM) [125], and structured illumination microscopy [126], which are all capable of overcoming the diffraction
limit.
As shown by Abbe, the resolution of far-field microscopy is limited. The
highest spatial frequency components of the scattered or emitted electromagnetic field are evanescent as discussed in Sec. 2.2. As a consequence, in
order to surpass the Abbe resolution limit in conventional microscopy it is
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necessary to detect also the evanescent waves. The first proposal for such an
instrument was made by Synge [127] who suggested to place a local collector
in the vicinity of the sample. This idea was first put to practice in the 1970’s
in the micro-wave region of the spectrum [128]. Soon after the development
of the scanning tunneling microscope (STM) [129], a number of other microscopies based on the principle of scanning a local probe over the sample
surface emerged [130–135]. Among these were scanning near-field optical microscopy (SNOM) and photon scanning tunneling microscopy (PSTM) which
realize the ideas proposed by Synge [7, 8, 136, 137]. In both methods a local
probe is raster scanned in the near zone of the sample. The probe provides
a means to locally study the electromagnetic field with a resolution that is
not limited by diffraction.
Scanning near-field optical microscopy is restricted to studying surfaces
and can thus not be used to see into solid samples. Conventional widefield microscopy, meanwhile, can be used to probe three dimensional (3D)
structures but it is not possible to block out-of-focus light which leads to
reduced contrast. In effect, light scattered or emitted by all layers of the
sample is visible at the same time although only a thin section of the object
is in focus. This problem motivated the development of the confocal microscope [138]. In confocal microscopy light from a point source, most often a
single transverse-mode laser, is imaged onto the sample in the microscope.
The luminescence or scattered light is imaged with the objective and focused
onto a photodetector through a pinhole. The pinhole is conjugate to the
focal point of the objective lens and efficiently blocks out-of-focus light from
reaching the detector. By scanning either the light beam in the microscope
or the sample, a three-dimensional image is formed. Confocal microscopy
has become a powerful tool in particular in the field of biology due to the 3D
imaging capability. Further developments to the basic confocal microscope
setup have been made, e.g., by using two-photon excitation [139], parallel
imaging [140], and stimulated emission depletion (STED) [18].
In the following section we will study the focusing of light in high numerical aperture (NA) imaging systems such as microscope objectives. In
particular, the tight focusing of partially polarized light is considered. A
formalism for calculating the coherence matrix in the focal region of a highNA imaging system is developed. The most important result of this work is
the observation that unpolarized light may result in locally fully polarized
light in the focal region [Paper IV]. The experimental observation of this is
discussed in Sec. 4.3 [Paper V].
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4.2

Focusing of partially polarized optical fields

The distribution of light intensity and polarization at the focus of a microscope objective has been studied extensively. Most of the treatments on
the focusing of electromagnetic fields have been restricted to deterministic
illumination. Some of the earliest theoretical works on the subject were performed by Ignatowsky [141] and Hopkins [142]. Later Richards calculated
the intensity distribution along the optical axis for linearly polarized illumination [143]. This work was subsequently expanded by Richards and Wolf to
a study on both the intensity and polarization distribution for focused, linearly polarized light. They illustrated the differences between the scalar and
electromagnetic approaches [144]. It was found that the rotational symmetry
of the intensity distribution is broken in the focal region which has recently
also been experimentally observed [145]. This asymmetry of the intensity
distribution was also noted by Hopkins [142, 146]. The possibility to realize complicated intensity and polarization patterns at the focus of a high NA
objective using suitably polarized illumination has prompted a number of experimental and theoretical studies on the focusing of non-uniformly polarized
optical beams [147–157]. To experimentally image the intensity distribution
and to study the polarization properties of such field distributions, single
molecule imaging [158, 159] and scanning near-field optical microscopy have
been used [160,161]. In applications, the influence of aberrations on the focal
region light distribution is particularly important. In microscopy in particular, the refractive index mismatch between the microscope cover glass and
the sample results in increased spherical aberration and decreased resolution.
This problem as well as focusing into crystalline media has been the topic of
a number of studies [162–167].
The focusing of randomly fluctuating electromagnetic waves has attracted
less attention than that of deterministic fields. However, in many applications
the illumination is not fully deterministic. For example, in microscopy, the
illumination is often unpolarized. Most studies on focusing of fluctuating
optical fields have been performed within the framework of scalar theory
thus omitting the polarization of light [168–170]. As discussed above, many
features observed in tightly focused light are related to the vectorial nature
of light. The focusing of fluctuating electromagnetic fields is thus a highly
topical question.
To study the 3D degree of polarization in the image space of a rotationally
symmetric aplanatic optical system, we can extend the Richards-Wolf theory
for the focusing of collimated linearly polarized beams [144,171] to deal with
partially polarized incident light [Paper IV]. By calculating separately the
electric field in the focal region for both x and y polarized illumination and
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by combining the results, we obtain an expression for the coherence matrix
of the focal field.
To calculate the field in the focal region of an imaging system we make use
of the angular spectrum representation, Eq. (12), for a single monochromatic
realization of the field. By Fourier inversion we have from Eq. (12)
ZZ
1 −ikz z0
inc
e (kx , ky , ω) =
e
Einc (x, y, z0 , ω)e−i(kx x+ky y) dxdy, (56)
(2π)2
A
where z = z0 is a plane where the field is assumed to be known and the
superscript inc refers to incident wave. We furthermore have assumed that
the field is non-zero only within the aperture A of the focusing system. In
focusing problems the incident field most often corresponds to a converging
wave
E0 (x, y, z0 , ω) −ikR1
Einc (x, y, z0 , ω) =
e
,
(57)
R1
where R1 = [(x−x1 )2 +(y −y1 )2 +(z0 −z1 )2 ]1/2 and the point r1 = (x1 , y1 , z1 )
is the geometrical focus. Here E0 (x, y, z0 , ω) is an amplitude factor. Since the
focus is for realistic imaging systems far away from the aperture compared to
the wavelength, i.e., k|z0 − z1 | À 1, we can evaluate the integral in Eq. (56)
asymptotically using the method of stationary phase. If we furthermore make
the Debye approximation and only retain the contributions to the integral
from the interior stationary points and neglect contributions from the edges
of the aperture we obtain [171]
einc (kx , ky , ω) = −

i
a(kx , ky , ω)e−ik·r1 ,
2πkz

(58)

where
a(kx , ky , ω) = E0 [x1 − (z1 − z0 )kx /kz , y1 − (z1 − z0 )ky /kz , z0 , ω],

(59)

and k = [kx ky kz ]. Physically the Debye approximation means that only
plane wave components within the solid angle Ω subtended by the focusing system aperture contribute to the focal field. The contribution of light
diffracted from the edge of the aperture to the angular spectrum is neglected
in the Debye approximation. Using the expression of Eq. (58) for the angular
spectrum of the converging wave, we can write the field in the focal region
as
ZZ
a(kx , ky , ω) ik·(r−r1 )
i
e
dkx dky .
(60)
E(r, ω) = −
2π
kz
Ω
The form for the focused field that we have obtained in Eq. (60) expresses the field as a superposition of plane waves that converge to the focus.
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Figure 14: Illustration of the geometry and notations used in the analysis of tightly
focused electromagnetic fields.

The amplitude and polarization of each plane wave component is given by
a(kx , ky , ω). In order to calculate the electric field distribution in the focal
region, the task is thus simplified to finding these vector amplitudes. We
will next use the integral representation of Eq. (60) to calculate the electric
field distribution in the focal region for a cylindrically symmetric high-NA
imaging system.
To generalize the focusing theory of Richards and Wolf [144] to apply
also to fluctuating electromagnetic fields, we consider a planar optical field
incident on a cylindrically symmetric aplanatic imaging system along the zaxis, as illustrated in Fig. 14. The origin of the Cartesian coordinate system
O is chosen to coincide with the focus and we introduce spherical polar
coordinates (r, θ, ϕ) with the polar axis along the axis of revolution of the
system and the azimuth ϕ measured from the OX direction. The electric
field components of the 2D incident field Einc are written as
inc
inc
ikz
Einc
ei ,
i (r, ω) = Ei (ω)A (x, y, ω)e

i = (x, y).

(61)

In Eq. (61) Ainc (x, y, ω) is the transverse profile of the wave and assumed to
be cylindrically symmetric. The fluctuating nature of the field is incorporated
in the amplitude Eiinc (ω) which is a random variable. The unit vectors along
the Cartesian coordinate axes are denoted by ei , with i = (x, y).
We first look at the case when the incident field is polarized along the
x-axis. Using similar arguments as in Sec. 3.3 when discussing how light
is collimated by a lens we find that the polarization vector of the plane
wave component with azimuth β and polar angle α (see Fig. 14) is (see also
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Ref. [171])
s(α, β) = [cos α + sin2 β(1 − cos α)]ex − (1 − cos α) sin β cos βey
+ sin α cos βez .
(62)
Due to the cylindrical symmetry of the optical system and the incident field,
the amplitudes of the plane wave components converging to the focus depend
only on the polar angle α and we can write a(α, β, ω) = A(α, ω)s(α, β).
Inserting this into Eq. (60) and performing the integration with respect to
β we obtain the following expression for the x, y and z components of the
focal field produced by the x polarized illumination
ik
[I0 (r, ω) + I2 (r, ω) cos 2ϕ] ,
2
ik
Ey (r, ω) = −Exinc (ω) I2 (r, ω) sin 2ϕ,
2
inc
Ez (r, ω) = −Ex (ω)kI1 (r, ω) cos ϕ.

Ex (r, ω) = −Exinc (ω)

(63)
(64)
(65)

Here ϕ is the azimuth at the position r and
µ

Zα0
I0 (r, ω) =

A(α, ω) sin α(1 + cos α)J0
0

µ

Zα0
2

I1 (r, ω) =

A(α, ω) sin αJ1
0

sin α
v
sin α0

¶
iu

e
µ

Zα0
I2 (r, ω) =

sin α
v
sin α0

A(α, ω) sin α(1 − cos α)J2
0

cos α
sin2 α0

sin α
v
sin α0

¶
iu

e

cos α
sin2 α0

dα,
¶
iu

e

dα, (66)

(67)
cos α
sin2 α0

dα, (68)

where J0 , J1 , and J2 are Bessel functions of the first kind, and we have
introduced the optical coordinates u and v via the definitions
2π
zNA2 ,
nλ0
2π
v =
ρNA,
λ0

u =

1/2

(69)
(70)

where ρ = (x2 + y 2 ) . The parameters NA = n sin α0 and α0 are the numerical aperture and angular semiaperture of the optical system, respectively,
and n is the refractive index of the focal region medium. The explicit form of
the function A(α, ω) in Eqs. (66)–(68) depends on the optical system and the
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transverse profile, Ainc (x, y, ω) = Ainc (ρ, ω), of the incident electromagnetic
field. The assumption of aplanatism means that the imaging system fulfills
the sine condition and in this case the expression for A(α, ω) is [171]
A(α, ω) = Ainc (f sin α, ω) cos1/2 α,

(71)

where f is the focal length of the focusing system.
By repeating the previous analysis for an incident electric field polarized
in the y direction, we can express the electric field of the focal region in the
form E(r, ω) = M(r, ω)[Exinc (ω) Eyinc (ω)]T , where the matrix M(r, ω) is


I (r, ω) + I2 (r, ω) cos 2ϕ
I2 (r, ω) sin 2ϕ
ik  0
I2 (r, ω) sin 2ϕ
I0 (r, ω) − I2 (r, ω) cos 2ϕ  .
M(r, ω) = −
2
−2iI1 (r, ω) cos ϕ
−2iI1 (r, ω) sin ϕ

(72)

To obtain the coherence matrix of the light in the focal region we now take the
ensemble average to yield the following expression for the coherence matrix
in the focal region Φ3 (r, ω) in terms of the 2 × 2 coherence matrix Φinc (ω)
of the incident paraxial field
Φ3 (r, ω) = M∗ (r, ω)Φinc (ω)MT (r, ω).

(73)

Equations (72) and (73) can be used to study the properties of the electromagnetic field in the focal region for arbitrary homogeneous polarization
of the incident beam. Figure 15 shows the distribution of the degree of polarization in the focal plane of an imaging system with an NA of 0.9 for
unpolarized incident light. We observe that the focus is surrounded by rings
on which the field is fully polarized. This surprising phenomenon is a geometric effect. In the focal region the components of the electromagnetic field
are linear combinations of the two components of the incident field. On the
rings of full polarization the two components contribute in equal proportion
to the three components of the focal field. Thus, the x, y, and z components of the focal field are fully correlated and consequently the field is fully
polarized [see Eq. (27)].

4.3

Measurement of the local polarization of tightly
focused light

To observe unpolarized incident light become polarized in the focal plane
of the focusing optic, a technique to probe the polarization statistics with
high resolution is required. In optical microscopy the complementary task
of determining and controlling the orientation of nanoscopic and microscopic
objects by using focused polarized light has already been accomplished by
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Figure 15: Degree of polarization in the focal plane of an imaging system with an NA of
0.9. The incident light is an unpolarized plane wave and the refractive index of the focal
region medium is 1. The axes are defined as vx = v cos ϕ and vy = v sin ϕ.

using probes whose response is polarization sensitive [158, 159, 172, 173]. To
experimentally determine the polarization statistics with high spatial resolution, a nanoscopic scatterer whose response is polarization insensitive should
be used. Spherical gold nanoparticles fulfil these requirements and are thus
a good choice to probe the local polarization statistics of optical fields.
Gold nanoparticles have previously been demonstrated as probes in nearfield microscopy to map intensity distributions [174]. A spherical nanoparticle with radius much smaller than the wavelength of light can be considered
as an electric dipole as discussed in Sec. 3.2. By analyzing the polarization properties of the far-field scattered by the particle, information about
the polarization statistics of the field at the position of the particle are obtained. Experimentally, the scattered light is collected and collimated by a
lens so that a planar wave field E0 results. The relation between the local
field at the position r of the particle and the collimated field at position
r0 is described as in Sec. 3.3 by the matrix A(r0 ) of Eq. (51) [103]. The
coherence matrix of the collimated field as a function of the coherence matrix of the field at the position of the particle, Φ3 , can then be expressed
as Φ2 (r0 , r, ω) = |C|2 A(r0 )Φ3 (r, ω)AT (r0 ). The constant |C|2 can be omitted when analyzing normalized quantities such as the correlations between
the field components or the degree of polarization. The scattering process
described here is illustrated in Fig. 16.
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Figure 16: Schematic of the probing of the local polarization properties of a light field
with a gold nanoparticle. The incident field induces a dipole moment p = [px py pz ] to the
particle. The coherence matrix of the field at the position of the particle is denoted by Φ3 .
The scattered field (wavevector k) is collected with a lens to propagate in a collimated
beam of light with wavevector k0 and characterized by the coherence matrix Φ2 . The
scattered light thus carries information about the polarization properties at the position
of the particle.

To experimentally observe the effect of light becoming locally polarized
when focused [Paper V], a collimated beam of light is produced by splitting a
laser beam (λ = 532 nm) into two orthogonally linearly polarized components
and recombining them after one of the beams has been delayed with respect
to the other by a distance longer than the coherence length of the light.
The laser used in the experiments has a linewidth of 30 GHz corresponding
to a coherence length of approximately 10 mm. The recombined beams
are then passed through a single-mode optical fiber to make them fully copropagating. The degree of polarization of the light emerging from the fiber
can be controlled by varying the ratio of the intensities of the two incident
beams. A tightly focused optical field is produced by directing the light
from the fibre to an inverted optical microscope where it is focused with a
microscope objective of NA = 1.3. The degree of polarization in the focal
region is probed with a single gold nanoparticle as illustrated in Fig. 17.
Samples of nanoparticles are prepared as described in Sec. 3.3. To map
the polarization statistics of the focal field, the sample is raster scanned in
the focal plane of the focusing objective using a piezo-electric positioning
system. A single nanoparticle is positioned close to the focus and the light
backscattered from it is collected by the objective, collimated, and directed
through an aperture to a polarization analyzer. The aperture is used to
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Figure 17: Schematic of the experimental setup. The light backscattered by a single
nanoparticle as it is scanned through the focus is collected by the focusing objective, collimated, and directed to a polarization analyzer. In the analyzer the degree of polarization
of the scattered light is determined by performing four intensity measurements to obtain
the elements of the 2 × 2 coherence matrix. The analyzer consists of four polarizers Pi ,
a quarter-wave plate λ/4, and four identical photodetectors PDi . The scattered light is
passed through an aperture A using two lenses L1,2 to limit the amount of background
light reaching the detectors. A drop of immersion oil is applied to the sample to provide
a homogeneous environment and to suppress the reflection from the glass surface.

limit the amount of background light reaching the large-area detectors in the
polarization analyzer. The aperture is much larger in diameter (200 µm–
400 µm) than the image of the particle (≈ 50 µm) so that its influence is just
to reduce the background light. The elements of the coherence matrix of the
scattered light are determined by performing four intensity measurements
as discussed in Sec. 2. The unavoidable slight polarization dependencies of
the optical elements in the setup are thoroughly taken into account in the
measurements by first calibrating the analyzer using light of known polarization state. This was done by passing to the analyzer linearly polarized
light through a quarter-wave plate that was rotated a full circle and fitting a
model of the type of Eq. (23) to the response of the detectors with the coefficients Rij as well as the power of the incident light as free parameters. The
calibration procedure was confirmed by measuring the polarization state of
a number of selected known polarization states of the input light. The con46
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Figure 18: The measured degree of polarization P2 of the light scattered by a single
nanoparticle as a function of its position in the focal plane of the microscope objective.
In a) the incident field is unpolarized and in b) fully polarized. The scale bar is 100 nm.
At the center of the focus the detectors are saturated due to the high intensity and far
away from the focus the intensity is too low to provide information about the polarization
distribution. Hence, these areas are left out from the data.

dition number of the polarization analyzer, defined as kRkkR−1 k where the
matrix R has the elements Rij , was 13.
Although the measurement method illustrated in Fig. 17 does not yield
directly the 3D degree of polarization it gives indirect information about the
polarization state in the focal region. Most importantly, because any two
components of a field which is fully polarized in 3D are fully correlated, the
electromagnetic field composed of such components is necessarily fully polarized as well. Likewise, an electromagnetic field composed of two components
of a 3D unpolarized field is also unpolarized. The degree of polarization measured in the experiments is thus an indirect measure for how polarized the
light in the focal region is. The full 3D coherence matrix of the light in the
focal region can be obtained using the method illustrated in Fig. 17 if the
photodiodes are replaced by position sensitive detectors.
The signals of the detectors of the polarization analyzer are proportional
to the intensity of the polarization component corresponding to the specific
detector integrated over the collection angle of the objective. The theoretically calculated distribution for the measured P2 can thus be calculated by
using the formalism of vector-wave focusing to obtain Φ3 (r, ω). The coherence matrix measured with the polarization analyzer Φ2 (r0 , r, ω), and finally
the measured P2 then follows [Paper V].
Figure 18a) shows the measurement result for the case of unpolarized
incident light. As expected from Sec. 4.2, we observe a ring around the focus
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on which the degree of polarization of the scattered light is high. Outside the
ring the degree of polarization has a low value consistent with the theoretical
prediction.
For a fully polarized incident field the focal region field should also be
fully polarized as there are, ideally, no elements that would introduce random fluctuations to the optical field. Indeed, the measured degree of polarization for fully polarized illumination shown in Fig. 18b) is high except
along a ring around the focus with a radius of about 250 nm. On this ring
the light seems to be almost unpolarized. This effect is an artifact of the
measurement method. On these points the light in the focal region is polarized mainly along the optical axis so that the polarization distribution of the
light scattered by the nanoparticle is cylindrically symmetric in the aperture
of the objective. Such light is interpreted as unpolarized by the polarization
analyzer of Fig. 17.
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5

Summary and conclusions

The development of scanning near-field optical microscopy (SNOM) in the
mid-1980s can be considered the birth of the field of nano optics although
there exist earlier studies that would qualify in this category too. From this
very focused beginning, the science of nano optics has grown explosively and
can, to some extent, be said to have ceased to exist as a separate field of
research. Instead, nano optics has made its way into many fields ranging
from physics to life sciences. The properties of light on the nanoscale are
studied in a wide variety of contexts, and, in structures ranging from individual molecules to nanopatterned surfaces which reveal fascinating optical
properties. Optical means are used to manipulate and track nanoparticles
and nanowires as well as isolated molecules, all much smaller than the wavelength of light. The diffraction limit which was seen to restrict optics to the
microscale does not anymore seem like an unsurmountable obstacle.
This thesis concerns both the study of light on the nanoscale as well as
the characterization of the optical properties of nanometer scale structures.
These topics were explored experimentally and theoretically. A new method
for studying metallic nanoparticles was developed and used to detect and
spectrally characterize gold nanoparticles. It was shown that by combining
supercontinuum confocal microscopy and interferometric detection, information about smaller than 10 nm diameter gold nanoparticles can be obtained.
The developed method can also be extended to yield information about both
the real and imaginary parts of the refractive index of the particle material.
Optical spectroscopy was also used to study the light transmission properties of subwavelength width slits fabricated in gold films. The experimental data was compared to numerical calculations and a good agreement was
found. Based on the results from the experimental and theoretical research
the mechanism of resonant light transmission was discussed. The transmission of light through the structure is mainly via the propagating TMpolarized mode. The influence of the structural parameters on the transmission spectrum could be explained by examining the properties of the mode.
The sensitivity of the transmission spectrum to external disturbances was
also investigated for sensing and switching applications.
The thesis also includes the first study of tight focusing of partially polarized electromagnetic beams. The polarization properties of the focal field
were calculated for different polarization states of the incident field. It was
found that even for an unpolarized incident field the focal region contains
points where the field is fully polarized. This counterintuitive result was
shown to be a geometric effect related to the focusing. The theoretical predictions were verified by experimentally measuring the distribution of the
49

degree of polarization in the focal plane of a high-NA microscope objective.
In this thesis only a limited number of aspects of the studied topics could
be addressed. Each one of the investigations opens up many interesting questions. For example, supercontinuum confocal microscopy can be applied to
study not only nanoparticles but also other structures. The combination of
confocal microscopy and spectroscopy yields much more information than
either method alone. The interferometric detection method has already been
demonstrated to yield information about the material properties of nanoparticles. Developing further and applying this technique to study particles
of different size and shape to determine the limit where bulk material parameters can not anymore be used to characterize matter would be a very
interesting task. Using light scattering by a nanoparticle to probe the polarization properties of electromagnetic fields on the nanoscale opens up a
multitude of research subjects. Questions of optical coherence in nanostructures have only recently been touched upon and mainly theoretically. The
work performed in this thesis can be used to extend these studies to the
experimental domain. This would undoubtedly lead to additional lines of
research opening up.
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Abstracts of publications I–V
I. We combine confocal microscopy using supercontinuum laser illumination and an interferometric detection technique to identify single
nanoparticles of diameter below 10 nm. Spectral analysis of the signal allows us to record the plasmon resonance of a single nanoparticle.
Our results hold great promise for fundamental studies of the optical properties of single metal clusters and for their use in biophysical
applications.
II. We analyze the spectral properties of resonant transmission of light
through a sub-wavelength slit in a metal film. We show that the enhanced transmission can be understood in terms of interfering surfacewave-like modes propagating in the slit. We characterize the effect
of geometrical and material properties of the slit on the transmission
spectrum. Furthermore, we show that the wavelength of the transmission resonance strongly depends on the surrounding medium. This
effect may be utilized in sensors, imaging, and the detection of, e.g.
biomolecules.
III. We perform a systematic study of the resonant transmission of visible
and near-infrared (NIR) light through a single subwavelength slit in a
gold film when the parameters defining the structure are varied. We further examine the optical properties of a related nanostructure, a cross
with subwavelength sized features. Focused ion beam (FIB) milling
was used to fabricate nanoslits and crosses with linewidths ranging
from 26 nm to 85 nm. The dimensions of the structure are found to
affect strongly the transmittance spectrum. For example, as the slit
becomes narrower the resonance is observed to both sharpen and shift
significantly. Our observations are in good agreement with our earlier
numerical calculations on the optical properties of nanoslits.
IV. We analyze the degree of polarization of random, statistically stationary electromagnetic fields in the focal region of a high-numericalaperture imaging system. The Richards-Wolf theory for focusing is
employed to compute the full 3 × 3 electric coherence matrix, from
which the degree of polarization is obtained by using a recent definition for general three-dimensional electromagnetic waves. Significant
changes in the state of partial polarization, compared with that of the
incident illumination, are observed. For example, a wave consisting
of two orthogonal and uncorrelated incident-electric-field components
produces rings of full polarization in the focal plane. These effects are
66

explained by considering the distribution of the spectral densities of
the three electric field components as well as the correlations between
them.
V. The polarization of light is important in a great variety of optical phenomena, ranging from transmission, reflection and scattering to polarimetric imaging of scenes and quantum-mechanical selection rules of
atomic and molecular transitions. Among some less-well-known phenomena that illustrate the vectorial nature of light are the Pancharatnam1 (or geometric2 ) phase, singularities in the polarization pattern of clear sky3 and polarization of microwave background radiation4 .
Here, we examine the partial polarization of focused light. We experimentally demonstrate a rather surprising phenomenon, where the focusing of unpolarized light results in rings of full polarization in the
focal plane of the focusing optics. The polarization rings are imaged
with a resolution of < 100 nm by probing the focal region using a gold
nanoparticle.
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