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Supervisor’s Foreword

As a Ph.D. student, Denitza Denkova joined our Institute for Nanoscale Physics and
Chemistry at Department of Physics and Astronomy, KU Leuven, to investigate
near-field optical properties of plasmonic nanostructures. In the framework of her
Ph.D. research, she has been hard working and efficient in pursuing challenging
problems in modern optics and, more specifically, in nanoplasmonics. In her Ph.D.
work Denitza has discovered a series of new phenomena in several well-defined
individual and coupled plasmonic nanoantennas. To be more specific I would like
to comment on her remarkable work on visualizing magnetic hot spots in plasmonic
nanoantennas.

Denitza, in collaboration with Niels Verellen, Alejandro V. Silhanek,
Ventsislav K. Valev, Pol Van Dorpe, and me, has developed and realized the first
direct visualization of the near-field magnetic field component (Hy) of plasmonic
nanostructures by scanning near-field optical microscope (SNOM). This is clearly a
major achievement in nanoscale imaging of both electric (by now a well-established
technique) and also magnetic fields generated by nanoplasmonic structures.
Needless to say, this finding will open new horizons in nanoscale imaging in
modern nanoplasmonics.

The photonics community has long disregarded the magnetic component of the
electromagnetic field of light, focusing mostly on exploiting the electric field. The
reason is that at optical frequencies, natural materials do not exhibit strong magnetic
response, so the magnetic field is, first, not of crucial importance for those materials,
and, second, very difficult to measure. The situation changes dramatically for the
new classes of artificial materials, such as optical nanoantennas, plasmonic devices,
and metamaterials. They are typically designed to have a very strong magnetic
response; therefore, accessing their magnetic field is of crucial importance for their
exploration. While in free space, the magnetic field component can be extracted
from the electric one, the confinement of the light in these novel materials prevents
such a straightforward relation.

Quite remarkably, by imaging the magnetic field component, Denitza has
resolved a very puzzling fundamental issue, which can be formulated in the
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language of a quantum mechanical “Schrödinger cat” problem: How many stripes
does the “plasmonic cat” have? Surprisingly, looking at the stripes of “plasmonic
cat” through an “electric field magnifying glass” (SNOM in the E- imaging mode)
one can see three stripes, whereas when observing the same cat through a “magnetic
field magnifying glass” one can see only two stripes. This surprising difference in
the observed number of stripes turns out to reflect a profound natural difference in
the boundary conditions for the electric and magnetic fields confined in the
restricted geometries of plasmonic nanoresonators.

These new findings, forming the basis of Denitza’s Ph.D. thesis, will have an
important impact on our fundamental understanding of local magnetic and electric
fields in plasmonic nanostructures, and also on the development of nanophotonic
devices with promising applications in chemistry (catalysis, bio- and
chemical-sensing), energy harvesting, and biomedicine (cancer treatment by
hypothermia, early disease diagnostics). This work also offers a remarkable new
way, different from conventional techniques, to investigate experimentally various
nanostructures and also for studying materials showing strong magnetic interaction
with light in the areas of metamaterials, chemistry, and all-optical chips.

I am sure that Denitza Denkova will continue to contribute very creatively to
research in the fields of nanoplasmonics, photonics as well as optics and condensed
matter physics in general. She is clearly a very talented young scientist who pursues
scientific problems at a very high level of sophistication and I wish her all the best
in her scientific carrier.

Belgium Prof. Victor V. Moshchalkov
April 2015
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Abstract

The interaction of light with nanoscale objects has been one of the hot topics in the
field of photonics in the past few years. More specifically, one of the promising
directions is the field of plasmonics, which deals with the interaction of light with
metals. Illumination of metallic nanoparticles results in the excitation of so-called
surface plasmons—collective oscillations of the free electrons in the metal, driven
by the incoming light. At certain frequencies, different resonant modes can be
excited, which results in significant enhancement and localization of the light in the
close vicinity of the nanostructure—the particle is basically acting as an antenna at
optical frequencies. Such local light field enhancements (also called hot spots) have
shown promising applications in various areas, for example for single molecule
detection, bio- and chemical-sensing, all-optical chips, cancer diagnostics and
treatment, etc.

Further development of those applications requires detailed understanding of the
full picture of the light–matter interactions. Since light is an electromagnetic wave,
the response of a material to illumination is determined by the interaction of the
incoming electric and magnetic fields with the medium. Thus, for the plasmonic
structures, depending on the specific application, it is crucial to characterize the
resonance wavelengths for the different resonant modes, the charge and current
distributions in the particles, as well as the electromagnetic near-field distribution
of the light in the vicinity of the structure. Different methods, each with its own
scope, advantages and disadvantages, already exist for imaging most of those
parameters.

Still, one of these parameters, namely the magnetic near-field distribution of
photonic structures, has received far less attention from the optics society. The
reason is that at optical frequencies natural materials interact mainly with the
electric component of the electromagnetic field of light and negligibly weakly with
the magnetic one. Therefore, the magnetic light–matter interactions are first, not of
crucial importance for those materials and second, very difficult to measure.

However, recently new classes of artificial materials, so-called metamaterials,
have been developed, which enhance and exploit these typically weak magnetic
light–matter interactions to offer extraordinary optical properties. For example, such
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materials could refract light in a direction, opposite to the one in all conventional
materials. This can allow realization of exotic devices, such as an invisibility cloak,
flat lens with no resolution limit, etc. Therefore, in the last years, a need has
appeared for both optical magnetic sources and for detectors of the magnetic field of
light and tremendous efforts have been invested in this direction.

The main goal of this Ph.D. is to offer new experimental possibilities for
near-field imaging of the magnetic field of light with sub-wavelength resolution
and to implement the technique for studying different plasmonic nanostructures.

The experimental technique which we use is scanning near-field optical
microscopy (SNOM). This is a method, based on the scanning of a probe in the
near-field of the sample. Depending on the type of probe and measurement con-
figuration, different field components can be accessed with sub-wavelength reso-
lution. Imaging of the different electric field components is nowadays a
well-developed procedure. However, it is still an ongoing challenge to experi-
mentally access the magnetic field components, which interact much weakly with
materials. Recently, it has been shown that the normal (relative to the sample
surface) magnetic field component can be accessed by a split-ring aperture probe.

To fill in the last standing gap in the full electromagnetic mapping of the
near-field of photonic devices, in our work we focus on imaging of the lateral
(tangential) magnetic field component of the light. We demonstrate that the
metal-coated SiO2 hollow-pyramid circular aperture probe of a SNOM can be used
as a detector for the lateral magnetic field of light. Moreover, we show that it can
also be used as a tangential magnetic dipole source. We use the technique to study
the lateral magnetic field of plasmonic structures with different geometries.

During the period in which our work has been carried out, the task for mapping
the lateral magnetic field has been also addressed by other groups. They use a
similar SNOM technique, which however utilizes other types of probes, based on
optical fibers. The Si-based probes which we use have the advantage of being more
robust and providing images with better topographical resolution, simultaneously
with the optical image. A more detailed comparison is presented in the thesis.

In Chap. 1 we first discuss the interaction of light with metallic nanostructures
and the resulting plasmonic effects in those structures. Several state-of-the-art
applications are highlighted, which, naturally, require detailed characterization
of the plasmonic structures. In the second section we explain the experimental
difficulties for plasmonic studies and how the scanning near-field optical micro-
scopy technique can overcome them. The final section discusses the physical origin
behind the weakness of the magnetic light–matter interactions at optical frequen-
cies. We also explain the specific SNOM setup which we use to probe those
interactions and to image the magnetic field of light.

In Chap. 2 we experimentally demonstrate that the hollow-pyramid SNOM
probe images the lateral magnetic field of light of different plasmon modes in
plasmonic bars with different lengths. Supported by simulations, we describe how
the coupling between the probe and the sample induces an effective magnetic
dipole, which, during the scanning of the probe, efficiently excites the plasmons in
the bar only at the positions of the lateral magnetic field maxima. Respectively, at
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those positions the absorption in the bar is enhanced and the transmitted light is
reduced. This effectively results in imaging of the lateral magnetic field of the
plasmonic structure, with reduced transmitted light intensity at the positions with
high lateral magnetic field. By measuring different bar lengths at different wave-
lengths and identifying the respective plasmon resonant modes, we construct a
dispersion relation (energy vs. wavenumber) graph. The dispersion relation shows
the characteristic curving deviation from the straight line of the light in dielectric
media. This confirms that the effects which we observe are indeed of plasmonic
nature.

In Chap. 3, supported by simulations, we discuss the theoretical background
behind the imaging of the magnetic field of light with the hollow-pyramid aperture
SNOM probe. Additionally to the previous chapter, here we suggest that (i) the
stand-alone probe might be considered as a tangential optical magnetic point dipole
source without the need to invoke the coupling to the sample, and (ii) it might be
considered as a tangential optical magnetic field detector. Hence, we suggest that
the probe is effectively behaving similarly to a lateral magnetic dipole. This is
demonstrated for a metallic sample, while the applicability of the approximation for
studying dielectric samples remains to be verified. We experimentally demonstrate
the equivalence of the reciprocal configurations when the probe is used as a source
(illumination mode) and as a detector (collection mode). The simplification of the
probe to a simple magnetic dipole significantly facilitates the numerical simulations
and the understanding of the near-field images.

Until now, we have used basic plasmonic antennas—gold bars to validate the
magnetic field imaging technique. In Chap. 4, we use the validated technique to
obtain the magnetic field distributions of plasmonic antennas with other geometries.
We study both simple plasmonic nanoresonators, such as bars, disks, rings and
more complex antennas, consisting of assembled horizontal and vertical bars in
different geometrical configurations. For the studied structures, the magnetic
near-field distributions of the complex resonators have been found to be a super-
position of the magnetic near-fields of the individual constituting elements. This
effect was confirmed by both experiments and simulations. We propose the fol-
lowing explanation: even though a weak interaction between the building blocks is
present, the simplicity of the resonance mode structure and the clear spectral sep-
aration of the different modes in the bars result in insignificant perturbations of the
near-field profile at the resonance wavelength by the presence of the additional
building blocks. These findings should facilitate the study of very complex
antennas, which can now be described as a simple superposition of their elementary
building blocks’ near-field distributions
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Chapter 1
Introduction

Abstract In this chapter, we first describe the interaction of light with metallic
nanostructures and the consequently induced plasmonic effects in the structures. The
most important characteristics of such interaction and their significance for various
practical applications are discussed. Then, we point out the difficulties related to
the experimental characterization of plasmonic effects. In the second section we
explain how the scanning near-field optical microscope (SNOM) can overcome those
difficulties. The practical experimental realization of such microscope and different
variations of the setup are further discussed. In the last section of the chapter we
focus on the main subject of this thesis—the imaging of the magnetic field of light.
We point out the necessity and the main difficulties related to such measurements.
Then, we describe the experimental setup which we use for this purpose.

1.1 Surface Plasmon Resonances in Metal Nanoparticles

1.1.1 The Underlying Physics

When a metal is illuminated with light under certain conditions, for example under
total internal reflection, under an angle or in the presence of corrugations in the
metal, the free charge carriers in the metal can be driven to oscillate by the incoming
electromagnetic field of the light [1]. These oscillations are called surface plasmon
polaritons. They are propagating along the metal-dielectric interface and they are
evanescently confined in the perpendicular direction. The metal can be nanostruc-
tured, so that it forms a cavity for these collective charge oscillation waves. When

The results presented in this section are based on and reproduced with permission from:
D. Denkova, N. Verellen, A.V. Silhanek, V.K. Valev, P. Van Dorpe, V.V. Moshchalkov
Mapping magnetic near-field distributions of plasmonic nanoantennas
ACS Nano 7, 3168 (2013).
Copyright c© 2013, American Chemical Society.

© Springer International Publishing Switzerland 2016
D. Denkova, Optical Characterization of Plasmonic Nanostructures: Near-Field Imaging
of the Magnetic Field of Light, Springer Theses, DOI 10.1007/978-3-319-28793-5_1
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2 1 Introduction

Fig. 1.1 Illumination of a gold bar with light results in excitation of oscillation waves of the
free electron gas in the metal—plasmons. At different wavelengths, different resonance modes are
excited – l = 1, l = 2 and l = 3 modes are shown here. The distribution of the charges for each
mode is schematically indicated

the plasmon waves are confined in such cavities, at certain wavelengths, the plasmon
waves fit in the nanocavity to form standing-wave patterns, similar to resonant modes
of a guitar string. The spectral position of the resonances depends on the composition,
shape and size of the nanoparticle and on the local dielectric environment.

An illustrative sketch of these plasmonic effects is presented in Fig. 1.1. Themetal
nanoparticle playing the role of a plasmonic resonator is a gold bar. When this bar
is illuminated with light polarized along its long axis, at the resonant wavelengths,
standing-wave like Fabry-Pérot resonances, also called surface plasmon resonances
(SPR) are excited. The charge distribution along the bar for the different resonance
modes is sketched in the figure. The resonance modes are typically indexed by the
number of half-plasmon wavelengths fitting the antennas’ cavity, respectively the
mode number corresponds to the number of charge maxima minus one. The l = 1,
l = 2 and l = 3 resonance modes are shown in the figure.

It should be noted, that due to symmetry considerations, the excitation of the even
plasmon modes is forbidden under plane wave illumination at normal incidence
[1]. To excite those modes, a certain retardation should be introduced in the field
illuminating the particle. This can be realized in different illumination configurations,
for example by illumination at an angle (as illustrated in Fig. 1.1) or by illumination
with a dipole source (Fig. 1.2).

To further discuss the plasmonic effects, we will focus on a specific plasmonic
nanoantenna, representative for the structures studied in this thesis. For simplicity,
we will consider only one plasmonmode, for example the l = 3mode—Fig. 1.2. The
specific metal nanoparticle is again a plasmonic bar with the following dimensions:
length L = 1120nm, width W = 70nm and height h = 50nm—Fig.1.2a. The
particle is covered by a 30nm glass layer. The necessity for such a layer is required
for the experiments and will be discussed later. For now, it is sufficient to note that
besides introducing a small resonance shift, the layer does not fundamentally affect
the plasmonic effects in the metal.

To simulate the various characteristics of the excited plasmons in such a bar,
we use illumination by an electric dipole source (indicated with a black star in
Fig. 1.2a), polarized along the bar axis. The result from the rigorous simulation of



1.1 Surface Plasmon Resonances in Metal Nanoparticles 3

=3 

x

yz

|E| 2 |H| 2

x

z

L = 1120 nm
W = 70 nm 
h = 50 nm 

Charge |J| 2*

*

*

**

(b) (d)

(c) (e)

(a)

Fig. 1.2 a The l = 3 plasmon mode in a gold bar can be excited by a dipole source illumination
(black star). b Four maxima are observed in the simulated charge and c electric field profile. d At
the complementary positions, the corresponding current density and e magnetic field distributions
exhibit three maxima

the charge distribution at wavelength λ = 1270nm is shown in Fig. 1.2b. Indeed,
the four charge anti-nodes for the l = 3 plasmon mode can be clearly observed.
The disturbed charge equilibrium results in the concentration of the electric field
in four respective maxima Fig. 1.2c. The enhancement of the current is occurring
complementary to the charge maxima and three positions with high current density
can be identified in the simulated image—Fig. 1.2d. Accordingly, these positions
determine the positions of magnetic field localization in the bar—Fig. 1.2e.

One of the most important consequences of the interaction of light with metal
is the fact that the light gets highly localized in the near-field of the metal. A more
precise definition of the near-field and the effects occurring there will be given in
Sect. 1.2.1. In brief, the near-fields are localized in a region roughly one wavelength
away from the surface. They are hardly or not at all radiating towards the far-field.

In a sense, we can perceive the plasmonic nanoparticles as a kind of optical
antennas—devices which convert the freely propagating light waves into localized
energy and the other way around [2]. From one side, this is in the basics of most of
the plasmonic applications—the confinement of the light in nanoscale volumes can
result in significant enhancement of the local electromagnetic field in the vicinity
of the structures. In the rest of this section, we highlight some of the interesting
plasmonic applications. From the other side, the very same properties from which
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we benefit in the applications, namely the field localization in the close proximity
of the sample, make the characterization of the plasmonic effects very difficult, as
described in the last part of this section.

1.1.2 Plasmonics: Application Highlights

Most of the plasmonic applications are based on the localization of the light in
nanoscale dimensions, which can result in very high field enhancements in the near-
field of metallic structures. For specific cases, enhancements up to 106 times have
been reported in the gaps betweenmetallic nanoparticles. This can be extremely ben-
eficial for increasing the interaction of light with, for example, molecules positioned
in those, so called, hot spots. The high fields can also enhance typically weak effects,
such as non-linear interactions for example. Additionally, the fact that the field is
mainly confined in the very close proximity of the nanoparticle, means that we can
use with great precision these fields as, for example, very local nano-sized sources
of light or heat.

In this section we highlight several important application of plasmonics and dis-
cuss on the crucial parameters of the light matter interaction, which need to be
characterized and tuned to optimize the respective applications.

Bio- and Chemical-Sensing

Asmentioned above, the plasmon resonances are extremely sensitive to the refractive
index of the local dielectric environment of the metal. This effect has been broadly
explored for sensing applications: the metal can be functionalized, so that an analyte
is attached to it. Then, the resulting change in the plasmon resonance condition due
to the presence of the analyte can be detected as wavelength, intensity or angle shifts
[3–5].

It has been shown that the surface plasmon effects, namely the strong electric
field enhancement in the vicinity of the metal surface, can result in very strong
enhancement of the Raman scattering effect—so called Surface Enhanced Raman
Scattering (SERS) [6, 7]. Enhancement up to 1011 of the Raman signal have been
reported, which is sufficient for studying analytes even at single molecule level
[8, 9].

Thus, to achieve well-defined hot-spots with high enhancement factors and high
refractive index sensitivities for sensing applications, it is crucial to be able to accu-
rately measure the plasmon resonance wavelengths and to precisely map the electric
field enhancements on the metal surface.

All-Optical Chips

The current state-of-the-art computing devices are based on electronic circuits, which
operate by controlling the transport and storage of electrons. Two of the main com-
ponents of the digital circuits are (i) the individual logic elements (transistors),
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which perform the actual computational process and (ii) the interconnects (typi-
cally based on copper wires), which transport the digital information between the
different parts of a microprocessor. The advances in the Si technology allow contin-
uous miniaturization of the electronic components and it is nowadays a routine to
produce fast transistors with channel dimensions on the order of tens of nanometers.
However, while downscaling the dimensions can improve the performance of the
transistors, it worsens the performance of the interconnects [10]. Reducing the width
of the interconnects leads to increase of the signal delay [10] and this is one of the
main factors limiting nowadays the computational speed.

In contrast, optical communication systems, based on optical fibers and photonic
circuits can transport digital data with a capacity more than 1000 times higher than
that of the electronic interconnects [11]. However, the optical elements have the
disadvantage of being about 1000 times bigger. This is because the wavelength
of the light used in photonic circuits is on the order of 1000 nm, and the optical
components cannot have dimensions close and below the wavelength of the light,
due to the appearance of diffraction effects.

Consequently, an ideal configuration would be to have a circuit with nanoscale
dimensions which can carry both optical signals and electrical currents. However,
integrating electric and photonic circuits is highly limited due to the mismatch of
their respective sizes. A solution to this problem might be the field of plasmonics—
the confinement of the light in nanoscale dimensions around metallic nanostructures
offers both the capacity of photonics and the miniaturization of electronics [10–12].
Therefore, a lot of efforts are concentrated currently in overcoming the intrinsic losses
of plasmonic devices and the development of plasmonic chips, with all necessary
components [13]—sources, detectors, waveguides, switches [14], modulators, etc.

Metamaterials

Literally, inGreek, theword “meta”means “beyond”. Thus, the term“metamaterials”
refers to “beyond” conventional materials. Those are typically man-made materials,
designed to have properties, not found in nature. For example, they can exhibit arti-
ficial magnetism [15, 16] or negative refractive index [16–20]. The latter means that
when the light is passing through such a material, it refracts in the opposite direction
to normalmaterials. This requires a re-examination ofmany optical phenomena—for
example the Doppler shift is reversed, as well as the direction of the Cherenkov radi-
ation [17]. The negative refractive index should allow the construction of a “perfect
lens”—aflat piece ofmaterial, which can provide a “perfect” image of an object, with
resolution well below the wavelength of the light [21]. Even magic-like objects and
properties have been proposed, such as an invisibility cloak, able to “hide” objects
from the observer [22–24]. Presently, the field is naturally evolving towards the con-
struction of metadevices—devices, based on metamaterials, allowing extraordinary
functionalities, including switching, tunability, non-linear effects, sensing, etc. [25].

The functionality of these materials is based on the fact that they are constructed
from artificial, man-made units—“meta-atoms”, which have sub-wavelength dimen-
sions. Since those “meta-atoms” are man-made, their structure, properties and inter-
action can be freely tailored, the only limitation being the imagination of the scientist
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and the available fabrication techniques. This opens possibilities to realize physical
phenomena, which are difficult or impossible to achieve with conventional materials.

One of themain reasons allowing themetamaterials to achieve this broad spectrum
of extraordinary properties is the following: the light, as an electromagnetic wave,
consists of oscillating electric and magnetic fields, interconnected via Maxwell’s
equations. However, at optical frequencies, the interaction of atoms with the mag-
netic field of light is normally weak and thus, the light-matter interaction is mainly
governed by the electric field of light [26, 27]. This is further elaborated in the last
section of this chapter. One of the advantages of constructing artificial “meta-atoms”
is that they can be designed, so that they interact also with the magnetic field of light,
thus opening a whole new world of possible functionalities.

Therefore, only recently, with the flourishing of the field of metamaterials,
the exploration of light-matter interactions mediated by the magnetic component
regained a lot of interest. During the last years the optics community has invested
tremendous efforts in this direction of enhancing and characterizing the magnetic
light-matter interactions [28–32]. The presented work in this thesis contributes to
this search for magnetic field imaging techniques.

1.1.3 Optical Characterization of Plasmonic Devices

To be able to optimize the various plasmonic applications described above, we need
first to be able to characterize the plasmonic effects. Since we are interested in
studying the interaction of light withmetals, opticalmicroscopywould seem to be the
technique of choice. However, due to the nature of this interaction, certain difficulties
arise, which are discussed below. Actually, the very same properties from which we
benefit in the applications, make the characterization of the plasmonic effects very
difficult. In this section, we elaborate on the challenges in the characterization of
plasmonic devices, with focus on optical characterization techniques.

Nanoscale Resolution

The first problem regarding the study of plasmonic devices is a general limitation,
which originates from the fact that, since the plasmonic effects localize the light
in nanoscale volumes, characterization of those effects requires nanoscale resolu-
tion. There are different techniques which can provide structural and topographical
information with nanoresolution, such as Atomic Force Microscopy (AFM), Scan-
ning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM).
However, in terms of optical characterization we are very limited, because the con-
ventional optical microscopes operate in the far field region and their resolution is
fundamentally limited by diffraction effects to roughly about half of the wavelength
[33]. The origin of this, so-called, diffraction limit will be elaborated in Sect. 1.2.1.
Essentially, it means that the microscopes operating with visible light do not have
sufficient resolution to study nanomaterials.
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Still, conventional light microscopy provides specific complementary informa-
tion which cannot be obtained with the other mentioned high-resolution techniques.
An optical microscope works with well-knownmechanisms such as reflection, trans-
mission, absorption, scattering, which provide readily interpretable information and
direct optical characterization. Spectroscopy allows characterization of different
energy levels in semiconductors, structural and chemical specific information and
gives information about resonances of various plasmonic nanoparticles. Biological
samples could not always withstand high vacuum conditions, needed for example
in the SEM and TEM, so optical microscopy is a necessity for investigating such
samples. Additionally, light microscopy has the advantage of being relatively non-
destructive and cheap and does not always require specific operation conditions.

Therefore, achievement of nano-resolution optical microscopy turned out to be
crucial for all fields of modern nano-science. Although, for over a century it has been
thought that optical microscopy is fundamentally limited by diffraction, recently
various ways to circumvent the diffraction limit and achieve sub-wavelength res-
olution optical microscopy have been proposed. Such are for example: fluores-
cence microscopy, total internal reflection microscopy (TIRF), two-photon excita-
tionmicroscopy, stimulated emission depletion (STED)microscopy, photo-activated
localization microscopy (PALM), stochastic reconstruction microscopy (STORM).
However, most of those techniques have quite specific requirements for the type of
samples which can be imaged, require labelling of the samples or complicated instru-
mentation and data processing. The principles of those techniques and comparison
between them can be found in different reviews on the subject [34–39].

Access to the Near-Field

The second difficulty for studying plasmonic effects is specific for this kind of effects:
since they have the ability to concentrate the light in the close vicinity of the metal
surface, the characterization technique needs to be able to access the near-field of the
metal. This means, that it has to be able to somehow access fields, which are only
present to a few hundreds of nanometers from the particle. Typically, some kind of
a scatterer of those fields is needed to make them accessible to detectors, positioned
further away from the structures, i.e. in the far-field.

Nowadays, one of the most powerful tools for sub-wavelength imaging is the
scanning near-field optical microscopy (SNOM) technique [40–44]. In addition to
the tens of nanometers resolution capability, the technique can image the near-field
of the sample, which is, as explained above, a requirement for studying plasmonic
structures. Therefore, we have chosen to use and develop this technique for charac-
terization of plasmonic structures. In the next section we will discuss the physical
idea behind the technique, the practical realization and the remaining challenges to
its usage and applicability.
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1.2 Scanning Near-Field Optical Microscopy (SNOM)

In the search for optical techniques capable of imaging the near-field of light with
nano scale resolution, the SNOM has become one of the most popular techniques.
In this method, by positioning a probe in the evanescent field of the sample, the
near-field can be imaged with resolution, determined by the size of the probe and
the probe-sample distance but not by the wavelength as in the conventional optical
microscopy. Typically, the resolution is in the range of tens of nanometers, although
sub-10 nm resolution has been reported [45, 46]. Additionally, in contrast to con-
ventional microscopy, where only information about the light intensity is typically
obtained, the SNOM can separately access the different components of the electro-
magnetic field. Which component will be picked up depends on the type of probe
and measurement configuration.

In this section wewill first elaborate on the origin of the limitations of the standard
optical microscopy, more specifically—on the origin of the diffraction limit. Then,
we will explain what is the physical idea behind their circumvention with the SNOM
and how in practice such microscopes are realized. Since the type of information
obtainable by SNOM ismainly determined by the used probe type and configuration,
we will further summarize the most popular probes and SNOM configurations. The
above mentioned advantages of the method come at a certain price—the presence of
the probe in the near-field of the sample disturbs that field, so the influence of the
probe on the measured field has to be carefully considered and taken into account.
The main challenges in the SNOM technique are discussed in the last part of this
section.

1.2.1 The Diffraction Limit

We classically think of light as rays, travelling in straight lines. However, when the
light passes near a barrier or through an aperture, it tends to bend and spread out. This
effect is called diffraction and it is more pronounced when the characteristic sizes of
the barrier/aperture are comparable or smaller than the wavelength of the light. The
diffraction limit is the fundamental limitation of the resolution of optical imaging
systems, due to the diffraction of light. The concept of the diffraction limit was put
on a solid ground in 1873 by the German physicist Ernst Abbe [33] and it was further
refined by Lord Rayleigh in 1896 [47]. Rigorous calculations and explanations of the
diffraction theory of light can be found in different sources [33, 44, 47, 48]. Here,
we present an intuitive physical explanation of the diffraction limit.

Transmission of Light Through an Aperture (a � λ): Geometrical Optics
Approximation

Wewill consider a hole in an opaque screen (object) illuminated by a plane wave and
observe the image on a distant screen—Fig. 1.3. According to classical ray optics, the
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(a) (b)

a>> a
Reactive near-field:r << a2/

Radiating near-field: r a2/
Fresnel diffraction

Far-field: r >>
Fraunhofer diffraction

Airy pattern

R>>a R>>a

Shadow

Screen a2/

Fig. 1.3 The transmission of light through an aperture in a screen depends on the relative dimensions
of the aperture compared to the wavelength of the light and the observation distance (r). a The light
transmitted through a hole with dimensions a � λ gives a sharp shadow of the hole on a distant
screen. b If the dimensions of the hole are a ∼ λ, diffraction effects start to play a role—an Airy
pattern of alternating bright and dark spots is observed on a distant screen. The diffraction pattern
in the near-field zone is more complex and depends on the distance to the screen [49]

edges of the hole will cast a sharp shadow and we should see a bright spot with sharp
edges on a dark background—in Fig. 1.3a. In the figure, high intensity is represented
with blue color, and low intensity—with white. This is indeed what happens if the
hole’s dimension (a) is much bigger that the wavelength of the light (λ): a � λ
and the screen is positioned at a distance R � λ. This is, most often, the situation
in our everyday life—since the wavelength of the light is much shorter than the
physical dimensions of the objects around us, we most commonly see sharp objects
and shadows around us.

Diffraction of Light Through a Small Aperture (a ∼ λ)

Wewill now do the same experiment, but shrink the diameter of the hole. The theory
of diffraction by small apertures has been developed by Kirchhoff and then further
refined by Smythe and others. When the dimensions of the aperture become com-
parable with the wavelength of the light (a ∼ λ), the wave-like nature of the light
becomes important and diffraction effects start to play a role—Fig. 1.3b. According
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to Huygens’ Principle, each point from the aperture may be considered as a source of
secondary spherical waves. The wavefronts of these secondary sources start to inter-
ferewith each other, giving rise to amuchmore complicated picture of the transmitted
light. The electromagnetic field of the transmitted radiation varies characteristically
with the distance from the hole. Although these changes are continuous with dis-
tance, typically three distinct spatial regions can be defined with smooth transitions
between them—Fig.1.3b.

Reactive near-field region is the area in the immediate vicinity of the aperture,
up to a distance r of around onewavelength (r < λ).More strict definition, implying
the aperture size satisfies: r � a2/λ. The fields in that region are not radiating and
decay with the square or the cube of the distance from the hole [50]. At distances
longer than one wavelength those fields are negligibly weak. Thus, basically the
information about the object contained in these fields is not reaching further away
than about one wavelength from the aperture. The term ‘reactive’ in the definition of
this near-field zone refers to the fact that the fields in this region which are perturbed
by the interaction with a present object, will feed-back to the aperture and affect the
transmitted radiation.

Radiating near-field region, also often referred to as Fresnel region, occupies the
space beyond the reactive near-field region, at distances r ∼ a2/λ. For the formation
of the diffraction pattern in this zone, each point of the diffracting system contributes
differently depending on its relative position to the observation point, those being
closer playing the most important role. As a result, the near-zone fields are compli-
cated in structure and the diffraction pattern varies with distance from the source.
The waves are not plane waves and the relationship between the electric and the
magnetic field is complex.

Far-field region, or Fraunhofer region is considered at distances r � a2/λ. In
this zone, thewaves can be considered planewaves, thus the electric and themagnetic
fields are perpendicular to each other and oscillate in phase. Their magnitudes are
related simply by E = Bc, where c is the speed of light. For the formation of
the diffraction pattern in the far-field zone the whole diffracting system contributes.
As mentioned above, each point from the aperture becomes a source of secondary
spherical waves (Huygens’ Principle). The interference of those waves on a screen
positioned in the far-field zone gives rise to a pattern consisting of a bright spot,
surrounded by alternating bright and dark rings (Fig. 1.3b), instead of a sharp image
of the hole as in the case of a big aperture (Fig. 1.3a). This is called Airy diffraction
pattern and it was theoretically described by Airy in 1835 [51]—Fig. 1.3b [49]. The
first minima in the pattern appears at position from the center:

rA = 1.22R
λ

a
(1.1)

Actually, for big apertures compared to the wavelength, the effect is also present, but
less noticeable.
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Diffraction of Light Through a Deep Sub-wavelength Aperture (a � λ)

We will now shrink the hole even further to sub-wavelength dimensions (a � λ).
In this case the theoretical models developed by Kirchhoff for the case above do not
hold anymore. Bethe was the first one to tackle the problem of light diffraction by
a deep sub-wavelength hole in a metal screen [52]. He provides an analytical result
for the transmitted field through such an aperture. Bethe’s solution for the near-field
region was later corrected by Bouwkamp [53].

The physical processes occurring when the light is diffracting through such an
aperture are elaborated in Chap.3, Shortly, in this case the near-fields of the aperture
can be treated by static or quasi-static methods. The radiation through the aperture
is actually equivalent to the radiation of an in-plane magnetic dipole and an electric
dipole normal to the plane. The fields get localized in the vicinity of the hole, expo-
nentially decaying away from it—Fig. 1.4 [54]. The decay length of the near-field
evanescent wave is about 20% of the aperture diameter, thus the aperture becomes a
local nano-sized source. The largest portion of the transmitted fields is localized in
this nano-sized region and cannot propagate to the far-field. Information from them
is lost and cannot contribute to the formation of the image in the far-field.

a <<

R>>a

Reactive near-field:r <<a2/
Radiating near-field:r a2/
Fresnel diffraction

Far-field:r >>a2/
Fraunhofer diffraction

Screen

Fig. 1.4 The light diffracted by a deep sub-wavelength aperture is strongly localized in the near-
field of the sample and only a very small portion of it propagates to the far-field. The aperture
becomes a localized source with nano-sized dimensions. However, in the far-field, the transmitted
fields are practically not able to contribute to the formation of an image

http://dx.doi.org/10.1007/978-3-319-28793-5_3
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Diffraction Limit of Conventional Optical Microscopy

Practically, all conventional microscopes operate in the far-field regime—the illumi-
nation and collection objectives are positioned in the far-zone of the sample. Hence,
as described above, information concealed in the non-propagating near-field zone
can not be obtained by such microscopes. Features with sizes comparable with the
wavelength appear in the image with the blurry edges of the Airy patterns instead of
sharp shadows. The idea behind the origin of the diffraction limit in a conventional
far-field microscope system will be further elaborated below.

For simplicity, we consider a very simplified microscope, consisting of only one
lens, playing the role of an objective and focusing the light from an object on a distant
screen. As an object, we take a point-like source (P)—a point from the sample plane,
scattering the incoming light—Fig. 1.5a. The collection system has a finite size (A)
and will collect part of the scattered light (in blue), while part of the light scattered
under close to grazing angles will be lost (in red). The collected light is focused by
the lens on the screen. Due to the fact that the lens has a finite size, the situation is,
in a way, similar to the one described above about the circular aperture. In this case
the lens is playing the role of the aperture, in a sense that only the rays reaching the
lens will be collected and used for the construction of the image. Thus, analogously,

(a)

Object 

Objective 

Airy disk 

P 

D 

A 

Object 

Objective 

Airy disks 
overlap 

P1

D 

A 
(b)

P2

Fig. 1.5 The resolution of conventional optics is limited by the diffraction of light. a Each point
from the sample is appearing in the image as an Airy pattern. b The Airy patterns of two closely
positioned object points overlap. According to the Rayleigh criteria, the smallest distance at which
the two points are still observed as separate objects is δx = 0.61λ/NA. This is the resolution of
a far-field optical system. The Airy disks of points positioned at closer distances are overlapping,
thus such points are not distinguishable
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the point source appears on the screen not as a point, but as an Airy disk pattern with
a finite size, determined by the wavelength and the size of the objective. Basically,
every point from the object will appear in the image as an Airy disk.

Naturally, the next questionwhich arises is:what is the resolution of such a system,
meaningwhat is theminimum distance between two points at which we still see them
separate from each other. If we try to see two points which are close together, their
Airy disks will start to overlap. The points are still distinguishable if the central
Airy disk of one of them coincides with the first minimum of the Airy pattern of
the other—so called Rayleigh criteria (Fig. 1.5b). If we get the points closer, they
are not distinguishable anymore. According to this criterion, the minimum angular
separation possible for a far-field optical system is:

δθ = 1.22
λ

A
(1.2)

Here, we have used the small angle approximation: sin θ ≈ tan θ ≈ θ. Still within
this approximation, from Fig. 1.5b we can estimate that:

δθ = δx

D
(1.3)

where δx is the distance between the two points P1 and P2 and D is the distance
between the lens and the sample. Thus, combining Eqs. 1.2 and 1.3 we obtain:

δx = 1.22
λD

A
(1.4)

Here, it is convenient to introduce the concept of a numerical aperture NA of the lens.
It is a measure of the maximum acceptance angle of the lens and it is defined by
the refractive index of the imaging medium (n; usually air, water, glycerin, or oil),
multiplied by the sine of the aperture angle (sin θ).

NA = n sin
θ

2
(1.5)

Again,the geometry of the system in Fig. 1.5b, allows us to consider small angle,
thus we can approximate that:

sin
θ

2
≈ θ

2
≈ A/2

D
= A

2D
(1.6)

Hence, the resolution of a far-field optical system according to the Rayleigh criteria
can be expressed in the more commonly known form:

δx = 0.61
λn

NA
(1.7)
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Thus, it is the diffraction effectswhich limit the resolution of standard far-field optical
microscopes. Every point from an image is in fact anAiry disk andwe can not resolve
two points which are closer than the distance δx defined above.

According to formula 1.7, the resolution of such a system can be increased either
by using shorter wavelengths or by increasing the NA. Usage of shorter wavelengths
is, however, restricted by the limited sources and, in general, optical elements in the
UV. Most of the optical components become highly absorbing in the UV and exotic
and expensive materials are required for production of optical components suitable
for that wavelength region. Also, this implies the limitation that the wavelength of
the light used for imaging is dictated by the desired resolution and not by the spectral
properties of the sample.

The NA can be increased to certain amount by using immersion oil objectives, but
still the best achievable NA is about 1.6. Actually, it is the finite size of the collection
system which prevents us from obtaining a point like image on the screen [44]. Since
some of the rays coming from the object are not collected by the optics, the lack of
this information prevents the full reconstruction of the image. Collecting a bigger
portion of the rays coming from the object results in shrinking of the Airy disk size,
and allows obtaining an image closer to the actual point object. The shrinking of the
Airy disk size, and respectively improvement of the resolution, when increasing the
portion of the collected light by the objective is illustrated in Fig. 1.6.

Practically, in the best case, the resolution of far-field opticalmicroscopy is limited
to about 200 nm.

Having described the origin of the diffraction limit, we will further discuss how
this limit can be overcome.

Sample 

Objective 

Airy disk 

Fig. 1.6 Increasing of theNA of an objective leads to shrinking of theAiry disk size and respectively,
improvement of the resolution [49]
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1.2.2 Principles of Sub-wavelength Optical Microscopy

As described above, the basics of the diffraction limit of conventional far-fieldmicro-
scopes is the fact that some of the light scattered from sub-wavelength features can
not reach the detection system because (i) it is localized in the near-field and does
not propagate to the far-field and/or (ii) the finite dimensions of the collection system
do not allow collection of light scattered at all angles. The lack of this information
prevents the full reconstruction of the image. This loss of information occurs when
the illumination and the collection are realized in the far field. These are the typical
conditions in which all conventional optical microscopes operate—they use objec-
tives to provide far-field illumination and detection. However, if a microscope which
allows breaking one of those conditions is built, an opportunity to circumvent the
diffraction limit appears.

It was in 1928 when Synge first proposed a way to circumvent the diffraction limit
and achieve sub-wavelength resolution with an optical microscope [40]. Synge’s
idea was conceptually quite simple—to illuminate the sample by a light source with
sub-wavelength dimensions, positioned in the near-field of the surface—Fig.1.7. To
realize the idea in practice, he proposed forming an aperture in an opaquemetal screen
with dimensions much smaller than the wavelength and illuminating the sample
through that aperture. This illumination is equivalent to the diffraction of light through
a deep sub-wavelength aperture explained in the previous section and elaborated in
Chap.3. Shortly, the hole becomes a nano-sized source, whose fields are localized
in the near-zone of the aperture and practically do not propagate to the far-field.

Sample

Metal 
screen

R<<Near-field

Far-field

Incident plane wave

a<<

Wavefront

Fig. 1.7 The original idea for construction of a sub-wavelength resolutionmicroscope (Synge [40])
was to illuminate a sample with the evanescent field of a sub-wavelength aperture in a metal screen.
For this purpose, the sample has to be positioned in the near-field of the aperture and raster scanned
with it. At each scanning position the near-field gets scattered to the far-field by the sample features.
Recording of the scattered light results in sub-wavelength resolution image, determined by the size
of the aperture and the distance between the probe and the aperture

http://dx.doi.org/10.1007/978-3-319-28793-5_3
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We can now use this source for local illumination of a sample, if the sample is
brought in the near-zone of the source. This will result in illumination of only a
restricted part of the object with sub-wavelength dimensions determined by the size
of the source and the distance between the source and the sample. The illuminated
part of the sample will scatter the near-field of the source towards the far-field, where
the light can be collected by a conventional far-field collection objective. The critical
moment is, that the scattering is occurring only from the illuminated part of the
sample, which is with sub-wavelength dimensions. Thus, the scattered and collected
far-fieldwill carry information coming froma sub-wavelength area,whichmeans that
we can achieve a sub-wavelength resolution. Scanning the source and recording the
transmitted/scattered light can produce a sub-wavelength resolution optical image.

The achievement of sub-wavelength resolution can be also realized in the inverse
configuration scheme, where the illumination is performed via a conventional far-
field objective, whereas the sub-wavelength hole is used as a local light detector.
Since the “detector” is positioned in the near-field, it can collect the evanescent
fields which are otherwise not reaching the far field detectors, preventing them to
make a complete reconstruction of the object.

It should be noted, that such a near-field microscope allows not only better optical
resolution, but it allows also visualization of the near-field of the sample. Therefore,
the combined capability of near-field imaging and nanoresolution makes the SNOM
one of the most popular techniques for studying plasmonic effects.

Although quite straightforward, at that time Synge’s idea was difficult to imple-
ment from a technical point of view—the tiny aperture formation and maintenance
of nanometers sample-aperture distance were problematic. The first experimental
demonstration of this idea was made in 1972 by Ash and Nicholls using microwave
radiation (λ = 3cm) and an aperture of 0.5 mm [41]. In 1984 the groups of Pohl
at IBM Zurich and Lewis at Cornell University (USA) were the first to report sub-
wavelength optical measurement in the visible range [42, 55]. Since then, numerous
variations of this idea for diffraction free optical microscopy have been developed
and implemented for various studies. Depending on the specific sample and charac-
teristics which need to be studied different types of SNOM configurations, feedback
mechanisms and near field probes, might be used. Those experimental realizations
will be discussed in the next section.

1.2.3 Basic Configuration and Practical Realizations

Different SNOM configurations, near-field probes, detection and excitation schemes
have been introduced for miscellaneous applications. In this section we will first
describe a general SNOMsetup and its most popular variations. Next, wewill discuss
on the most used types of probes—aperture probes, apertureless ones and some
specifically developed probes.

A schematics of a typical SNOM realization is presented in Fig. 1.8. The light
from a laser is delivered to a metal coated tapered optical fiber, used for sample
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Fig. 1.8 In a typical SNOM the light is delivered through an optical fiber probe to the near-field
of the sample. The scattered or transmitted light is recorded synchronously with the scanning of
the probe. This synchronization and the maintenance of a nanometers probe-sample distance are
controlled by a computer and a controller

illumination. The sample is positioned on an x-y stage and the fiber is maintained
at a fixed nanometer distance above the sample by a feedback mechanism. Usually,
the sample is raster scanned to obtain an image and the illumination and collection
systems are fixed. This avoids complications in the optical path alignment during
the scan, but the reverse configuration is also used. The scattered near-field signal is
collected in transmission and sent to the detector. Filters, polarizers and other optical
elements could be added, if needed. The system is synchronized by a controller and
a computer.

Depending on the sample and the information needed to be extracted, different
variations of that basic SNOMconfiguration have been introduced. Themost popular
ones are summarized and illustrated in Fig. 1.9.

(a) Transmission illumination mode—illumination through the SNOM tip in the
near-field and collection by an objective in the far-field.

(b) Transmission collection mode —illumination from the far-field and collection of
the near-field with the SNOM tip. As an option, the far-field bottom illumination
might be fixed to the sample stage and they can be scanned together under the
tip—necessary for waveguide studies, for example.

(c) Reflection illumination mode—illumination through the SNOM tip and collec-
tion of the far field by a detector positioned on the side.

(d) Reflection collection mode—far-field illumination of the sample from the side
and collection of the near–field with the SNOM tip.
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(e)

(a) (b)

(c) (d) (f)

Probe

Sample

Probe

Sample

Fig. 1.9 The most popular SNOM configurations are: a Transmission illumination mode.
b Transmission collection mode. c Reflection illumination mode. d Reflection collection mode.
e Illumination collection mode. f Apertureless scattering SNOM

(e) Illumination collection mode—the same aperture tip is used for illumination and
collection.

(f) Apertureless scattering SNOM—the sample is illuminated from the side by a
far-field objective. The local field is scattered by the SNOM tip and the scattered
signal is collected again by a far-field detector positioned on the side.

The apertureless mode is widely used, because it can provide higher resolution
than the apertures modes [45, 46]. However, it comes at the price of complex extrac-
tion of the useful signal from a significant far-field background. From the aperture
SNOMmodes, one of themost popular ones is the transmission illuminationmode. It
is relatively easier to align and cleaner of far-field background compared to the other
modes. It has been shown that the reciprocity theorem holds also for the near-field,
meaning that images made in illumination and in collection mode should be identi-
cal [56–58]. The choice of SNOM configuration and probe depends on the specific
application of the setup, as will be explained in the last section of this chapter.

As already mentioned above, one of the most critical points in the SNOM instru-
mentation are the near-field probe and the control of the sample-probe distance.
Below we describe the most widely used SNOM probes with their feedback mech-
anisms and some specially developed state-of-the-art probes with specific purposes.

Aperture Probes

Tapered optical fiber probes.
The most commonly used SNOM probes are tapered optical fiber probes. Those
are optical fibers, pulled and thinned at the end until a sub-wavelength diameter is
reached. The glass is typically coated with metal to prevent the light from leaking out
of the fiber walls. Usually, Al is used for coating due to its small skin depth—the light
penetrates until about 13 nm at 500 nm wavelength. A typical optical fiber probe is
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A - Probe 
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Fig. 1.10 Optical fiber probes are one of the most popular SNOM probes. a The light coming
through the fiber is also visible in a far-field microscopy image [59]. b SEM image of a typical
optical fiber probe [60]. c The probe-sample distance is controlled via a shear-force feedback [61].
d In the case of bent optical fiber probes, cantilevered feedback mechanism is possible [62]

shown in Fig. 1.10a [59]—some of the light, propagating through the fiber and being
scattered to the far-field is clearly visible. A close up SEM view of the tip is also
included—Fig. 1.10b [60].

These probes require the so called shear-force feedback method to control the
probe-sample distance. The fiber is attached to one of the shoulders of a tuning
fork, which is oscillated at its resonance frequency in lateral direction—Fig.1.10c
[61]. When the probe approaches the sample, different interaction forces appear
which lead to damping of the oscillation at one of the shoulders of the tuning fork
and appearance of a voltage difference between the two electrodes C. This voltage
difference is monitored and used as a feedback signal to maintain fixed sample-probe
distance.

The tapered optical fiber probes have good transmission characteristics and are
relatively easy to produce. It is however very difficult to achieve mass production
with well reproducible properties of the probes. The main drawback of the optical
fiber probes is their fragility. The probes are quite stiff and if unwanted contact occurs
between the probe and the sample, both of them can be easily damaged.

There exist also bent optical fiber probes, which allow feedback control of the
probe-sample separation similar to conventional cantilevered AFM, as explained in
the next section—Fig. 1.10d [62]. There is less chance of damaging the probe and
the sample during the scan, but these bent probes are difficult to fabricate and a lot of
signal losses occur at the bend. This requires increasing of the light intensity, which
might lead to heating of the probe and the sample and tomore stray light background,
contaminating the useful signal.
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Fig. 1.11 a SEM images of the hollow-pyramid SNOM probes [63]. b The cantilever-based feed-
back mechanism allows more accurate control of the probe-sample separation than the shear-force
feedback used for the optical fiber probes [64]

The tapered optical fiber probes offer a lot of flexibility in the geometrical con-
figuration of the SNOM setup, since the probe can be made a stand-alone piece
of equipment, not integrated in the microscope. Thus, the probes themselves can be
scanned without introducing serious shift in the optical path. Additionally, more than
one probe can be included in a measurement with position and time synchronization
between them and/or the sample scan stage.

Cantilever based probes.
Recently, a novel type of probes has been introduced—cantilever based SNOM
probes, analogous to a hollow AFM tip. They consist of a hollow SiO2 pyramid,
coated with metal and mounted on an elastic cantilever arm. Different SEM views
of such cantilevered probe are shown in Fig. 1.11a [63].

The probes are produced on a silicon wafer, by the standard, well developed
methods of the silicon industry. This allows batch fabrication with well defined and
reproducible properties. These probes are very robust and relatively easy to use.
Additionally, they maintain relatively well the initial polarization of the transmitted
light [65]. This is not the case for the optical fiber probes, where bending of the fiber
or strain induced effects can easily change the polarization state.

Integrating a SNOM tip on an AFM cantilever allows imaging of the sample in all
well developed force-microscopy modes (contact mode, tapping mode, non-contact
mode), thus offering a lot of options for probe-sample distance control. The most
popularmethod for feedback control of cantilever based probes is the beamdeflection
laser feedback, illustrated in Fig. 1.11b [64]. A laser beam is reflected by the back
side of the cantilever and sent to a segmented photodetector.
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In contact mode, the cantilever is brought close to the surface and dragged in
lateral direction. When the cantilever is in close proximity of the surface, different
forces are causing it to bend (main contribution is usually coming from Van der
Waals forces). During the scan the probe-sample interaction forces change, which
respectively causes changes in the bending of the cantilever. Consequently, the posi-
tion of the reflected laser spot on the photodetector is changing. The feedback loop
is monitoring these changes in order to keep the desired probe-sample distance con-
stant.

This method is very straightforward, but has the disadvantage of damaging both
the sample and the tip, due to the strong lateral forces. Therefore another mode has
been invented—tapping mode, in which during the lateral scan, the cantilever is
oscillated at its resonance frequency in vertical direction. This reduces the damage
on the sample and the tip and allows lock-in detection of changes in oscillation
amplitude, frequency, phase, thus providing more accurate control of the sample-
probe separation. These feedback methods give better spatial resolution and stability
than the one achievable with shear force feedback.

A significant drawback of both types of aperture probes is that an unpredictable
shift between the topography and the SNOM image in the order of 50–100nm can
easily appear. It originates from the fact that the optical image is obtained through
the center of the aperture, while the topography signal is acquired with the most
protruding part of the tip, which can be anywhere, especially if a random particle is
picked up by the tip during the scan.

Aperture SNOM also has its resolution limitations—since the resolution depends
on the hole size, the aperture should be made as small as possible. However, the
transmitted light intensity diminishes as a6 when squeezing the diameter, a, of the
hole. Therefore, there is always a compromise between the signal intensity and the
lateral resolution. The best lateral resolution achieved with aperture SNOMwith still
reasonable signal intensity is on the order of 50 nm.

Apertureless Probes

A scattering type of SNOM (apertureless SNOM) has been introduced to overcome
the above mentioned resolution limitations of the aperture SNOM. It uses sharp
silicon [66] or metal [67] tips to scatter the electromagnetic field on the sample
surface during the scan. Since these probes are much sharper than the other two
types, much better spatial resolution can be achieved both in the topography and the
SNOM image—on the order of 10 nm [45, 46].

Also, both the optical and the topography images originate from the same point,
therefore shift between them is unlikely to occur. However the useful near-field
signal should be extracted from a huge far-field background and topography induced
artifacts might be expected. This requires more complicated detection schemes (for
example lock-in) and careful data analysis [44, 68–70].



22 1 Introduction

Other SNOM Probes

All mentioned probes have their advantages and disadvantages and the choice of
probe depends on the specific information to be obtained.Numerous dedicated probes
have been developed for specific needs. A few interesting examples are briefly men-
tioned below.

SNOM tips with different active nano-optical structures attached to them have
been developed—for example single fluorescent molecule [71], fluorescent quantum
dots [72], photodiode [73]. The signal from the light emitting structures is used to
map the local electromagnetic field near the sample surface.

Frey et al. have introduced a tip on aperture (TOA) design, by attaching a metallic
antenna to a standard optical fiber probe—Fig.1.12a [74]. The light which is con-
fined by the fiber is further concentrated by the antenna. Thus, such a probe has the
resolution of a scattering type SNOM, but introduces less far-field background in the
signal. The authors have demonstrated resolution of 25 nmwhen imaging fluorescent
beads.

Special probes have been developed for studying dynamical aspects of light emis-
sion and non linear optical processes. An SEM view of such a probe consisting of
tapered optical fiber, carbon nanotube (CNT) and functional nano-optical structures
is shown in Fig. 1.12b [75].

If a sharp tip is metalized, lightening rod effect or excitation of plasmonic reso-
nances might occur at the tip end. Both lead to enhancement of the electromagnetic
field near the tip. These enhanced fields have been demonstrated to excite multi-
photon luminescence [76] and second harmonic generation [77]. Yang et al. have
demonstrated apertureless SNOM based on the effect of fluorescent quenching near
a metalized AFM tip [77]. All these near field probes are explored in the search for
better resolution and less far-field background in the image.

Fig. 1.12 Special types of
probes have been developed
for enchancing the SNOM
resolution and reducing the
far-field background
contribution to the optical
signal like: a Tip on aperture
(TOA) design in which a
metallic antenna is attached
to a standard optical fiber
probe [74] and b Tapered
optical fiber, combined with
carbon nanotube (CNT) and
functional nano-optical
structures [75]

(a)

(b)
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1.2.4 Artifacts and Challenges

The main challenges in the SNOM field remain the interpretation of the images,
the extraction of the useful near-field information from the far-field background
and the presence of artifacts in the optical images. Although the SNOM involves
well-known optical phenomena such as transmission, reflection, absorption, etc.,
additional effects may appear in the near-field. Care must be taken to avoid or at
least recognize artifacts in the near-field images and ensure that the optical image is
indeed “real”. Hecht et al. have warned that the early work in the field of SNOMwas
very much dominated by artifacts and false claims for nanometer resolution have
been made [78]. Listed below are some of the most common SNOM artifacts:

Topographical Artifacts

In a near-field measurement, optical and topographic information can easily be cou-
pled. Two of the main mechanisms playing a role are due to changes of the optical
alignment of the system and variations of the near-field in the vicinity of the probe
when topographic features are scanned [79].

The first effect can occur if changes in the optical path of the system excitation
source-probe-detector occur. In lateral direction this is unlikely, since usually the
sample is scanned and the mentioned parts of the system are fixed. However move-
ment of the probe in vertical direction when encountering a topographic feature may
shift the focus of the system. This shift is usually minor, but if a confocal detection
scheme is used, it may still significantly influence the optical signal.

The origin of the second mechanism is depicted in Fig. 1.13. The optical signal in
the SNOM measurement is very sensitive to the material in the immediate vicinity
of the sample. If a step is scanned, the material close to the aperture changes from
substrate to air and then to the sample material, instead of directly changing from
substrate to sample. This may lead to the optical signal drop depicted in Fig. 1.13.

Fig. 1.13 Artifacts in the
optical signal due to
topography variations may
appear in the SNOM
measurements

Probe Position

Topography 

Optical Signal

Probe motion

Probe

Sample



24 1 Introduction

Various mechanisms to recognize topography-induced artifacts have been pro-
posed [78]. For example, a correlation image might be done between the topography
and the optical image. If there is a good correlation, then most probably the contrast
in the optical image is due to topography. There is however still no clear and well
established way to separate and distinguish topographical from optical information.

Probe-Sample Interactions

Another mechanism of artifacts generation is sample perturbations by the tip. As
already mentioned, unwanted hard contact between the tip and the sample might
result in damaging of both of them. Since the tip is usually metal coated, electrical
perturbations of the sample might also occur or electric charges can be transferred
between the probe and the sample. For example, it has been shown that excited state
life time of a single molecule measured with a tapered optical fiber SNOM probe
depends on the position of the molecule relative to the glass and the metal part of the
probe [80].

Probe Heating

To achieve better resolution with aperture SNOM, the size of the aperture should
be as small as possible. However, this reduces significantly the amount of light
passing through the aperture, so the illumination intensity should be increased to
attain measurable signal levels. This strong illumination inevitably leads to heating
of the probe, mainly due to absorption of light in the metal (typically Al) coating
layer and changes in the properties of the probe [81].

For example, the thermal expansion of the probe leads to reduction of the diameter
and since the throughput of the optical fiber depends on the sixth power of the
aperture’s diameter, this effect might significantly lower the throughput. For optical
fiber probes, if elongation of the probe occurs, the waveguide modes inside the
fiber are attenuated which results in lower throughput as well. With increasing the
temperature, the reflectivity of Al decreases, which opens a positive feedback for
further heating of the probe. If high temperatures are reached, not only the probe
but also the sample could be damaged. The exact damaging conditions depend very
much on the concrete experimental configuration and SNOM probe.

1.3 SNOM for Imaging the Magnetic Field of Light

In the first section we have discussed the promising applications offered by the
field of plasmonics and that for the further development of plasmonic devices it is
crucial to characterize the light-matter interaction in the near-field of the sample
with nanoscale resolution. It has been pointed out that one of the critical steps in
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the characterization of plasmonic devices is imaging of the different electric and
magnetic field components of the light with nanoscale resolution.

In the second section, we have explained why the characterization of plasmon
effects is challenging from experimental point of view and we have discussed that
one of the most suitable techniques for studying them is the SNOM. Nowadays,
one of the last standing gaps in the full electromagnetic field characterization is the
imaging of the magnetic field component of light. The work presented in this thesis
contributes to fill in this gap.

In the first part of this section we explain how the various SNOM configurations
and probes can image some of those electromagnetic field components. In the second
part of the section we will elaborate on the fundamental difficulties in the magnetic
field imaging at optical frequencies. Finally, we will describe the experimental setup,
which allows the imaging of the magnetic field of light.

1.3.1 Imaging the Electromagnetic Field Components
by SNOM

Different combinations of the SNOM probes and configurations described in the
previous section result in imaging of the different electromagnetic field components
of the light. For example, the normal to the sample surface electric field component
can be mapped by an apertureless SNOM configuration [42, 70]. Images obtained
with a metal coated optical fiber probe in transmission configuration have been
interpreted in terms of local density of optical states (LDOS) [82–84], magnetic field
[29, 30, 32, 58, 85] or lateral electric field [86, 87]. However, no consensus has been
reached and the imaged component strongly depends on tiny details in the probe
geometry.

While imaging of the electric field components is nowadays a standard procedure,
mapping of the magnetic field components remains a challenging non trivial task.
This is mainly because of the weak interaction of the magnetic field of light with
conventional materials, the physical reason for which will be elaborated in the next
section [26, 27]. Although indirect procedures, relying on the calculation of the
magnetic field from the electric field via Maxwell’s equations [31, 88–90] have been
suggested, direct measurements of the magnetic field remain difficult. Important
progress in this direction has been reported by Burresi et al. [28] who have developed
a special split-ring-like probe for mapping the vertical magnetic field component.
Instead, in our work we focus on imaging the lateral magnetic field component of
the light, which will be discussed in the last section of this chapter.



26 1 Introduction

1.3.2 Fundamental Challenges in Imaging the Magnetic
Field of Light

Since the proposition by James Clerk Maxwell and the experimental confirmation
by Hertz, we know that light is an electromagnetic wave—it consists of oscillating
electric and magnetic fields, related to each other via Maxwell’s equations. In an
electromagnetic wave, travelling through a media with refractive index n, the ratio
between the electric and magnetic field intensity is:

E

B
= c

n
(1.8)

When a material is illuminated with light, those electric and magnetic fields interact
with the material to yield a certain response. The fields can interact in various ways
with the atoms, electrons, nuclei. Below we will make a rough estimate on the
interaction strength of the electric and magnetic field forces, which those particles
exhibit.

An electric field with magnitude E acts upon a charged particle with charge q
with a force:

Fe = qE (1.9)

A magnetic field with magnitude B acts upon a moving charge q at speed v with a
Lorentz force:

Fb = qvB (1.10)

Thus, the ratio between the electric and the magnetic force strength is:

Fe

Fb
= E

vB
= c

v
(1.11)

Since for most materials the refractive index n is on the order of 1 to 2, it has been
omitted in the formula above, which has the purpose to provide a rough estimation
of the order of magnitude.

If we are considering a metallic material, the free electrons in it are moving
roughly at the Fermi velocity [26]. For typical metals it is in the order of 106 m/s,
consequently:

c

v
= 300 (1.12)

Thus, for the free electrons in a metal, the ratio between the electric and the magnetic
force strength is in the order of:

Fe

Fb
= c

v
≈ 300 (1.13)
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In addition electrons localized at the atoms’ orbitals can also have a certain contri-
bution to the overall response of a material. An estimation about the strength of this
interaction can be derived from the Hydrogen atom model for an orbital with radius
rB . According to that model, the kinetic and the potential energies of an electron,
orbiting around the nuclei have to be comparable:

mv2

2
= e2

4πε0rB
(1.14)

The uncertainty principle requires that:

mv = �

rB
(1.15)

where � is Planck’s constant.
From the two equations we can derive an estimate of the ratio of the speed of the

electron in the atom and the speed of light (the factor of 1/2 has been neglected):

v = ce2

4πε0�c
= αc (1.16)

The constant alpha is the so-called fine-structure constant:

α = 1

137.036
(1.17)

Thus, for the orbiting electrons:

Fe

Fb
= c

v
≈ 137 (1.18)

This is a rough estimate for a Hydrogen atom model and the exact numbers vary
depending on the specific material. In general, the magnetic force is typically three
to four orders of magnitude weaker than the electric one [27].

Themagnetic field can also yield certain nuclearmagnetic resonances and electron
spin resonances. The frequencies of those resonances are however typically in the
radio-wave and microwave range, respectively, far below optical frequencies.

This means that for most materials the magnetic light-matter interactions are first,
of little importance and second, very difficult to measure. However, as explained in
the first chapter, for artificial metamaterials, the magnetic light-matter interactions
become as important as the electric ones. Therefore, measuring of the magnetic field
of light becomes a necessity for engineering such devices.

The measurements of the magnetic field are based on structuring of the near-field
probe, so that it can exhibit a certain magnetic dipole moment. Burresi et al. have
shown that a split-ring probe has a magnetic dipole moment normal to the sample
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surface and it can therefore be used to image the normal component of the magnetic
field of light [28].

In our work, we use the fact that a hole in a metal film (Bethe-aperture) can be
approximated by a tangential magnetic dipole and respectively, it can be used for
detecting the lateral magnetic field of light. The imaging of the magnetic field of
light with such aperture probe SNOM will be described in details in Chaps. 2–4 of
the thesis. In the last part of the introduction we will give experimental details about
the SNOM setup we use.

1.3.3 Experimental Setup for Imaging the Magnetic Field
of Light

A description of the SNOM [63] used for imaging the lateral magnetic field of light
in this thesis, is presented in this section and illustrated in Fig. 1.14.

A supercontinuum white light (SCWL) laser (NKT Photonics, Koheras SuperK
Extreme Standard) with spectral range 400–2000 nm is used as the light source. It
delivers up to 5 W of power at 80 MHz repetition rate. From the broad spectrum,
singlewavelengths with a linewidth of∼5–20 nm and power of a fewmW, depending
on the wavelength, are selected with an acousto-optic tunable filter (AOTF) (NKT

(a) (b)

Fig. 1.14 Schematics of the hollow-pyramid SNOM setup used in the thesis for imaging the lateral
magnetic field of light. a The setup was used in transmission configuration. OF: optical fiber,
L: lens, P: polarizer, O: objective, A: analyser, S&S: sample and scan stage. b SEM image of the
cantilevered aperture probe—side view (left) and front view (right)

http://dx.doi.org/10.1007/978-3-319-28793-5_2
http://dx.doi.org/10.1007/978-3-319-28793-5_4
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Photonics, SpectraK Dual). Simultaneous selection of up to eight different wave-
lengths is possible. Since the system is fully fiber coupled, minimal alignment adjust-
ments are required when changing between different AOTF filters and detectors for
measurements in different spectral regions. The selected illumination is coupled into
themicroscope, where it passes through a polarizer and is then focused on the apex of
the SNOMprobe by a 20× objectivewith numerical apertureNA = 0.4—Fig. 1.14a.

The probe consists of a hollow SiO2 pyramid, covered with an Al layer with
thickness of about 100 nm, which is etched through at the apex. This opens up
an aperture with a sub-wavelength diameter of nominally 100 nm, which provides
optical resolution below the diffraction limit. Scanning electron micrographs (SEM)
of such a probe, showing the pyramidal shape, cantilever, and aperture, are shown in
Fig. 1.14b.

Next, the light transmitted through the sample is collected in the far-field by a
60× achromat microscope objective (NA = 0.8), directed through an analyzer, and
confocally picked up by the pinhole of an optical fiber. The collected light in the fiber
can be coupled to different detectors. For the measurements presented in this thesis,
two spectrometers, equipped with a front-illuminated Si CCD camera for the visible,
and an InGaAs detector array for the near-infrared spectral range, were used. While
the sample is scanned, the spectrometer collects a full spectrum at each scan pixel.
Near-field images are then constructed by plotting the transmitted light intensity at
each pixel for a selected wavelength range only.

Typically areas of 10 µm by 10 µm were measured with a 50 nm pixel size. One
scan takes roughly 25min and typically four to six different excitation wavelengths
are measured simultaneously, although even eight is feasible.

The sample can be scanned in atomic force microscopy (AFM) contact or tapping
modewith anXYZpiezostage, and beam-deflection laser feedback.Adichroicmirror
in this stable feedback system makes a narrow spectral window around 1000 nm
experimentally not accessible.

In the following chapter it will be demonstrated that this setup is capable of
imaging the lateral magnetic near-field of a plasmonic nanobar sample. In Chap.3
we will elaborate on the physics behind the imaging of the magnetic field. Chapter
4 shows the application of the technique for studying plasmonic antennas with other
geometries.
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Chapter 2
Imaging the Magnetic Near-Field
of Plasmon Modes in Bar Antennas

Abstract In this chapter, we show how the scanning near-field optical microscopy
(SNOM) technique canbeused to visualize the lateralmagnetic near-fields ofmetallic
nanostructures, namely gold bars. We present direct experimental maps of these
fields by using hollow-pyramid aperture probe SNOM. The results are supported by
numerical simulations in which we first simulate the fields of the probe and the bars
separately. Then we simulate and discuss in details how the probe-sample interaction
results in the effective formation of a lateral magnetic dipole. This allows obtaining
optical contrast in the SNOM images corresponding to the lateral magnetic near-
fields of the structures.Weverify the results for different bar lengths andwavelengths,
respectively different plasmonmodes. The obtained specific relation of the bar length
versus resonant wavelength (so called dispersion relation), allows to unambiguously
confirm that the observed optical contrast is related to plasmonic effects.

2.1 Introduction

As discussed inChap.1, photonic nanomaterials, and in particular plasmonic nanoan-
tennas, enable light [1–5] and matter [6] manipulation at the nanoscale. Many of the
newly emerging fields in photonics are relying on plasmonic devices as essential
building blocks, for example—all-optical signal processing devices [7–11], meta-
materials [12, 13], ultrahigh sensitivity bio- and chemical- sensors [14–18], and
active photodetectors [19, 20], to name a few.

One of the key factors determining the functionality of these photonic devices is
the local distribution of the electric and magnetic field components in the vicinity of
the nanostructures’ boundaries. As mentioned in the introduction, in metamaterials
for example, both the electric [21] and the magnetic [22] interactions between the
artificial atoms play a crucial role in obtaining negative permittivity and negative

The results presented in this chapter are based on and reproduced with permission from:
D. Denkova, N. Verellen, A.V. Silhanek, V.K. Valev, P. Van Dorpe, V.V. Moshchalkov
Mapping magnetic near-field distributions of plasmonic nanoantennas
ACS Nano 7, 3168 (2013). Copyright © 2013, American Chemical Society.

© Springer International Publishing Switzerland 2016
D. Denkova, Optical Characterization of Plasmonic Nanostructures: Near-Field Imaging
of the Magnetic Field of Light, Springer Theses, DOI 10.1007/978-3-319-28793-5_2

35

http://dx.doi.org/10.1007/978-3-319-28793-5_1


36 2 Imaging the Magnetic Near-Field of Plasmon Modes …

permeability, which are necessary for the design and the engineering of, e.g., optical
cloaking [23] and negative refractive index materials [13, 24]. Recently, a lot of
efforts have been concentrated on achieving magnetic field enhancement at optical
frequencies [25–27] with prospective applications [28], for example, as magnetic
sensors [29, 30] and for achieving magnetic non-linear effects [31]. Therefore, both
from fundamental science and applications point of view, mapping not only the
electric but also magnetic near-field distributions has become of crucial importance.

Realizing that with standard far-field optical microscopy methods is impossible,
as they have insufficient resolution and provide no information about the electro-
magnetic near-fields [32, 33]. In recent years, several techniques—each with its own
specific scope, advantages and restrictions—have been developed and optimized to
gain access to the optical near-fields, e.g.: cathodoluminescence (CL) [34], elec-
tron energy-loss spectroscopy (EELS) [35], two photon luminescence (TPL) [36],
second harmonic generation (SHG) microscopy [6], and scanning near-field optical
microscopy (SNOM) [29, 37–39].

In this thesis, we focus on the SNOM technique [40, 41]. It relies on scanning
different types of probes in the near-field of a sample, which allows imaging different
components of the electromagnetic near-field. For example, the vertical electric field
component (relative to the sample surface) can be mapped by the sharp needle of a
scattering-SNOM [42, 43]. On the other hand, images obtained with a metal coated
optical fiber probe, having a sub-wavelength hole at its apex (aperture-SNOM), have
been interpreted in terms of local density of optical states (LDOS) [38, 44, 45],
magnetic field [30, 46], or lateral electric field [47, 48]. However, no consensus has
been reached regarding the image interpretation and the obtained results might be
sensitive to small variations in the probe structure and geometry.

While imaging of the electric field components is nowadays considered a standard
procedure, mapping of themuchmore weakly interactingmagnetic field components
[49] remains a challenging non-trivial task. Indirect procedures have been explored,
relying on the calculation of the magnetic field components from the electric field
components via Maxwell’s equations [50–53]. However, direct measurements of the
magnetic field at optical frequencies remain difficult. Significant progress in this
direction has been reported by Burresi et al. [29], who have developed a special
split-ring like probe for mapping the vertical magnetic field component.

Instead, here we demonstrate mapping of the lateral magnetic near-field dis-
tribution of different plasmon modes in metallic bars, by a hollow-pyramid probe
aperture-SNOM (Fig. 2.1a). This type of probes has been used, for instance, for
investigating propagating surface plasmon polaritons (SPP) [5, 39, 54, 55]. In these
studies, however, the probe-sample coupling and the image contrast formationmech-
anism, which are crucial for understanding light confining effects in nanoantennas,
have not been addressed in details. In this chapter, we propose such a mechanism and
illustrate how it effectively results inmapping of the lateralmagnetic field distribution
of plasmonic nanoantennas.
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(a)

(b)

Fig. 2.1 Near-field scanning of a plasmonic nanoantenna with a hollow-pyramid probe. a Schemat-
ics of the transmission SNOM setup. Electromagnetic coupling between the Al coated hollow-
pyramid SNOM probe and the gold nanoantenna induces a lateral magnetic dipole and can excite
surface plasmon resonances (SPRs) in the bar. By detecting the transmitted light intensity, while
scanning the sample, this dipole allows mapping of SPR magnetic field anti-nodes. b Charge den-
sity, electric and magnetic field distributions. Top at the probe aperture for an x-polarized incident
plane wave at λ = 1 µm. Bottom for the l = 3 SPR antenna mode (λ = 1270 nm), excited via an
x-polarized dipole source, indicated with the white circle. Dimensions of the nanobar are: length
L = 1120nm, width W = 70nm and height h = 50nm. The thickness of the dielectric spacer is
30nm. x-z cross-sections are taken through the probe/sample center

2.2 Results and Discussion

Near-field measurements are performed with a commercial SNOM system—WITec,
alpha300S [56]. The concept of the experiment is illustrated inFig. 2.1a and a detailed
description of the setup is given in Sect. 1.3.3. In short, polarized monochromatic
light is focused on the apex of a SNOM probe. This probe consists of a hollow SiO2

pyramid, mounted on an atomic force microscopy (AFM) cantilever. The pyramid is
coated with a 100nm thick Al layer, which is etched through at the apex. This opens
up an aperture with a sub-wavelength diameter of nominally 100nm, which provides
optical resolution below the diffraction limit. For clarity, in Fig. 2.1a, the pyramid is
partially cut open.

http://dx.doi.org/10.1007/978-3-319-28793-5_1
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A part of the incident light can tunnel through the aperture and interact with the
sample. The transmitted light is then collected and sent to the detector. Excitation and
detection axes are kept collinear while the sample is being scanned in AFM contact
mode underneath the probe.

2.2.1 Individual Probe and Sample Characterization

The detected image contrast is a result from the coupling between the near-fields of
the probe and the respective near-fields of the sample. Therefore, we first performed
a separate study of the probe and the sample. Finite-difference time-domain (FDTD)
simulations of the probe reveal that an incident polarized planewave induces a dipolar
charge polarization at its apex—indicated with “+” and “−” signs in Fig. 2.1b, top.
This leads to concentration of the electric and magnetic fields, as illustrated for |E |2
and |Hy|2. Due to symmetry considerations, the latter is the only non-zero magnetic
field component in the provided x-z cross-section, through the middle of the probe.

All field components, as well as the charge and current density, near the probe
aperture are given in the Methods Sect. 2.4, Fig. 2.8. The profiles are obtained at
λ = 1µmand remain almost unchanged throughout the experimental spectral range.
Details on the performed simulations can be found in the Methods Sect. 2.4.

The nanoantenna structure consists of a 50nm thick and 70nmwide gold nanobar,
covered by a 30nm thick dielectric layer (see Methods Sect. 2.4, Fig. 2.7). This layer
enables scanning of the sample in contact mode while preventing strong conductive
coupling between the probe and the sample.

When such a nanobar is illuminated with light, polarized along its long axis,
charge density waves at the surface of the metal are excited. They can form standing
wave-like Fabry-Pérot resonances, known as surface plasmon resonances (SPRs)
[57]. Here, the resonance mode index l is defined as the number of half plasmon
wavelengths λp/2 that fit the antenna cavity at resonance.

At positionswith high charge density in the bar, strong enhancement of the electric
near-field occurs and complementary magnetic maxima appear. This is illustrated in
the simulation shown in Fig. 2.1b (bottom) for the l = 3 SPR mode, where the
mode index is identified from the presented near-field profiles. Here, the antenna is
excited by an x-polarized electric dipole, indicated with the white circle. Again, it
is worth noticing that Hx and Hz are zero in the central x-z cross-section, as a result
of the system’s symmetry. Furthermore, the excitation of an SPR leads to resonant
enhancement of the antenna’s absorption and scattering cross-sections.
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(a)

(b)

(c)

Fig. 2.2 Experimental and simulated near-field transmission scans. a Experimental SNOM maps
of a nanobar antenna with L = 1120nm at different wavelengths. Dark regions indicate reduced
transmission intensity. b Normalized line scans of the maps in panel a through the center of the
antenna. c Simulations reproducing the experimental data from panel b. Red dashed lines indicate
the antenna borders. Red dots and circles refer to the probe positions, discussed in Fig. 2.3

2.2.2 Probe-Sample Coupling: Imaging of the |Hy|2
Near-Field Distribution of an l = 3 Plasmon Mode in a
Gold Bar

Now that the sample and probe have been characterized individually, the near-fields
induced at the apex of the probe can be used to locally excite SPRs in the near-field
region of the nanoantenna.

Experimental near-field scans of a single antenna with length L = 1120nm mea-
sured at different excitation wavelengths are shown in Fig. 2.2a. Normalized line
scans from the maps in panel a, taken through the center of the bar, are shown in
panel b. For each mode, the baseline was subtracted in order to set the transmission
minimum to zero, after which the data was normalized to the transmission intensity
at the substrate to account for the wavelength dependence of the probe’s transmit-
tance [58]. This normalization is chosen to optimize the image contrast, at the expense
of losing the absolute transmission intensity information. The light transmitted by
the probe is not fully suppressed (i.e. not reaching zero) at the transmission minima.
Since the nanoantenna is optically thin and narrower than the probe aperture, in addi-
tion to the finite extinction cross-section of the SPR resonances, a certain amount
of light still reaches the detector. The outer boundaries of the bar are indicated with
dashed lines.

Well defined dark spots corresponding to suppressed transmission are observed,
while the number of dark spots increases towards shorter wavelengths of the exci-
tation light. From left to right, the strongest transmission contrast was obtained at λ
= 1480, 1000, 880 and 740nm, respectively. For an accurate determination of these
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(a)

(b) (c)

Fig. 2.3 Probe-antenna coupling leads to efficient excitation of SPR only at the lateral magnetic
fieldmaxima. a Top Illustration of image charge formation, induced current J andmagnetic field H .
Bottom simulated charge, current density, |E |2 and |Hy |2 profiles in x-z plane through the middle
of the probe and antenna at λ = 1245nm with probe at the center of the bar. b Simulated |E |2
and |Hy |2 profiles under the same conditions as (a), but with probe positioned at 200nm from
the center and c near the edge of the antenna. “+” and “−” indicate positive and negative charge
accumulation, respectively. Green circles indicate out-of-plane magnetic field concentration. In the
different panels |E |2 and |Hy |2 profiles have the same color scale, respectively. Red dots and circles
are indicating the position of the tip, shown in Fig. 2.2c. For clarity, the schematic images are not
to scale

resonant wavelengths, near-field maps were taken in steps of �λ = 20nm and com-
pared. The characteristic features of the experimental near-field images are similar
to those of the simulated SPR near-field profiles in Fig. 2.1b and to previous reports
with scattering- and optical fiber aperture-SNOM on nanorods [37, 38, 59].

The exact relation between the transmission contrast and SPR near-field distribu-
tion is, however, not straightforward and one has to be careful with the interpretation
of the SNOM images. We therefore performed extended simulations, including the
probe-sample interaction, to reproduce the experimental maps and elucidate the con-
trast formation mechanisms.

The simulated transmission scans corresponding to Fig. 2.2b taken at, from left
to right, λ = 1740, 1245, 960, and 810nm, are shown in panel c. These curves were
obtained by scanning the probe in 50nm steps across the antenna while collecting the
transmitted light intensity through an area spanning the same angle as the numerical
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aperture (NA) of the objective in the measurement. The simulated scans accurately
reproduce the experimental number of transmission minima and their relative posi-
tions.

The spectral shifts observed between the experimental (panels a and b) and sim-
ulated (panel c) transmission resonances most likely originate from deviations from
the ideal sample and probe geometry (dimensions, shape, surface roughness, grain
boundaries), as well as their optical material properties (depending on fabrication
process), used in the simulations. As these parameters are hard to control and accu-
rately determine experimentally, it is difficult to avoid such a spectral mismatch.

We can now confidently use the full-field three dimensional simulations to inves-
tigate how the probe fields excite surface plasmons in the nanoantenna, and how
this excitation influences the detected transmission intensity. Figure2.3 provides a
more in-depth analysis for the case where three transmission minima are observed
in Fig. 2.2c (λ = 1245nm) and the probe is located at the same positions as those
indicated with red dots and the open circle. In Fig. 2.3a, the probe is positioned above
the antenna center and the top left panel illustrates how the polarized charges at the
rim of the probe generate image charges in the metallic nanostructure.

This effect is evidenced by the strong electric field intensity |E |2 observed between
the Al coating of the probe (grey areas) and the nanobar (also seen in Fig. 2.3b, c).
This anti-parallel dipole coupling effectively generates an out-of-plane y-oriented
magnetic dipole (green arrows in Figs. 2.1a and 2.3) [60, 61]. The strong lateral
magnetic field enhancement is clearly observed in the corresponding |Hy|2 field
profiles.

The charge separation induced by the probe, disturbs the free electron gas in the
antenna and launches a surface plasmon wave. Even when driven at one of the SPR
frequencies, the probe couples to an SPR only at positions for which the waves,
reflected back from the antenna edges, are phase matched to form a standing wave
pattern. These positions are exactly the nodes in the corresponding SPR charge
density distribution.

The charge distribution in Fig. 2.3a clearly shows the standing wave pattern
expected for the l = 3 antenna mode, exhibiting three charge nodes and four anti-
nodes in the electric field profile. This resonant charge oscillation translates into three
regions of high current density |J | and consequently, through Ampère’s law, three
magnetic field anti-nodes. The top right panel of Fig. 2.3a illustrates how the charges
and magnetic near-field (green circles) at the probe aperture line up with the charge
distribution and magnetic near-field of the SPR mode.

When resonantly excited, both the absorption and scattering cross-sections of the
nanoantenna are drastically enhanced. This means that part of the power transmitted
by the probe is absorbed and redirected by the antenna, resulting in a lower detected
signal, and therefore, a dark spot in the SNOM image (Fig. 2.2c, single red dot).

When the probe is gradually moved off-center, the symmetric standing wave
profile, clearly seen in the |E |2 and |Hy |2 profiles at the bottom surface of the nanobar,
is disturbed. Up to a point where one of the four electric field maxima, characteristic
for the l = 3mode, disappears. This situation is shown in Fig. 2.3b where the probe is
shifted 200nm from the bar’s center. Here, no efficient coupling between the different
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electric andmagnetic field components occurs and excitation of the l = 3mode is not
expected. The open red circle in Fig. 2.2c indicates that this results in a transmission
maximum.

When approaching the antenna edge (Fig. 2.3c), however, the next l = 3 SPR
magnetic anti-node is probed. The symmetric SPR field profiles are restored and
another transmission minimum is detected (Fig. 2.2c, double red dot).

The closer the probe is to the maximum of the antenna’s magnetic field, the
stronger the resulting out-of-plane coupled magnetic dipole becomes, leading to
stronger excitation of the SPR mode. Consequently, more light is absorbed and less
light reaches the detector. From this analysis we can conclude that the SPR field
component, effectively mapped in this type of near-field measurement, is Hy .

To further illustrate that the experimental maps indeed correspond to the |Hy|2
field profiles, a comparison between the measured SNOM map and the different
components of the electromagnetic near-field of the nanobar is shown in Fig. 2.4.
For the simulation, the surface plasmon resonance in the antenna is excited with a
dipole source, positioned above one end of the antenna. The profiles are taken at
the resonant wavelength for the l = 3 SPR mode (λ = 1270nm). The electric field
components have a common color scale. The magnetic field components also have
a common scale bar, except |Hx |2 for which the maximum intensity is an order of
magnitude lower.

(a)

(b)

Fig. 2.4 a Electric (left) and magnetic (right) field distributions for a gold nanobar with L =
1120nm for the l = 3 SPR mode (λ = 1270nm). x-y cross-sections are taken at 30nm from
the gold top surface. b Experimental transmission map for the same mode reproduces the |Hy |2
distribution. The white boxes outline the nanobar
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2.2.3 Imaging of the |Hy|2 Near-Field Distribution of
Different Plasmon Modes in a Gold Bar

Since a transmission minimum was shown to correspond to a region with enhanced
magnetic field, it is now possible to unambiguously assign the proper mode index l
to the different SPR modes seen in the SNOM maps of Fig. 2.2.

Clearly, the experimental near-field maps reproduce the calculated magnetic field
maxima for the l = 2, 3, 4, and 5 antennamodes, as illustrated in Fig. 2.5. It is interest-
ing to note that even order modes are also detected [14]. The localized excitation of
SPRs offers the necessary symmetry reduction to excite these otherwise dark modes.
The simulated profiles here are also obtained by placing a dipole source above one
end of the antenna to introduce the phase retardation, which however, leads to a small
asymmetry seen in the profiles. From a comparison of the simulation with (Fig. 2.2c)
and without (Fig. 2.5 bottom row) the SNOM probe, it can be concluded that the
presence of the probe in the near-field of the sample leads to a slight blue-shift of a
few percent of the resonant wavelengths. Spectral shifts on the same order of mag-
nitude were observed in other SNOM studies using different types of metal coated
and non-metallic probes [62, 63].

2.2.4 Plasmon Dispersion Relation Obtained by SNOM

A typical near-field scan of a nanoantenna array of increasing length L is shown in
Fig. 2.6a. Following the dashed arrows, L varies from L = 720nm in the top left to
L = 1800nm in the bottom right corner. The width and the height of the bars are
kept constant—respectively W = 70nm and h = 50nm. The scan was performed
in contact mode at a wavelength of 1100nm. As L increases, additional half SPP
wavelengths can fit the antenna cavity, higher order SPR modes are excited and the
number of transmission minima increases (Fig. 2.6).

Fig. 2.5 Experimental SNOM transmission maps reproduce the simulated SPR lateral magnetic
near-field distributions. Experimental transmission minima seen in Fig. 2.2a, zoomed in in the top
row here, correspond to the simulated magnetic near-field maxima of the l = 2, 3, 4, and 5 SPR
modes in the nanobar antenna (L = 1120nm), shown in the bottom row. Field profiles are taken at
30nm from the antenna surface. The white boxes outline the nanobar
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(a)

(b)

Fig. 2.6 Dispersion relation confirms that SNOM results are related to plasmonic effects. a Exper-
imental SNOM scans at λ = 1100nm and polarization along the bars’ axis of two arrays with bars
of increasing length (indicated by the dashed arrows). Zoomed in bars with resonant transmission
contrast are shown in the bottom panels. L = 750, 1150 and 1700nm from left to right, respectively.
b Dispersion curves showing resonant plasmon energy versus plasmon wave number k defined as
k = πl/L . Closed symbols: experimental near-field transmission resonances for l = 2, 3, 4, and 5
modes. Solid and dashed lines show the light line in vacuum and in n = 1.4 medium, resp. Black
circles: calculated plasmon dispersion of an antenna of infinite length L . Inset: the dispersion data
displayed as λ(L) illustrates the expected linear wavelength scaling behavior for metallic nanorod
antennas

Since the SPR modes are spectrally relatively broad, several antennas show the
same number of dark transmission spots at a fixed wavelength. To define the reso-
nant antenna length, for a specific SPR mode, again the bar showing the strongest
transmission contrast for a line scan through the middle of the bar, was chosen. The
resonant antennas in Fig. 2.6a are indicated with dashed boxes and have a length of L
= 750, 1150 and 1700nm from left to right, respectively. Note that the systematically
observed gradual transition between the plasmon modes excludes possible sample
imperfections as the origin of the image contrast and thus, such imperfections, if
present, do not affect the presented data analysis and conclusions.
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Performing this measurement at different wavelengths allows to map out the SPR
dispersion curve, as shown in Fig. 2.6b (closed symbols). The SPR wave number
k = 2π/λp, with λp the SPR wavelength, is defined as k = πl/L , resulting from
the geometrical condition of a standing wave in the antenna cavity [38]. Here, L is
the antenna length and l the mode index which was demonstrated to correspond to
the number of transmission dips. In defining k a possible systematic error resulting
from the non-trivial phase shift of the plasmon wave upon reflection at the bar edges
is ignored. This phase shift is introduced by the complex refractive index of the
dispersivemetallicmedium of the plasmonwave [34, 38]. Aftermeasuring all points,
the first few points and a few random points were remeasured to exclude possible
resonance shifts caused by wearing out of the tip.

The solid and dashed lines in Fig. 2.6b are the light lines in vacuum and in a
glass medium, with refractive index n = 1.4, respectively. Open circles represent
the calculated mode dispersion of propagating SPP in the nanoantenna geometry
with infinite length L (see Methods Sect. 2.4).

Both the experimental cavitymode dispersion and calculated SPP dispersion bend
to the right of the light line at larger wave numbers illustrating the sub-wavelength
nature of surface plasmons. This excellent agreement between the dispersion curves
further demonstrates that the experimentally observed near-field transmission con-
trast is indeed mapping plasmonic modes in the nanobar antennas and so justifies the
standing wave description [64].

The inset in Fig. 2.6b shows the dispersion data as wavelength versus bar length.
This graph further illustrates the expected linear wavelength scaling behaviour for
metallic nanorod antennas [65–67].

Finally, the presented results can be situated among other reported techniques
for obtaining the magnetic field of light. As already pointed out in the introduction,
several methods to calculate the magnetic field from the electric field via Maxwell’s
equations have been developed in the terahertz [52, 53] and optical frequency regions
[50, 51]. Although this approach has the advantage of providing information on both
the electric and magnetic field components simultaneously (including their phase) it
remains as an indirect method which requires post-processing of the data.

One of the most direct ways to measure the optical magnetic field is based on
a split ring probe [29]. This is also a phase sensitive method with, in principle, no
restrictions concerning the type of optical waves under investigation. However, it has
the disadvantage that such probes are not commercially available and they can only
access the vertical component of the magnetic field.

Devaux et al. [46] have reported that excitation of resonant circular plasmons in
metalized aperture probes can lead to imaging of themagnetic field intensity in dielec-
tric samples. The method is based on resonant effects in the probe and is therefore
strongly restricted in terms of illumination wavelength. Another method, allowing
simultaneous imaging of the vertical magnetic and electric field components in pho-
tonic crystal cavities has recently been reported [68, 69]. It is based on a particular
blue-shift induced in the resonant frequencies of those samples and its applicability
to other photonic (including plasmonic) systems has not been demonstrated so far.
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Most notably, in contrast to the methods mentioned above, the technique we
propose here provides information about the lateral magnetic field distribution in
plasmonic antennas. Our measurements use commercially available probes and do
not involve any additional data processing. Moreover, we expect our results to be
directly applicable to the more widely used metal coated optical fiber probes, as
their geometry is very similar to the one of the hollow-pyramid probes, used in
this study. Indications that the metal coated optical fiber probes might indeed be
sensitive to the magnetic near-field have been reported [30, 46]. Compared to the
optical fiber, the hollow-pyramid probes are very robust [70] (we have experienced
that a probe can easily provide good quality images for more than 2–3months). The
probes allow measurements in a broad wavelength region, in our case 500–1600nm,
the limitations coming from the excitation sources and the detectors. As of today,
our microscope is not equipped to perform phase-sensitive measurements, but this
could be implemented.

It should be emphasized that the presented in this chapter results only demonstrate
the applicability of the technique to plasmonic waves in metallic nanobar antennas.
Nevertheless, imaging of the lateral magnetic field, in this work, is possible due to
the anti-parallel dipole coupling between the separated charges in the probe and the
sample, which leads to the effective formation of a lateralmagnetic dipole. Therefore,
mapping of the lateral magnetic field distribution should be possible in any sample
in which such charge separation can be induced, irrespective of the specific sample
geometry. We are also optimistic to envisage, that this approach could be extended
to propagating surface plasmon polariton waves as well [39]. From this point of
view, we believe that our method can be considered as a complementary one to those
already reported in the literature.

2.3 Conclusions

In conclusion, we have shown that the lateral magnetic near-field distribution of
surface plasmon resonance modes in optical nanobar antennas can be visualized
by means of aperture scanning near-field optical microscopy. The formation of an
effective magnetic dipole between the hollow-pyramid probe and the antenna was
shown to excite standing wave-like surface plasmons in the antenna, only at the SPR
lateral magnetic field maxima. This excitation results in a measurable modulation
of the transmitted light intensity. These findings are of paramount importance for
achieving a complete characterization, including the magnetic field components, of
electromagnetic near-field light phenomena mediated by nanoplasmonic devices.

Our findings suggest that aperture-SNOM can be considered as an important
complement to the available scattering-SNOM techniques. It would, for example, be
the method of choice for near-field studies of optical magnetic field enhancing and
confining nanoantennas [25–27].
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2.4 Methods

2.4.1 Sample Fabrication

The sample consists of a 150 µm thick glass slide coated with 10nm of indium tin
oxide (ITO) and a thin Ti adhesion layer (Fig. 2.7). A 50nm thick gold film was
sputtered and covered with another Ti adhesion layer and a negative tone hydro-
gen silsesquioxane (HSQ) resist. The nanostructures were further structured using
electron beam lithography and Xe ion milling. The resulting bar width W is∼70nm.

A residual resist layer with an estimated thickness of 30nm remains on top of the
gold particles and is not removed. Optically, this layer behaves as silicon dioxide
and causes the SPR modes to redshift (e.g.: 20nm for the l = 3 mode of an L =
1120nm antenna) due to the increase in surrounding refractive index. Additionally,
the thickness of the layer will affect the spatial resolution [71] and the probe-sample
coupling strength [63]. Although a detailed study of these effects for the present
system was not performed, the results are expected to be qualitatively valid for a
broad range of layer thicknesses. Most importantly, the layer serves as a dielectric
insulator, preventing electrical contact, and therefore conductive coupling, between
the nanoparticles and the metallic SNOM probe. This allows us to do fast contact
mode scanning of the sample without drastically altering the plasmonic properties.
The sample is organized in arrays, which consist of bars with increasing size in steps
of 20, 30 or 50nm.

2.4.2 FDTD Simulations

Simulations were performed with the commercial FDTD Maxwell equations solver
Lumerical © [72]. For the near-field simulations, the nanostructure (including the
resist layer on top of the metal), the hollow pyramid, and the substrate were placed in
an 7 µm × 7 µm × 3.5 µm volume with perfectly matched layer (PML) boundaries
and a mesh of 5 nm × 5 nm × 2.5 nm covering the nanostructure and the pyramid’s
aperture. For excitation, a plane wave source is positioned inside the pyramid.

Fig. 2.7 Sketch of the
sample structure and SEM
image of a single nanobar of
length L = 1120nm and
width W = 70nm
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To reproduce the experimental conditions as accurate as possible, the NA of the
collection objective was taken into account by calculating the transmission intensity
through a rectangular surface spanning the same collection angle. The permittivity
of Au and Al was taken from Refs. [73, 74], respectively. The refractive index of the
substrate and resist layer was set to n = 1.4. The ITO and Ti layers have a negligible
effect on the results and this effect is not included in the simulations.

Field profiles in the absence of the probewere obtained using a point dipole source
positioned above the edge of the bar in order to excite both odd and even order modes
through phase retardation effects [57]. For the calculation of the plasmon dispersion
in Fig. 2.6b the mode solver of Lumerical FDTD was used.

2.4.3 Electric and Magnetic Field Profiles at the Apex of the
Probe

The structure of the probe was modelled following the information provided by
the manufacturer (materials used, layer thicknesses, cone angle, and aperture size).
Schematics of the simulated probe together with the dimensions is shown in Fig. 2.8a.
Surface roughness, possible layer thickness variations, and rounding of the edges
were not taken into account.

(a) (b)

(c)

(d)

Fig. 2.8 Probe characterization. a Schematics of the simulated probe—side view (top) and bottom
view (bottom). bCharge distribution inside the probe 30nm above the aperture shows dipolar charge
separation. c Current distribution inside the probe 30nm above the probe aperture shows that the
currents flow in two curved halfs of a circle. d Electric (left) and magnetic (right) field distributions
at the probe aperture for an x-polarized incident plane wave at λ = 1 µm. x-z cross-sections taken
through the probe center, x-y cross-sections 30nm below the aperture. Dashed white lines indicate
probe’s boundaries



2.4 Methods 49

Finite-difference time-domain (FDTD) simulations of the probe, performed with
Lumerical © [72], show that an incident x-polarized plane wave induces a dipo-
lar charge polarization at its apex (Fig. 2.8b). The corresponding current profile
(Fig. 2.8c), shows that the current flows following the red arrows. As a result, the Hy

field is adding up just beneath the probe as is evident from the field profiles shown in
Fig. 2.8d. The Hx and Hz fields produced by these currents are zero at a vertical plane
through the middle of the probe, along the direction of incident light polarization.
The electric and the magnetic field plots have a common color scale.

The profiles are obtained at λ = 1µm and remain almost unchanged throughout
the experimental spectral range. For the field profiles, the x-z cross-sections are taken
through the probe center and the x-y cross-sections 30nm below the aperture. For the
charge and current profiles, the x-y cross section is taken 30nm above the aperture.
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Chapter 3
A Near-Field Aperture-Probe as an Optical
Magnetic Source and Detector

Abstract In the previous chapter we have shown that the lateral magnetic near-field
distributions of different resonant modes in plasmonic structures can bemapped with
a hollow-pyramid aperture SNOM.Wehave also discussed how the coupling between
the probe and the metal bars leads to the obtained results. This chapter focuses on
the underlying mechanism for mapping the lateral magnetic field with this circular
aperture type probe. We suggest that such probe can be approximated by a lateral
magnetic dipole source, which also allows its use as a detector for the lateralmagnetic
near-field. The equivalence of the reciprocal configurations when the probe is used
as a source (illuminationmode) and as a detector (collection mode) is experimentally
demonstrated for a plasmonic nanobar sample. Verification for dielectric structures
remains to be realized. The simplification of the probe to a simple magnetic dipole is
extremely useful from a practical point of view, as it facilitates the simulations and
the understanding of the near-field images.

3.1 Introduction

As pointed out in the previous chapters, the ability to measure not only the tradi-
tionally measured electric components of the electromagnetic field of light, but also
the magnetic ones is of tremendous importance for newly appearing classes of pho-
tonic devices, such as metamaterials [1–6]. Thus, both optical magnetic field sources
and detectors are now required for detailed analysis and further engineering of such
materials.

In this chapter we suggest that the stand-alone circular aperture SNOM probe can
be considered as a tangential optical magnetic dipole source. Reciprocally, we sug-
gest that the probe can be considered as a tangential optical magnetic field detector.
This allows us to substitute the probe in SNOM simulations by an effective magnetic

This chapter is based on the following manuscript:
D. Denkova, N. Verellen, A.V. Silhanek, P. Van Dorpe, V.V. Moshchalkov
Near-field aperture-probe as a magnetic dipole source and optical magnetic field detector
Submitted to arXiv:1406.7827 [Physics. Optics] (2014).

© Springer International Publishing Switzerland 2016
D. Denkova, Optical Characterization of Plasmonic Nanostructures: Near-Field Imaging
of the Magnetic Field of Light, Springer Theses, DOI 10.1007/978-3-319-28793-5_3
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dipole, which significantly decreases the calculation time andmemory requirements.
Our findings are theoretically justified and validated by numerical simulations of the
stand-alone probe and the probe-sample interactions in plasmonic samples. Strong
magnetic field contribution to the near-field images obtained on dielectric nanopho-
tonic samples using similar type of probes (matellized aperture optical fiber probes)
has recently been reported [7, 8]. For the hollow-pyramid probes we use, the verifi-
cation on other types of samples, such as the above mentioned dielectric samples, is
still to be performed.

In the first section we will discuss the underlying physics justifying the approx-
imation of the hollow-pyramid probe to a tangential magnetic dipole. In the next
section, we confirm by simulations that the electromagnetic fields of the probe are
indeed resembling the ones of a lateral magnetic dipole. Then, we demonstrate that
in a simulation describing the real experiment, in which the probe is scanned over
a sample (demonstrated for plasmonic bar), similar results are obtained when the
probe is substituted by a lateral magnetic dipole. Finally, we experimentally show
that the reciprocal beam path configurations are equivalent and the probe can be used
as a detector for the tangential magnetic field of light.

3.2 Results and Discussion

3.2.1 Hollow-Pyramid Aperture Probe as a tangential Hy
Dipole Source: Intuitive Physical Justification

Often in near-field measurements it is convenient to approximate the probe to a
sub-wavelength object for which the optical properties are well known in order to
facilitate the interpretation of the images and the simulations of the experiments. For
example, electric point dipole is used to model dielectric and apertureless metallic
scattering SNOM probes, which are used for imaging of the electric field of light [9–
12]. A split-ring probe has a strong magnetic dipole moment, normal to the sample
surface [13].

Here, we propose that the SiO2 hollow-pyramid metal coated aperture SNOM
probes, which we have used in the previous chapter to image the lateral magnetic
field of light, can be approximated by an Hy dipole—a tangential (lateral) y-polarized
magnetic point dipole, where the y-direction is perpendicular to the light polarization
direction and to the light propagation direction (Fig. 3.1).

The specific near-field probe investigated here consists of a hollow SiO2 pyramid,
coated with Al, with a sub-wavelength (100nm) aperture at its apex (Fig. 3.1a).
The structure of the probe was modeled following the information provided by the
manufacturer (materials used, layer thicknesses, cone angle, and aperture size—
Fig. 3.1b) [14].

The most straightforward simplification of the probe is to approximate the aper-
ture in the probe to an aperture in a flat, perfectly conducting metal screen with
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Fig. 3.1 a The hollow-pyramid probe of a SNOM can be approximated by an Hy magnetic dipole
source (green arrow). The light is polarized in x direction.bStructure and dimensions of the pyramid
probe, as provided by the probe supplier, are implemented in the FDTD simulations. The figure is
not to scale

infinitesimal thickness. The latter is known as a Bethe-Bouwkamp aperture [15, 16].
It has been demonstrated that the light transmitted through such an aperture is similar
to the combination of normal electric dipole and tangential magnetic dipole emis-
sions [7, 17]. The direction of the magnetic dipole is determined by the polarization
of the incident light.

The transmission through the hole is determined by the boundary conditions
which the incident light has to satisfy at the air-metal interface. They require the
tangential electric field Etan and the normal magnetic field Hnorm to be continuous at
the interface between twomaterials. Inside a perfect conductor both themagnetic and
the electric fields have to be zero, because a perfect metal has infinite conductivity,
zero relaxation time and zero skin depth. Thus, the fulfillment of the continuity
boundary condition requires that Etan andHnorm components are zero also just outside
the metal (Fig. 3.2a).

A perfect metal has zero relaxation time, which means that it reacts instanta-
neously to the incident electromagnetic wave. This means that we can assume illu-
mination with any frequency as quasi-static. The quasi-static Maxwell equations
allow decoupling the electric and the magnetic fields and treating separately the
response of the metal to these fields. The free charges in the metal are redistributed
by the oscillating electric field of the incident light, so that the Etan component is can-
celed out and the electric field has only Enorm components close to the metal surface.
Respectively, the oscillating magnetic field of the incident light is inducing screen-
ing currents inside the metal (red arrows, Fig. 3.2a). These currents effectively screen
out the Hnorm component and the magnetic field is dominantly parallel close to the
metal surface. This intuitive perception is illustrated in Fig. 3.2a, where we sketch
the electric and magnetic field distributions in the vicinity of the planar aperture.
Rigorous calculations of those fields have been presented elsewhere [7, 17].
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So far we have explained why Htan and Enorm are the dominant field components
near the air-metal interface. These components are also the main components present
in the vicinity of the hole, because the hole is small compared to the wavelength of
the light. Respectively, these are also themain components being transmitted through
the hole. This is illustrated in Fig. 3.2a. Therefore, it can be assumed that the radiation
transmitted through the hole can be effectively understood as the radiation of an Htan

and Enorm dipoles.
In the setup we are using, the incoming light is practically perpendicular to the

plane of the metal screen and the hole, thus, the Enorm component is negligible. If
an Enorm component is present, it will effectively act as an emitting Ez dipole. The
radiation from such a dipole is not emitted along the z-axis, where our detector is
located in the used measurement configuration. Therefore, even if it is present, the
Enorm component will hardly contribute to the signal collected by the detector. If the
scattered light is collected under a polarization resolved scheme, potentially the Enorm

and Etan components can also be obtained [7]. However in the current transmission
configuration the probe is expected to behave only as a tangential magnetic dipole.

Next step is to simulate the real probe and verify that the above assumptions
hold for the concrete geometry and parameters we use in our experiments. For that
purpose we first perform finite-difference time-domain (FDTD) simulations of the
generated currents and charges in the probe under an incident x-polarized plane wave
(Lumerical © [18]). The above discussed screening currents are indeed generated in
the probe, as illustrated with the red arrows in Fig. 3.2b, top. Similarly to the case of
a Bethe-Bouwkamp aperture [15], these currents are expected to induce an effective
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Hy magnetic dipole. Additionally, a dipolar charge polarization is observed at the
apex of the probe—Fig. 3.2b, bottom.

To actually check whether the real probe can indeed be approximated by an
effective Hy magnetic dipole, we need to simulate and compare the fields of the
probe with the fields of such a dipole, which is discussed in the next section.

3.2.2 Correspondence Between the Fields
of the Hollow-Pyramid Probe and
a tangential Hy Dipole: Simulations

In this section we show that the simulated fields of the hollow-pyramid probe are
indeed similar to the fields of an Hy magnetic dipole—Fig. 3.3.

The different non-zero electric and magnetic field components for an Hy dipole,
as obtained from FDTD simulations, are plotted in panel a, where the white dot
corresponds to the position of the dipole source in the simulation. Respectively, the
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Fig. 3.3 a The close resemblance of the simulated near-field components of the magnetic dipole
and b the probe indicates that the probe can bemodeled as anHy dipole source. The probe is outlined
with the white dashed lines and the Hy dipole position is indicated with a white circle. The x-y field
profiles are taken 30nm below the probe and 130nm below the dipoles (see horizontal white dotted
lines in middle and bottom panels). The x-z and y-z profiles are taken through the middle of the
probe/dipoles and only the non-zero field components are plotted. The simulations are performed
at λ = 1000 nm
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field components for the probe are shown in panel b, where the probe boundaries are
indicated by the dashed white lines. The light incident on the probe is x-polarized
with wavelength λ = 1000 nm. The profiles remain almost unchanged throughout a
broad spectral range. The electric and the magnetic field plots have a common color
scale. The x-y cross-sections are taken 30nm below the aperture and 130nm below
the dipoles (see horizontal white dotted lines in the middle and bottom panels). The
x-z and y-z cross-sections are taken through the aperture center.

The strong resemblance of the fields of the probe and the Hy dipole indicates
that, in the near-field region, the aperture-probe can be approximated by such an Hy

magnetic dipole. The simulated profiles in this section are in agreement with results
obtained for gold-coated tapered fiber tips [19], a planar Bethe aperture [20] and a
hole in a metal film at THz frequencies [21].

We have now confirmed by simulations our initial assumption that the aperture
probe generates strongly resembling electromagnetic fields to those of an Hy dipole.
Still, we need to verify that both the probe and the Hy dipole couple similarly to a
sample.

3.2.3 Scanning of the Probe Over a Sample

In this section, we will show that the probe can be effectively substituted by the Hy

dipole in a situation closely resembling the experiment, i.e. where the probe is being
scanned over a metallic sample.

We have chosen to demonstrate this on a plasmonic antenna gold nanobar sample,
in consistency with the structures studied and described in the previous chapters. The
gold bar has a width of 70nm and thickness of 50nm. The gold is covered by a 30nm
thick SiO2 capping layer [22]. This layer ensures that while scanning, the probe is
not in direct conductive contact with the gold. The nanoantenna is supported by a
SiO2 substrate. As described before, when the metal bar is illuminated, different
order surface plasmon resonance modes can be excited in it.

The surface plasmon resonances can be excited by disturbing the charge equilib-
rium in the metallic sample. However, the efficiency of the excitation depends on the
type of excitation source, mainly its field distribution near the nanoantenna. In the
previous section we have shown that the fields of the probe closely resemble those
of an Hy dipole. Therefore, we can expect that both type of sources will excite the
plasmon modes at the same locations along the bar.

To assess the excitation efficiency of the different plasmonmodes we can compare
the absorption of the metallic antenna when it is scanned by the probe and the Hy

dipole—Fig. 3.4. Indeed, the absorption profiles obtained with the probe (b) are
similar to the ones obtained with an Hy dipole (a). The different panels show the
absorption profiles for the different order plasmon modes of the bar at the respective
resonance wavelengths. The resonant wavelengths with and without the probe are
different due to the proximity of the probe in the near-field of the sample [22]. The
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Fig. 3.4 b Similar absorption profiles are obtained when scanning a metallic bar with the probe
and an with a an Hy magnetic dipole. This is illustrated for the different plasmon resonance modes
in an L = 1µmbar. The dipole is scanned at a height 130nm above the bar and the probe is scanned
in contact with the dielectric spacer on top of the bar. The edges of the bar are indicated with the
dashed red lines. For clarity, each absorption profile is normalized independently

bar is scanned in 50nm steps, indicated by the black dots along the x-axis. The y-axis
gives the corresponding absorption at each of the scanning positions.

At the positions where a plasmon mode is most efficiently excited, a clear absorp-
tion peak is observed. We have normalized each of the modes for each of the sources
separately in order to facilitate the comparison of the modes. Clearly, the position
and shape of the absorption peaks is similar for the probe and the Hy dipole excita-
tion. The finite dimensions of the probe are causing slight differences in the relative
intensities and peak shapes. Additionally, other than Hy field components can be
weakly transmitted through the probe, and contributing to the observed absorption
cross-sections.

Based on these results, we can suggest that the plasmon antenna excitation by
the probe can be qualitatively reproduced by substituting the probe with an Hy

magnetic dipole. Such a substitution is practically very convenient, as it speeds up
the simulation by about 30 times and reduces more than twice the volume of the
simulation.

The validity of the substitution of the hollow-pyramid probe by a tangential mag-
netic dipole for scanning other types of samples, for example dielectric samples,
remains to be realized. Such results have been reported in the literature for similar
types of probes—metallized optical fiber probes [7, 8].
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3.2.4 Experimental Evidence for Equivalence of Collection
and Illumination Mode SNOM

So far we have discussed how the hollow-pyramid SNOM probe can be effectively
approximated as an Hy dipole source. As discussed in the introduction, not only
sources, but also detectors of the magnetic field of light are needed. According to
the reciprocity theorem, in the far-field optical setups with inverted beam paths are
equivalent [23]. However, there is a discussion about the validity of this theorem in
the near-field and it has to be explicitly demonstrated for the concrete optical setup
[24, 25]. In this section, we show experimentally that inverting the beam path in the
hollow-pyramid SNOM setup results in similar experimental images, which suggests
that the probe can be effectively used both as an optical Hy magnetic field source
and detector.

In the illumination mode SNOM, the incoming light is focused by the objective
at the top, through the tip, and the transmitted light is collected in the far field
(Fig. 3.5a). The collection mode is reciprocal with inverted beam path—the sample
is illuminated by a focused laser beam from the bottom at normal incidence through
the substrate and the transmitted light is picked up through the probe and detected
further by the objective at the top (Fig. 3.5b). This experiment has been demonstrated
on a gold bar of length L = 740 nm, illuminated with a wavelength λ = 785 nm.
The experimental transmission images show similar characteristic features in both

Fig. 3.5 Similar
experimental near-field
images are obtained in a
illumination and b collection
near-field imaging
configurations. The sample
is an L = 740 nm long bar,
illuminated at λ = 785 nm,
which results in the
excitation of the l = 3
plasmon mode

500nm500nm

(a) (b)Illumination mode Collection mode
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measurement configurations—bottom panels in Fig. 3.5a, b. The regions of efficient
plasmon mode excitation are observed as three dark spots, indicating the excitation
of the third order antenna mode.

In the previous chapter we have demonstrated that the transmission image in
illumination mode (Fig. 3.5a) can be associated with the Hy magnetic field distrib-
ution [22]. Using a similar setup with an optical fiber aperture probe, Kihm et al.
[7] have shown that the experimental images in collection mode also visualize the
Hy magnetic near-field for surface plasmon polaritons on a gold film. The images in
collectionmode have slightly reduced contrast, most probably due to slight misalign-
ments as the alignment procedure is much more challenging from technical point of
view.

Thus, the equivalence between illumination and collection modes is confirmed
for this setup by the observed similarity of the experimental near-field images. The
equivalence between the reciprocal configurations of an aperture optical fiber type
of SNOM has also been discussed elsewhere [24, 25].

3.3 Conclusions

We suggest that, to first order approximation, a metal coated hollow-pyramid SNOM
probe can be considered as a lateral magnetic dipole source and, reciprocally, lat-
eral magnetic field detector. We support this suggestion by the simulated near-field
profiles of the probe, which closely resemble the ones of a lateral magnetic dipole
source. Additionally, the absorption profiles of a metallic sample scanned with the
probe and with a lateral magnetic dipole show similar features. This allows us to
confirm that the probe and the tangential magnetic point dipole source are coupling
in a similar way to a metallic sample. To ultimately show that the probe can be sub-
stituted by a lateral magnetic dipole in a broader case, without the need to involve
coupling to a metallic sample, additional studies are needed—namely, of a dielectric
sample [7, 8].

The equivalence between the reciprocal use of the SNOM with reversed beam
path is experimentally demonstrated, as similar images are obtained when using the
probe as a lateral magnetic field source (illumination mode) and detector (collection
mode). This has a practical importance as well, because the effects in the near-field
are typically more intuitive to understand in the collection configuration when the
probe is perceived as a magnetic field detector. However, typically the reciprocal
illumination mode is more commonly used, as the setup is much easier to work
with and align. The obtained results in this chapter open up new possibilities for
performing much simpler and faster simulations and gain better understanding of
the near-field images.
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Chapter 4
Magnetic Near-Field Imaging of Increasingly
Complex Plasmonic Antennas

Abstract In the previous two chapters we have verified that the aperture SNOM
technique can be used for visualizing the lateral magnetic near-fields of metal-
lic nanostructures. We have demonstrated the technique on geometrically simple
structures—metallic bars as a proof of principle. Then we have discussed the under-
lying physics of this imaging concept. In this chapter we are expanding the method
and applying it for imaging the magnetic near-fields of structures with geometries
beyond simple bars. We first study other simple plasmonic nanoresonators, such as
disks and rings and confirm that the technique is indeed imaging the lateral mag-
netic field for these geometries too. Then, we focus on more complex antennas,
constructed from building blocks of different horizontal and vertical bars. For the
studied structures, the magnetic near-field distributions of the complex resonators
have been found to be a superposition of the magnetic near-fields of the individ-
ual constituting elements. These experimental results, explained and validated by
numerical simulations, open new possibilities for engineering and characterization
of complex plasmonic antennas with increased functionality.

4.1 Introduction

Currently, there is an increasing interest towards the field of plasmonics, due to the
fascinating and somewhat unexpected optical properties, arising from the interac-
tion of light with nanoscale metallic objects. The excitation of plasmons—collective
oscillations of the free electrons in the metal, induced by the incident light, allows
deep subwavelength concentration and localization of light in the near-field of the
metal [1]. These enhanced electromagnetic fields have been proven to be technologi-
cally useful in hyper-sensitive bio and chemical detection [2–6], radiation control of

The results presented in this chapter are based on and reproduced with permission from:
D. Denkova, N. Verellen, A.V. Silhanek, P. Van Dorpe, V.V. Moshchalkov
Lateral magnetic near-field imaging of plasmonic nanoantennas with increasing complexity
Small, 10, 1959–1966 (2014). Copyright c© 2014, Wiley-VCH Verlag GmbH & Co. KGaA.
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quantum emitters [7, 8], enhancement of various optical effects, such as non-linear
[9, 10] and magneto-optic effects [11].

The main current research interest lies in both plasmonic structures with sim-
ple geometries (building blocks) [12–16] and complex structures with sophisticated
interactions between their constituting elements [17–20]. The antennas with simple
geometries are still of interest, because even the highly symmetric geometries (bar,
disk, ring) already show non-trivial properties. In addition, they exhibit a simplified
resonance mode structure and can be readily investigated using analytical methods.

Clearly, the complex antennas allow much more flexibility for artificially engi-
neering their properties, but at the expense ofmore complicated interactions involved
in the proper tuning of the antennas’ functionalities. Recently, it has been demon-
strated that complex antennas, based on simple building blocks, such as nanorods,
have interesting applications, for example, in the nonlinear regime [21, 22], for direc-
tional light scattering [19, 23], optical switches [24], and for fine resonance tuning
[25–27].

Although most of these studies provide detailed far-field characterization of the
antennas and/or simulations of their electromagnetic near-fields, direct measure-
ments of the near-field distributions are most often lacking. This is especially so for
the magnetic field components, due to a weakmagnetic interaction between light and
matter at optical frequencies [28]. Acquiring knowledge about the magnetic field of
light has become essential in the flourishing field of artificially engineered optical
materials, so called metamaterials, where the enhanced response to the optical mag-
netic field can lead to extraordinary optical properties [29–32]. Thus, although there
exist well-established methods for imaging the electric field components [14, 33–
35], only recently experimental techniques for mapping the vertical [36], and later
on, the lateral [37–39] magnetic field components, have been introduced. Therefore,
detailed characterization of the different magnetic near-field components of plas-
monic structures, the main building blocks for metamaterials [32], is an ongoing
challenge.

Here, we present experimental lateral magnetic near-field distributions of vari-
ous plasmonic antennas visualized by hollow-pyramid probe SNOM [37]. We have
studied both simple antennas (bar, disk and ring) and more complex antennas, con-
sisting of assembled horizontal and vertical bars in different geometrical configu-
rations. Firstly, we confirm that the recently developed approach [37] for imaging
the lateral magnetic field distribution in plasmon nanobars by hollow-pyramid probe
SNOM, described in Chap.2 and further developed in Chap.3, is readily applicable
also to more complex geometries. Secondly, we observe that for the studied struc-
tures, the magnetic near-field distributions of the complex antennas can be presented
as a superposition of the magnetic near-field distributions of the individual non-
interacting building blocks [27]. We confirm these results by finite difference time
domain (FDTD) simulations [40].

http://dx.doi.org/10.1007/978-3-319-28793-5_2
http://dx.doi.org/10.1007/978-3-319-28793-5_3
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4.2 Results and Discussion

The structures we have chosen to study are gold plasmonic antennas with various
shapes, fabricated on a glass substrate (see Methods Sect. 4.4). The measurements
are performed with a hollow-pyramid SNOM (WITec, alpha 300S) in transmission
illumination configuration [41]. A detailed description of the setup is given in the
Sect. 1.3.3. Shortly, a polarized laser beam is focused on the inner side of a hollow
Al coated SiO2 pyramid (Fig. 4.1), which has a subwavelength hole at its apex with
a diameter of nominally 90nm.

The horizontally (Ex ) polarized incident light induces a dipolar charge separation
at the apex of the probe, which in turn generates image charges in the nanoantenna
underneath (Fig. 4.1, inset). This coupling results in the effective formation of a
y-oriented magnetic dipole, which efficiently excites surface plasmons only at the
lateral magnetic field (|Hy|2) maxima of the antenna modes [37]. At those positions,
the absorption in the plasmonic structures is enhanced and therefore a dip in the
transmitted light intensity is observed. Consequently, themodulated transmitted light
intensity, recorded while raster scanning the sample, provides a map of the lateral
magnetic near-field distribution of the nanostructures.

The configuration we use necessitates a transparent substrate. In principle, if the
excitation can be realized in a different way and the probe is used as a detector,

Fig. 4.1 Mapping of the magnetic |Hy |2 near-field distribution of a plasmonic nanoantenna by a
hollow-pyramid probe SNOM. The x-polarized light delivered through the subwavelength probe’s
aperture can locally excite surface plasmon resonances in the antenna. The interaction between the
probe and the sample leads to the effective formation of an Hy dipole (inset), which efficiently
excites the plasmon mode only at its |Hy |2 maxima. As a result, the recorded transmitted light
intensity during a sample raster scan gives the |Hy |2 near-field map (Image not to scale.)

http://dx.doi.org/10.1007/978-3-319-28793-5_1


66 4 Magnetic Near-Field Imaging of Increasingly Complex Plasmonic Antennas

one could also measure the magnetic field on non-transparent substrates [39]. The
substrate material will not significantly alter the plasmon modes of the sample, but
will result in small spectral shifts. Since the raster scans are performed in contact
scanning mode, to prevent a strong conductive coupling between the SNOM probe
and the sample, which would otherwise substantially disturb the antenna properties,
the metal particles are covered by a 30nm thick dielectric resist layer. It behaves
optically as SiO2 andwill red-shift the antenna resonance by a few tens of nanometers.
Alternatively, the sample can be sputter-coated by a thin SiO2 layer. The need for a
dielectric spacer layer could be eliminated when using probes with a suitable spring
constant for non-contact or tapping mode operation, which are currently not yet
available [41]. More details on the measurement procedure, data interpretation and
comparison with other near-field techniques are presented elsewhere [37].

Since the probe couples to the nanoantenna through the formation of an effec-
tive magnetic dipole, modelling of the full experimental system can be simplified
by replacing the probe by a y-oriented magnetic point dipole source. Furthermore,
although in the experiment the source (i.e. the SNOMprobe) is scanned pixel by pixel
to obtain the magnetic field map, the simulations allow to record the field inside the
full simulation space. This allows us to obtain the |Hy|2 near-field distribution map
by simulating only one, or a few, dipole source positions, further reducing the sim-
ulation complexity and computational time. More details about the simulations are
provided in the Methods Sect. 4.4 and in the Supporting Information Sect. 4.5.

4.2.1 Simple Antennas

First, we will discuss the results obtained for some of the simplest plasmonic res-
onator geometries, like a disk and a ring. Similar to previous reports on gold bars
[37], we will show that also for the disk and the ring antenna geometries the experi-
mentally obtained hollow-pyramid SNOM images reveal the |Hy|2 field distribution
(Fig. 4.2). Scanning electron microscope (SEM) images of the studied disk and ring
structures are shown in the top row of Fig. 4.2. The disk has a diameter of 320nm and
the ring has an outer diameter of 470nm and an inner diameter of 300nm. Illuminat-
ing the disk and ring antenna results in collective oscillations of the free electrons
in the metal, driven by the electromagnetic field of the incident light. Depending
on the geometry and size of the particles, surface plasmon resonance modes can
be excited at specific wavelengths. We will focus on the dipole plasmon mode. In
the simulations the antennas are illuminated with the y-polarized magnetic dipole
source discussed above, positioned 75nm below the gold structure. The directions
of the magnetic field and the corresponding electric field at the antenna are shown in
Fig. 4.2b. The resulting dipole resonances occur at wavelengths of 1160 and 1980nm
for the disk and the ring, respectively. The corresponding charge distributions and
magnetic and electric field components are plotted in Fig. 4.2. All electric and all
magnetic field components are plotted in the same color scale, except for the weaker
|Hx |2, which is scaled up by a factor of 10. To ensure the best excitation efficiency
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(a) (b)

Fig. 4.2 a The SNOM images reveal the |Hy |2 near-field distribution of the disk and b ring
plasmonic structures. This is illustrated for the dipole mode, which is experimentally observed at
λ = 950 nm for the disk and λ = 1610 nm for the ring. The simulated charge distribution and
the corresponding field components are plotted at the wavelengths at which the dipole resonance is
observed in the simulations (λ = 1160 nm for the disk and λ = 1980 nm for the ring). The antennas
are excited via an Hy magnetic dipole source, positioned 75nm below the antenna (black star).
The directions of the source’s magnetic field and the corresponding electric field at the antenna are
shown in (b). Dimensions of the structures are: disk diameter 320nm; ring inner diameter 300nm,
ring outer diameter 470nm. The x-y cross sections are taken through the middle of the structures
for the charge plots and 60nm above the top surface of the structure for the field components plots

in the simulations, the source was positioned at the lateral magnetic field maxima.
The positions of the exciting dipoles are indicated with black stars in Fig. 4.2.

The experimental SNOM images, both for the disk and the ring, are shown in
the bottom row of Fig. 4.2. The dipole mode of the disk shows a slightly elliptical
dark spot, the region corresponding to strong plasmon excitation by the effective
magnetic dipole of the probe. For the ring, on the other hand, two separated dark
lobes are observed. From a comparison with the simulated field components, it can
be seen that these SNOMmaps correspond to the |Hy|2 magnetic field distributions.
The dipole resonance wavelengths at which the experimental images are obtained
are λ = 950 nm and λ = 1610 nm for the disk and the ring respectively. The blue-
shifts in the experimental resonance wavelengths compared to the simulated ones
are mainly caused by the probe-sample interaction, which is not accounted for in the
simulation [37].
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4.2.2 Complex Antennas Consisting of Assembled Bars

In this section, we have chosen to build-up complex antennas from already well char-
acterized individual resonators—gold bars [37]. We study the interactions between
the individual bar elements and the consequent effect on the magnetic near-field
distributions. More specifically, we will first consider a structure consisting of two
parallel bars with varying gap between them. Afterwards, we will discuss more elab-
orated structures, composed of both horizontal and vertical bars with varying size.
As mentioned in the introduction, similar structures have recently attracted a lot of
interest because of the promising applications for optical switches [24], enhancement
of non-linear effects [21, 22] and fine resonance tuning [25–27].

Two Parallel Bars

The building block of the parallel bars structure is a bar with length L = 1020 nm
and width W = 220 nm. The simulated absorption spectrum of such a bar is shown
in Fig. 4.3a, top panel. The different peaks in the spectrum correspond to the different
order standing wave-like plasmon cavity modes of the bar, indicated with the colored
numbers above each peak.We will mainly focus on the l = 3 mode of this bar, which
occurs at λ = 1135 nm (dashed line in the spectra in Fig. 4.3a). The corresponding
simulated lateral magnetic field distribution for this mode showing three magnetic
field maxima (Fig. 4.3b, top panel) is clearly reproduced in the experimental image
where the corresponding three dark spots are observed (Fig. 4.3c, top panel, plotted
at the experimental l = 3 resonance wavelength λ = 785 nm). This is in agreements
with previous results [37], therefore, for clarity, other field components of the nanobar
are not shown. As for the disk and the ring simulations, here again the bar is excited
by an Hy point dipole, positioned at an |Hy|2 magnetic field maximum and indicated
with a black star.

We can now add an identical bar, parallel to the initial one characterized above.
First, we position it at a distance at which both bars are barely interacting, separated
by a gap, G, of 380nm. The weak interaction between the two bars is detectable
in this case as the small spectral changes in Fig. 4.3a, second row from top. Even
though the excitation is still realized by an Hy dipole positioned at the left |Hy|2 field
maximum of the top bar, the l = 3 mode of the bottom bar is already slightly excited,
as it can be seen in the corresponding |Hy|2 field profile in panel b. The plasmon
oscillations in the individual bars are occurring out of phase (Fig. 4.8).

In the simulations the two bars are excited by placing the dipole source at one
single position (black star), while the experimental maps result from a complete
raster scan of the source across the visualized area and recording of the transmitted
light intensity at each source position. For this reason, in the simulated images one
of the bars has a weaker contrast, while in the experimentally obtained images the
two bars have identical contrast. The simulated |Hy|2 profiles and the experimental
images are always plotted at the resonance wavelengths of the single, non-interacting
bar to facilitate tracking of the changes in the basic bar structure field profiles. The
contrast in the experimental images (Fig. 4.3c) has been individually optimized for
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(a) (b) (c)

Fig. 4.3 The |Hy |2 near-field distribution of a horizontal bar at its resonance wavelength (plotted
here for the l = 3 mode, three |Hy |2 maxima) is not significantly disturbed by the presence of an
additional horizontal bar, for a broad variation of interparticle gaps. However, for gaps between G =
0 nm and G = 40 nm, at the same wavelength, the higher order mode is excited (l = 4 mode, four
|Hy |2 maxima), due to the stronger interaction between the two antennas. a Normalized simulated
absorption spectra, where the mode order is indicated with colored numbers. b Corresponding
simulated |Hy |2 field distributions for the l = 3 mode (λ = 1135 nm, dashed line in panel (a)),
excited via an Hy dipole positioned at the black star. The spectra in (a) are obtained for the
same source position. c Experimental SNOM maps for x-polarized incident light confirming the
simulations presented in (b), plotted at the experimental l = 3 resonance wavelength (λ = 785 nm).
Dimensions of the bars are: length L = 1020 nm, width W = 220 nm. x-y cross-sections of the
field components are taken 60nm above the top surface of the structure

each image. The simulated |Hy|2 maps (Fig. 4.3b) are plotted in the same color scale.
The spectra in Fig. 4.3a are normalized to their maximum, after subtracting the base
line.

Bringing the two parallel bars closer together leads to more significant changes in
the absorption spectrum. Decreasing the gap distance (from top to bottom in Fig. 4.3)
leads to stronger red-shift of the plasmon resonance wavelengths. However, since the
modes of the bars are clearly defined, relatively broad and almost not overlapping, the
l = 3 mode field distribution of the building blocks (three magnetic field maxima)
in the combined parallel bar structure is preserved for λ = 1135 nm wavelength
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down to a gap distance of G = 40 nm. These observations are also confirmed by
the experimental maps in Fig. 4.3c, where the corresponding three dark spots are
observed. Additionally, the strength of the mode excitation is still significant for
all studied gaps, as can be seen from comparison of the |Hy|2 field distribution
images in Fig. 4.3b. A representative image of the other field components for a gap
of G = 180 nm is shown in the Supporting Information, Sect. 4.5.

For interparticle gap smaller than G = 40 nm already a more significant spectral
shift is observed and consequently the mode excited at λ = 1135 nm is the higher
order l = 4 mode exhibiting four magnetic field maxima (Fig. 4.3b, G = 20 nm,
second panel from bottom to top). Unfortunately, the fabrication of a structure for
SNOMmeasurements with such a gap separation has not been successful, therefore,
no experimental image is provided for this case. Touching of the two parallel bars
(G = 0 nm) leads to the effective formation of a bar, identical to the initial basic
building block, but twice wider. Therefore, the exciting dipole for this structure was
positioned in the middle of the composed bar. Since for horizontal illumination, the
strongest resonance excited in the structure is defined by the horizontal dimensions
of the cavity, the wider bar and the original one should yield similar responses.
This is illustrated by the last panel of Fig. 4.3, where the l = 3 mode is restored at
λ = 1135 nm for the simulations and λ = 785 nm for the measurements.

Thus, for the studied parallel bars structures, there is a narrow region of gap
separations (below G = 40 nm) for which the spectrum is significantly red-shifted
due to themutual interaction between the two bars. In these structures, at the resonant
wavelength of the l = 3 mode of the non-interacting bar, the next order l = 4 mode
is excited in the interacting parallel bars. For all other separations between the two
bars, including touching bars, the interaction strength between the building blocks
is not sufficient to significantly shift the spectrum and the l = 3 mode is preserved
in the parallel bars.

We would like to emphasize that these results should not be straightforwardly
generalized for other geometries, especially in quantitative aspect, since for build-
ing blocks more complex than the bars, various factors, such as mode overlapping,
sharper resonances with high quality factors, Fano resonances etc., may cause much
more sensitive shifting of the resonance positions with the gap variation [17, 42].

Assembled Perpendicular and Vertical Bars

The next step in building more complex resonator geometries is to introduce vertical
bars as building blocks. The antennas studied in this section are different combina-
tions ofmerged horizontal and vertical bars (Fig. 4.4). For these antennas, similarly to
the two parallel bars structure, we will demonstrate that the hollow-pyramid SNOM
images correspond to the |Hy|2 near-field distribution. Furthermore, we will show
that the field distribution of the complex antennas looks like a direct superposition
of the fields of the non-interacting building blocks.

The building blocks of the complex antennas are vertical and horizontal short and
long bars (Fig. 4.4). The long bars have a length of L = 1020 nm and all bars have a
width ofW = 220 nm. The length of the short bars is chosen so, as to place their l = 2
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(a) (b)

Fig. 4.4 The near-fields of the studied complex antennas are a superposition of the near-fields
of their non-interacting building blocks. a Experimental SNOM images, simulated |Hy |2 field
distribution and corresponding absorption spectra for the building block antennas. b Same for the
complex antennas composed by properly assembling the building blocks in (a). The width of all
bars is W = 220 nm and the length of the long bars is L = 1020 nm. The short bar has L = 620 nm
in the simulations and L = 520 nm in the measurements. The simulated images are obtained at
the resonance wavelength of the l = 3 mode of the long horizontal bars (λ = 1135 nm), indicated
by a dashed line in the spectra. The procedure for obtaining the simulated images is explained
in the main text and in the Supporting Information, Sect. 4.5. The x-y cross-sections of the field
components are taken 60nm above the top surface of the structure. The spectra are obtained for
the dipole positioned at the black star. Resonance plasmon mode orders are indicated with colored
numbers. The experimental SNOM images are obtained with x-polarized light at λ = 785 nm,
which is the experimental l = 3 resonance wavelength for the long bar and l = 2 for the short one

plasmon resonance at the same wavelength as the l = 3 resonance of the long bars
(L = 620 nm at λ = 1135 nm for the simulations and L = 520 nm at λ = 785 nm
for the measurements). The simulated |Hy|2 magnetic field distributions, absorption
spectra, and the experimental SNOM images, for the building blocks and for the
complex antennas constructed from them, are shown in Fig. 4.4a, b, respectively.

The simulated field maps for the horizontal bars have been obtained in the same
way as for the other studied structures so far, i.e. by positioning a dipole near the edge
of the bar, at the maximum of the antenna’s magnetic field distribution. However,
for the vertical bars and the complex antennas, the full near-field map of the whole
structures cannot be visualized by positioning a local source at just one position (see
Supporting Information, Sect. 4.5). Therefore, to obtain a full map of the near-field
distribution around the whole structure, several simulations with different positions
of the source have to be performed and the resulting near-field images added up. A
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detailed description of how these images are composed, including source positions,
is given in the Supporting Information, Sect. 4.5. The agreement between the exper-
imental images and the simulated |Hy|2 field distribution indicates that the hollow-
pyramid SNOM is indeed mapping the |Hy|2 lateral magnetic field distributions also
for antennas with more complex geometries.

Similarly to the study for the two parallel bars structures, also here the resonance
in a certain assembled building block is not significantly perturbed by the presence
of other building blocks around it. The spectra of the complex antennas, excited
at the source locations indicated with the black stars are given in Fig. 4.4b. The
resonance mode orders are indicated near the corresponding spectral peaks with
colored numbers. Clearly, the spectral features (peak position and relative intensities)
of the horizontal long bar building blocks are preserved in all studied configurations
and are barely disturbed by the presence of other building blocks around them.

Accordingly, the field distributions of the complex antennas shown in this Figure
are a superposition of the fields of the non-interacting building blocks in Fig. 4.4a. For
example, the field distribution of the long horizontal bar building block in Fig. 4.4a
consists of three magnetic field maxima and the field distribution of the long ver-
tical one shows a relatively homogeneous magnetic field distribution. Combining
those two structures in one antenna (Fig. 4.4b, first row) results in a new antenna,
in which both building blocks have preserved their individual, non-interacting field
distributions. This is observed both in the experimental images and the simulations.
A similar effect has also been recently reported by Jeyaram et al. [27].

4.3 Conclusions

In this chapter we present experimental maps of the lateral magnetic near-field dis-
tribution of plasmonic antennas with different geometries, including both simple
resonators and more complex ones, consisting of different bars used as building
blocks. We demonstrate that mapping of the magnetic near-field distribution with
an aperture SNOM technique is not restricted to nanorod antennas [37], but is also
applicable to other antenna geometries.

Notably, the magnetic near-field of the studied complex antennas turns out to be
a superposition of the magnetic fields of the non-interacting building blocks. With
the help of numerical simulations, we propose an explanation of this effect—for
the studied structures, even though a weak interaction between the building blocks
is observable, the simplicity of the resonance mode structure and the clear spectral
separation of the different modes in the bars result in insignificant perturbations of
the near field profile at the resonance wavelength by the presence of the additional
building blocks.

This opens up interesting opportunities, such as close packing on all-optical
chips, where the proximity of other antennas will not significantly alter the pre-
engineered response of the individual self-standing antennas. These findings should
facilitate studying of very complex antennas, which can now be described as a simple
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superposition of their elementary building blocks’ near-field distributions. Addition-
ally, combining the here presented lateral magnetic field maps with vertical magnetic
field maps, which can be obtained by other techniques [36], paves the way for full
3D characterization of nanoscale magnetic light-matter interactions.

4.4 Methods

4.4.1 Sample Preparation

The nanoantennas are supported by a glass substrate coated with 10nm of indium
tin oxide (ITO) and a thin Ti adhesion layer. The nanostructures consist of sputtered
gold and are patterned using electron beam lithography on a negative tone hydrogen
silsesquioxane (HSQ) resist with subsequent ion milling. A 30nm thick dielectric
resist layer is left on top of the structures. This layer behaves optically as SiO2 and
prevents a strong conductive coupling between the SNOM probe and the sample
in contact-scanning mode. This allows us to do fast contact mode scanning of the
sample without drastically altering the plasmonic properties.

4.4.2 Simulations

Simulations are performedwith a commercial finite-difference time-domain (FDTD)
solver Lumerical © [40]. The glass substrate and the resist layer on top of the gold
antennas are included in the simulations (refractive index n = 1.4). The simulations
were performedwith perfectlymatched layer (PML) boundaries. The structures were
excited by one or several magnetic point dipole sources. The permittivity of Au was
taken from Ref. [43]. The ITO and Ti layers are not included in the simulations.
More detailed information about the performed simulations is provided in the next
Sect. 4.5.

4.5 Supporting Information

The supporting information describes and justifies the procedure followed to con-
struct the simulated Hy near-field distribution maps in Fig. 4.4 of this chapter.

It has been demonstrated previously that in the SNOM measurements, an Hy

magnetic dipole between the hollow-pyramid SNOM probe and the metal structure
is effectively formed [37]. Therefore, in the simulations we have locally excited
the plasmonic antennas by such a dipole source, thus simulating the effect of the
aperture SNOM probe. We have used the commercially available finite-difference
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time-domain (FDTD) Lumerical software to perform the simulations [40]. The mag-
netic field direction is shown in Fig. 4.5a. As depicted there, the charges in the metal
antennas, illuminated by the dipole source, feel a horizontally polarized electric field
(x-direction).

In the SNOM experiments, the source is raster scanned pixel by pixel and the
transmitted light intensity is recorded at each position to form the final SNOM image.
We have shown that for our experimental configuration the transmitted light intensity
map is equivalent to the |Hy|2 near-field distribution map [37]. While the transmitted
light intensity provides information only about a single point of the image, in the
simulationswecan record the |Hy |2 field in thewhole simulation space.This allowsus
to obtain a larger region of the |Hy|2 near-field distribution map with one simulation,
considerably reducing the simulation complexity and computational time.

For certain configurations the |Hy|2 near-field map of the whole plasmonic
resonator can be obtained by locally exciting the antennas at a single position
(Sect. 4.5.1). However, to be able to map the full near-field distribution in more
general cases, we introduce an alternative procedure (Sects. 4.5.2 and 4.5.3).

For the sake of completeness, the different field components of a representative
complex antenna shown in Fig. 4.4 are presented in Sect. 4.5.4.

(a)

(b)

Fig. 4.5 a For a horizontal bar, illuminated by an Hy dipole source (black star), the charges are
driven by a horizontally polarized electric field and the whole bar is playing the role of a resonator.
Thus, the |Hy |2 near-field distribution of the whole bar can be imaged by positioning the source
at a single location (black star). b For a vertical bar, whose charges are excited by a horizontally
polarized electric field, only the charges in the vicinity of the source oscillate along the width of
the bar and respectively only the field close to the source can be visualized. Therefore, to obtain the
full near-field map, the source is scanned in 50nm steps along the bar length. c The near-field map
of the whole bar is obtained by summing the fields at the different positions of the source, shown
in (b). The x-y cross sections are plotted 60nm above the gold structures
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4.5.1 Simulation of the |Hy|2 Near-Field Map of an
Elementary Horizontal Bar

Let us consider a bar, illuminated by the Hy local dipole source, described above.
The charges in the vicinity of the source start to oscillate synchronously, following
the direction of the electric field (with a certain phase delay). If the bar is horizontal
and the direction of the electric field is horizontal too, practically the whole bar plays
the role of a resonator for the oscillating charges. Thus, at the resonance frequencies
of the bar, all charges oscillate together to form a standing wave resonating in the
whole bar. Therefore, even though the source is local, the full near-field map of the
plasmon mode in the bar can be visualized by positioning the source at one single
location (Fig. 4.5a).

4.5.2 Simulation of the |Hy|2 Near-Field Map of an
Elementary Vertical Bar

Let us now discuss a vertical bar, locally illuminated by the Hy dipole source. The
charges in the vicinity of the source are oscillating following the horizontal electric
field, but in this case the resonator is formed along the width of the bar. This is
illustrated in Fig. 4.5b,where the field distributions of a vertical bar for a fewpositions
of the source (black star) are shown. Clearly, only the charges in the vicinity of the
source are strongly oscillating, while the charges distant from the source do not
participate in the oscillation. Consequently, only the field distribution in the vicinity
of the source can be visualized. Therefore, under these circumstances, to perform a
simulation reproducing the full map of the near-field distribution along the whole bar
we need to scan the source and obtain information from different source positions,
analogous to the images captured in the experiments.

In order to reduce the simulation time and complexity, instead a raster scan of the
whole image (as in the measurements), a scan of the dipole source in 50nm steps
along the bar length is performed. To obtain the full |Hy|2 map (Fig. 4.5c) we sum
up all the images taken at the different positions of the source. This procedure has
been used to obtain the |Hy|2 field distribution of the vertical bars in Fig. 4.4.

4.5.3 Simulation of the |Hy|2 Near-Field Map of Complex
Antennas

Similarly to the vertical bars, in the more complex structures in Fig. 4.4b, the plas-
mon resonance modes of the whole structure cannot be simultaneously excited by
positioning the dipole source at one single location. Hence, a procedure similar to
the one explained above for the vertical bars needs to be applied. It is illustrated in
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(a) (b)

Fig. 4.6 a The whole complex antenna (Fig. 4.4b, first row) cannot be excited by positioning the
dipole source (shown in Fig. 4.5a at a single location). Therefore, simulations performed at several
source positions (black stars) are needed to obtain the magnetic near-field distribution of the whole
structure. b The full |Hy |2 near-field map of the antenna is obtained by summing the fields at the
different positions of the source, shown in (a). For the final image, to avoid artificial increase of the
signal from the horizontal bar, only one position of the source at the horizontal bar is taken into
account and only the fields to the left of the grey dashed line are summed. The x-y cross sections
are plotted 60nm above the gold structures

detail in Fig. 4.6, where the |Hy|2 near-field profiles for the different locations of
the source (black star, Fig. 4.6a) are summed up to generate the full magnetic field
distribution (Fig. 4.6b).

The source positions in Fig. 4.6a are chosen consistently with the procedures
described in Sects. 4.5.1 and 4.5.2. In panel 1, Fig. 4.6a the source is located at the
intersection between the horizontal and the vertical bar. As explained in Sects. 4.5.1
and 4.5.2, the whole horizontal bar is excited, while the vertical bar away from the
source is not. Thus, here again, to obtain the field along the vertical bar, we move the
source down along the middle of the vertical bar in 50nm steps. However, the second
position, at 50nm down from the center of the horizontal bar is not taken into account
(Fig. 4.6a, panel 2). Since there, the source is still located within the boundaries of
the horizontal bar, it would excite again the whole horizontal bar resulting in artificial
increase of the signal from the horizontal bar in the final image.

The next simulation added to the final image is the one where the source is
located at 100nm down from the center of the horizontal bar (Fig. 4.6a, panel 3).
However, since at this position the horizontal bar is still excited, to avoid again
artificial enhancement of the horizontal bar’s field in the final image, only the fields
to the left of the grey dashed line were added up.

This procedure is repeated in 50nm steps until the end of the bar. For all those
positions, again, only the fields to the left of the dashed grey line are added to form
the final image (Fig. 4.6b). Images with a source position at 400 and 900nm distance
from the middle of the horizontal bar are shown in panels 4 and 5 in Fig. 4.6a. All
images in Fig. 4.6a are with the same color scale. The color scale in Fig. 4.6b has been
scaled down by a factor of three. The field maps of the other complex antennas in
Fig. 4.4b are constructed following the same procedure. The dipole source positions
whichwere taken into account for the formation of these images are shown in Fig. 4.7.

This simulation method with partially scanning the source over the nanoantenna
allows us to closely reproduce the SNOM experiment while maintaining reasonable
simulation time and computing power. Note that while the distribution of magnetic
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Fig. 4.7 Thewhole complex antennas (Fig. 4.4b) cannot be excited by positioning the dipole source
at a single location. Thus, the full |Hy |2 near-field maps of the antennas are obtained by summing
the fields at different positions of the source, indicated by the black stars. To avoid artificial increase
of the signal from the horizontal bar, only one position of the source at the horizontal bar is taken
into account and only the fields to the left of the grey dashed line are summed up for the left vertical
bars and accordingly, to the right of the respective dashed grey lines for the right vertical bars. The
x-y cross sections are plotted 60nm above the gold structures

field maxima and minima is accurately reproduced, their relative intensities inher-
ently depend on the exact sum series of source positions and are, therefore, not
exact.

4.5.4 Electromagnetic Field Components of a Representative
Complex Antenna

The different field components of a representative complex antenna are shown in
Fig. 4.8. The oscillations of the plasmons in the two rods are occurring out of phase.

Fig. 4.8 Different field components of a representative complex antenna shown in Fig. 4.3, gap
G = 180 nm. The x-y cross sections are plotted 60nm above the gold structures
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Chapter 5
Conclusions and Outlook

The field of optics is dramatically expanding its scope during the last years. Photonic
nanomaterials, and in particular plasmonic nanoantennas, enable light and matter
manipulation at the nanoscale. The ability of plasmonic structures to confine light to
nanometer dimensions has made them promising building blocks for ultrahigh sensi-
tivity bio- and chemical-sensors, all-optical computing devices and photodetectors,
to name a few.

The functionalities of those plasmonic devices aremainly determined by the light-
matter interactions in the nanovolumes of, and around, metal nanostructures. Thus,
optimizing and broadening of those functionalities require detailed characterization
of the specific parameters of that interaction, such as charge, current, electric and
magnetic field distributions of the plasmonic modes.

Since light is an electromagnetic wave, it interacts with materials via its oscil-
lating electric and magnetic fields. However, the photonics community has long
disregarded the magnetic component of the electromagnetic field of light, focusing
on the exploration of the electric component. The main reason is that at optical fre-
quencies natural materials do not exhibit strong magnetic response, so the magnetic
light-matter interactions are, firstly, not of essential importance for those materials,
and secondly—very difficult to excite and measure. However, new classes of arti-
ficial nanomaterials, such as plasmonic nanoantennas and metamaterials are often
designed to have a very strong magnetic response. Therefore, in the recent years, a
need emerged for both optical magnetic sources and detectors for the magnetic field
of light and significant efforts have been invested in this direction.

5.1 Conclusions

Theworkpresented in this thesis contributes to thequest formagnetic sensors/emitters
at optical frequencies.

© Springer International Publishing Switzerland 2016
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82 5 Conclusions and Outlook

We suggest that the aperture of a hollow-pyramid probe scanning near-field optical
microscope (SNOM) can be considered as a local optical magnetic dipole source and,
reciprocally, detector for the magnetic field of light. This is indicated by simulating
and comparing the near-field profiles of the probe with those of electric andmagnetic
dipole sources. In addition to the probe itself, we study the interaction between the
probe and a gold nanobar sample. We show, both experimentally and theoretically,
that the probe is indeed imaging the tangential magnetic field distribution of the
different plasmonic modes excited in gold bars with different length.

Thus, the proposed hollow-pyramid aperture probe as an optical magnetic field
source and detector contributes to the task of complete characterization of nanoscale
devices, by providing an opportunity to explore magnetic light-matter interactions.
Additionally, the possibility to substitute the probe by a magnetic dipole source
in the simulations greatly facilitates the calculations by significantly reducing the
simulations’ complexity, time and memory requirements.

The reciprocity theorem in optics states that optical configurations with reversed
light paths, meaning interchanged source and detector, are equivalent. This theorem
is undoubtedly proven to be valid in the far-field, however it’s applicability to the
near-field has long been discussed. Although there are some reports confirming it’s
applicability for near-field measurements, the fine experimental details are of crucial
importance. Our experiments indicate that the theorem should be valid also in the
near-field zone for the specific SNOM probe and configuration which we use. From
practical point of view the equivalence between the configurations with reciprocal
beam paths is very convenient. From one side, the near-field interactions and images
are typically more intuitive to understand when the probe is perceived as a magnetic
field detector. On the other side however, from technical point of view, the setup is
much easier to work with and align in the reciprocal mode, where the probe is used
for excitation and the detection is realized in the far-field.

After demonstrating the applicability of the aperture hollow-pyramid SNOM to
image the lateral magnetic field of light on a basic plasmonic nanobar sample, we
apply the technique to study plasmonic antennas with different geometries. We visu-
alize the magnetic near-field distributions of different antenna topologies includ-
ing complex antennas, consisting of different elementary building blocks. Similar
nanoantennas have recently attracted a lot of interest for sensor applications and for
enhancement of non-linear and magneto-optical effects. However, direct experimen-
tal visualization of their magnetic near-fields was, until now, lacking. Therefore, the
obtained magnetic near-field maps are essential for understanding and further devel-
oping reinforced magnetic light-matter interactions in plasmonic nanomaterials.

The near-field profiles reveal that the magnetic field distributions of the studied
complex antennas are a superposition of the magnetic near-fields of the individual,
non-interacting constituting elements. With the help of numerical simulations, we
propose an explanation of this effect—even though a weak interaction between the
building blocks is observable, the simplicity of the resonance mode structure and
the clear spectral separation of the different modes in the bars result in insignificant
perturbations of the near field profile at the resonance wavelength by the presence
of the additional building blocks. This opens up interesting new opportunities, both
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technologically and scientifically, for example, for closer packingon all-optical chips,
optical chemical- and bio-sensors, and for simplifying complex antennas studies.

In the time frame in which our work was conducted, alternative methods for
imaging the tangential magnetic field of light have been suggested by other groups.
Namely, the use of other circular aperture SNOM probes based on optical fibers,
has been proposed. Compared to the optical fiber probes, the hollow-pyramid probes
which we use are more robust and provide higher-resolution topography images
simultaneouslywith the opticalmagnetic field images. Additionally, the probes allow
operation in a broad wavelength range and negligible polarization effect on the trans-
mitted light. The drawback is that for metallic samples, additional precautions (for
example a dielectric spacer on top of the sample) have to be foreseen to prevent direct
conductive contact between the probe and the sample.

5.2 Outlook

Modern science and engineering have reached levels which allow us to design new
optical materials with unprecedented properties, impossible to find in nature—so
calledmetamaterials. The creationof “magic”-like objects, for example an invisibility
cloak, is reaching out of the science-fiction books and nearing closer and closer to
reality. One of the main factors opening the door for the fascinating properties of
metamaterials is that, unlike natural materials, metamaterials are capable to strongly
interact with the magnetic field of the light. For the technological progress and future
development of this field, it is of crucial importance to characterize the various aspects
of the light-matter interaction with nano-scale resolution. One of the last-standing
challenges in that respect is, precisely, to gain experimental access to the magnetic
component of the light at optical frequencies.

In this thesis, we have addressed the quest for magnetic field detectors/sources
at optical frequencies by demonstrating how the hollow-pyramid aperture probe of
a scanning near-field optical microscope can be used as a lateral magnetic dipole
source and, respectively, as a detector for nano-imaging the tangential magnetic field
component of the light. As suggested for similar imaging techniques, other compo-
nents of the electromagnetic field should be accessible by upgrading the microscope
with additional detectors and polarizers. Polarization-resolved images, obtained by
a detector collecting the scattered light should allow access to the tangential and
vertical electric field components.

The aperture probes, combined with the other developed probes for imaging the
different components of the electromagnetic field of light, make possible the mea-
surement of the complete nanoscale electromagnetic field vector. This is a powerful
tool to drive advances in the field of metamaterials, and to unravel the interplay
between the geometrical structures and the resulting optical behaviour.
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In this thesis we have focused our efforts on studying plasmonic nanoantenna
structures. The demonstrated imaging of the lateral magnetic field of light should be
readily applicable also to other samples, for example dielectric samples such as pho-
tonic crystal cavities. The technique would be especially beneficial for metamaterials
or other structures, specially developed for enhancing the light-matter interactions.
Additionally, the aperture near-field probe can be used to explore various funda-
mental processes in nano-objects, such as, for example, a molecule undergoing a
magnetic dipole transition.
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